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ABSTRACT 

Fuel cell catalysts preliminary testing in model laboratory environment is an essential step in the technology 

readiness level progression of material candidates toward the commercial device. However, in the case of 

platinum alloy catalysts for the oxygen reduction reaction (ORR) in proton exchange membrane fuel cells 

(PEMFC), there is no consensus on the protocol employed for catalyst conditioning (activation, or break-

in), leading to important discrepancies in the literature. 

Here, the effects of electrochemical conditioning on PtNi nanocatalysts structure, chemical composition 

and performance for the ORR are investigated using operando high energy X-ray diffraction in both liquid 

electrolyte and X-ray transparent PEMFC, on-line inductively coupled plasma mass spectrometry (ICP-

MS) and the rotating disk electrode (RDE) techniques. Our results show that for PtNi/C materials, the cost 

in ORR performance associated to complete surface stabilization at the potential of the ORR can be 

dramatic, but also mitigated by adjusting the initial chemistry and structure of the catalyst. Overall, this 

study reveals how uncomplete catalyst conditioning in RDE leads to highly erroneous conclusions 

regarding its performance and stability to be possibly found in realistic PEMFC device, and proposes simple 

strategies to close this gap. 
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INTRODUCTION 

Nanocatalysts play a critical role in the performance, cost and lifetime of numerous fuel cell technologies. 

This is particularly true for the proton-exchange membrane fuel cell (PEMFC), where the combined highly 

corrosive environment and mechanism complexity of the cathodic oxygen reduction reaction (ORR) mostly 

imposes the use of noble, scarce and expensive platinum (Pt) group metal-based catalysts. Consequently, 

significant research effort at the fundamental level is dedicated to the design of cost-effective materials able 

to boost the widespread development of PEMFC in numerous industrial sectors. To date, numerous 

nanostructures of Pt alloyed with one or several early or late transition metal element(s) have shown 

tremendous improvements in catalytic properties for the ORR, even far above the commercial performance 

targets, when tested in thin-film-(rotating) disk electrodes configuration at the laboratory scale 1. 

A thin-film-(rotating) disk electrode (thin-film on RDE) is the simplified, idealized version of half a fuel 

cell. It allows rapid screening of new catalysts activity and stability from only few quantities of material at 

the early stage of development, prior to further larger-scale production and subsequent more extensive in 

situ evaluation in complete fuel cell. Especially, such characterization in liquid electrolyte prevents from 

the rather complex membrane electrode assembly (MEA) manufacturing, which requires specific laboratory 

equipment and expertise 2–5. This technique provides a truly intrinsic property of the catalyst, that is the 

kinetic current density for the ORR at a given electrode potential. This property is usually corrected from 

oxygen mass transport limitation and ohmic drop losses ‘artifacts’, that are more dependent on the 

electrochemical cell design and configuration than the catalyst itself. This should in principle favor general 

agreement between research groups when assessing the catalyst ORR performance. In that frame, numerous 

seminal works have evidenced the extreme sensitivity of the kinetic current density for the ORR to the 

experimental conditions 4,6–9, and established the ‘best practices’ regarding the thin-film electrode 

preparation, glassware cleanliness, purity of the chemicals or catalytic ink composition and formulation 

toward more reliable and reproducible results.  
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However, there is still no clear consensus in the RDE literature regarding the testing protocol for the very 

first step of nanocatalyst electrochemical characterization that is electrochemical conditioning (also referred 

as activation or break-in), whereas it is gaining considerable attention at the device level 10–12. The tacitly 

accepted common approach with RDE consists in repetitive electrode potential cycling until the cyclic 

voltammograms (CVs) become stable. Shinozaki et al. 6 conducted one of the rare systematic studies on 

the impact of conditioning protocol, notably regarding the effects of potential scan rate and upper potential 

limit on the specific activity of polycrystalline bulk electrode (poly-Pt) and Pt/C catalyst. These authors 

suggest that since scan rates in the range 100-500 mVs-1 produce similar outcomes over 50 cycles, 500 

mVs-1 has the advantage of requiring less time. Complementarily, it was revealed that upper potential limit 

of only 1.0 V vs. the Reversible Hydrogen Electrode (RHE) resulted in incomplete conditioning of both 

poly-Pt and Pt/C, while reaching 1.2 or even 1.4 V vs. RHE was found necessary for complete contaminant 

removal from the surface and maximization of the electrochemically active surface area (ECSA). 

Nonetheless, by taking into consideration the issue of carbon corrosion in Pt/C catalyst at such high 

potential, 1.2 V vs. RHE as upper limit was found to represent a satisfactory compromise between catalyst 

surface cleanliness and structural integrity. 

Now, the question of how these findings transpose to more complex PtM/C nanostructures (where M is an 

early or late transition metal) currently investigated by the RDE literature is still largely open. Clearly, 

reaching satisfactory surface cleanliness while preventing the dissolution of non-noble elements (Ni, Co, 

Cu, etc.) is the main challenge in this case. Especially, in the context where the conditioning step aims at 

reaching a defined and stable initial surface state, should the dissolution of highly unstable surface and 

subsurface M species (even at the detriment of the catalyst activity) be part of the conditioning step in RDE 

experiments? These considerations are of primary importance when considering the distinction with 

conditioning procedures used in realistic PEMFC devices, that range from hours to days to perform 13. In 

fact, reaching complete conditioning in PEMFC means reaching stable (and if possible maximum) cell 

performance, but contrary to the RDE configuration, this performance depends not only on the catalyst 
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surface state but also largely on other parameters of the membrane electrode assembly (MEA), such as 

membrane and ionomer hydration that impact proton conductivity. In other words, to pass PEMFC 

conditioning, reaching stable catalyst surface state and intrinsic activity is necessary, while reaching 

maximum intrinsic activity is not sufficient. Especially, numerous works reported on the collateral damages 

from PEMFC conditioning to the catalyst layers 10,14,15. Among others (temperature, gas atmosphere etc.), 

possible distinction between the RDE and PEMFC conceptions of this very first step of activation would 

likely contribute to the extreme discrepancies observed between PtM/C catalysts performance screened by 

the RDE and their practical performance in PEMFC 16,17. Note that in view of addressing the main 

shortcomings of the RDE setup (unrealistic liquid electrolyte, low current density due to low reactant 

concentration etc.), the literature is now dedicating raising attention to the Gas Diffusion electrode (GDE) 

setup 18–23. Because the current ‘best practices’ in this case, notably regarding electrocatalyst break-in, are 

based on RDE-like electrode cycling protocol 18, the above-mentioned questioning extends to the GDE 

setup. 

In this contribution, the effects of electrochemical conditioning on PtNi nanocatalyst structure, chemical 

composition and performance for the ORR are investigated using operando high energy X-ray diffraction 

in both liquid electrolyte and solid electrolyte X-ray transparent PEMFC, on-line inductively coupled 

plasma mass spectrometry (ICP-MS) and rotating disk electrode (RDE) techniques, respectively. The 

sequential effects of two conditioning protocols are investigated on a material’s library composed of a 

commercial Pt/C catalyst (20 wt. %, Tanaka Kikinzoku Kogyo, TKK), and two in-house catalysts that are 

faceted PtNi-rich/C (high Ni content) nanoparticles and PtNi-poor/C (low Ni content) nanosponges. Our 

results show how the conclusions previously obtained on poly-Pt and Pt/C surfaces extend to PtNi/C 

materials, and identify the conditioning step as a major source of discrepancy between catalyst performance 

and stability screened by the RDE and possibly observed in realistic PEMFC device. They also provide 

simple guidelines to be implemented in RDE testing to solve this issue.  
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TEXT 

 

Figure 1: TEM images and chemical composition of (a) Pt/C TKK reference catalyst, (b) Faceted PtNi/C catalyst and 

(c) Sponges PtNi/C catalyst. The global Pt weight fraction was estimated from ICP-MS and the chemical composition 

of the nanoparticles estimated from the lattice constant measured by Rietveld refinement of initial WAXS patterns and 

Vegard’s law. 

Figure 1 shows transmission electron microscopy (TEM) images of the three catalysts investigated in this 

study with their corresponding Pt weight fraction (wt. %) and Pt:Ni chemical composition. Because the 

global chemical composition of the samples does not necessarily correspond to the composition of the 

nanoparticles (possible traces of pure Ni non alloyed with Pt, see Figure S1 of the Supporting 

Information) the Pt wt. % was determined by ICP-MS, but the Pt:Ni composition of the nanoparticles was 

determined from Rietveld refinement of the ex situ wide angle X-ray scattering (WAXS) patterns and the 

Vegard’s law (see Table S1 of the Supporting Information). Compared to the reference Pt/C TKK catalyst 

displayed in Figure 1.a composed of ca. 1-2 nm pure Pt nanoparticles, the first in-house PtNi/C material 

consists in large (ca. 8 nm) nanoparticles featuring 29 Ni at.% alloyed with Pt. As visible in Figure 1.b, 

this sample features a large fraction of faceted nanoparticles mixing cubic and octahedral shapes, and will 
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be referred in the following as ‘Faceted PtNi/C’. An important note for the following is that this sample has 

been thoroughly washed with toluene, ethanol and deionized water but not acid washed after the synthesis 

(see Experimental Methods). The third catalyst investigated is an original PtNi/C material we introduced 

and described in previous contributions 24–26, referred here as ‘Sponges PtNi/C’. Compared with the Faceted 

PtNi/C sample, this catalyst is composed of large (ca. 50-60 nm) nanoporous multi-grained superstructures, 

themselves composed of ca. 5 nm PtNi nanocrystallites (Figure 1.c). Also, the Sponges PtNi/C sample 

features a lower content of 16 Ni at.%, notably because of the acidic treatment performed at the last step of 

the synthesis (22 h in 1 M H2SO4, see Experimental Methods). Overall, the PtNi/C catalysts investigated 

represent two different strategies toward enhanced ORR kinetics largely discussed in previous contributions 

25,27. Briefly, Faceted PtNi/C material is based on either the presence of alloyed Ni in surface or near surface 

regions of the catalyst to tune its surface electronic structure 28, while the Sponges PtNi/C material relies 

on the use of Ni as a sacrificial element (dealloying) for the implementation of nanoporosity and surface 

distortion with desirable effects on ORR kinetics 24,25,29. Importantly, the catalytic site coordination is tuned 

at the global scale by faceting in the case of Faceted PtNi/C 30, while it is tuned locally for the Sponges 

PtNi/C by the presence of structural defects 31. 
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Figure 2: Experimental protocol for operando WAXS, online ICP-MS and RDE investigations. For the operando 

WAXS and online ICP-MS, the simulated ‘ORR’ steps were investigated under O2-free 0.1 M HClO4 on stationary 

electrode, while the RDE was performed in O2-saturated 0.1 M HClO4 with an electrode rotation speed of 1600 r.p.m. 

Step 1 (a) and Step 2 (b) were performed sequentially on the same electrode for operando WAXS and online ICP-MS, 

while O2 was introduced only after Step 1 or after Step 1+2 on separated electrodes for RDE measurements. For all 

experiments, the electrodes loadings were 20 µgPt cm-2. 

Figure 2 depicts the experimental protocol followed in this study for operando WAXS, online ICP-MS and 

RDE investigations. The samples were sequentially subjected to two main steps, each one consisting in a 

conditioning protocol, CVs in support electrolyte and (simulated) ORR measurements. During Step 1 

(Figure 2.a), the conditioning consisted in 50 potential cycles at 100 mV s-1 in O2-free 0.1 M HClO4 

between 0.05 V vs. RHE and 1.0 V vs. RHE. Then, three support CVs in O2-free 0.1 M HClO4 were recorded 

between 0.05 V vs. RHE and 1.0 V vs. RHE at 20 mV s-1. Step 1 ends with three ‘ORR’ measurement cycles 

in quasi-stationary state, i.e. between 0.05 V vs. RHE and 1.0 V vs. RHE at 5 mV s-1. Importantly, because 

operando WAXS and online ICP-MS measurements were not technically possible on rotating electrode 
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with our setups, the ‘ORR’ were simulated in N2-saturated electrolyte and stationary thin-film electrode, 

while O2 and electrode rotation (1600 r.p.m.) were introduced in the RDE tests. This compromise in WAXS 

and online ICP-MS experiments still allows quantifying the catalyst structural stability at electrode potential 

relevant for the ORR after a given conditioning step, but the possible influence of oxygen present in solution 

is not captured (but was found insignificant for Pt(111) surface within such electrode potential range 32). 

Step 2 (Figure 2.b) is similar to Step 1, except the conditioning part consisted in 50 potential cycles at 500 

mV s-1 in O2-free 0.1 M HClO4 between 0.05 V vs. RHE and 1.23 V vs. RHE (directly inspired from the 

recommendations of Shinozaki et al. for Pt surfaces 6). Step 1 and Step 2 were performed sequentially on 

the same electrode for operando WAXS and online ICP-MS, while O2 was introduced for ORR 

measurements only after Step 1 or after Step 1+2 on separated electrodes during RDE tests. CO-stripping 

measurements were performed at last, after ORR measurements. Overall, this protocol ensures strictly 

similar electrode history between ORR activity measurements and operando characterization. The 

operando WAXS patterns were measured during simulated ORR polarization cycles on thin-films 

electrodes loaded with 20 µgPt cm-2 (as for online ICP-MS and RDE experiments) of the different catalysts 

with a temporal resolution of ca. 350 ms. The measurements were performed in grazing incidence 

configuration in a three-electrode electrochemical flow cell (see Figure S2). The quantification of Pt and 

Ni dissolution in acidic media at room temperature during Step 1 or Step 1+2 was investigated using a 

three-electrode electrochemical flow cell coupled to an ICP-MS presented in a previous contribution 33. 

More details are provided in the Experimental Methods section of the Supporting Information 

The impact of the different conditioning steps on the catalysts surface can be first attested by the 

conventional approach, i.e. by analyzing the shape and the stability of the support CVs in Figure 3.a-c. 

Clearly, and for both Pt and PtNi materials, the conditioning procedure composed of 50 potential cycles at 

100 mV s-1 between 0.05 V vs. RHE and 1.0 V vs. RHE (Step 1) allows reaching highly reproducible CVs 

in the same potential range at lower sweep rate, as attested by the superimposition of the three consecutives 

cycles (cyan, dark cyan and blue traces in Figure 3.a-c). Interestingly, however, performing additional 50 
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potential cycles at 500 mV s-1 between 0.05 V vs. RHE and 1.23 V vs. RHE (Step 2) also leads to stable 

and superimposed CVs (green, orange and red traces in Figure 3.a-c) but slightly different that the ones 

obtained after Step 1. In the case of the reference Pt/C TKK in Figure 3.a, one can observe a significant 

increase of the electrical charges associated with adsorption and desorption of both under-potentially 

deposited hydrogen (referred as HUPD in the following) and surface oxides. This is in agreement with the 

results from Shinozaki et al. on Pt surfaces 6, confirming that the upper potential limit of 1.23 V vs. RHE 

leads to a better removal of surface contaminants compared to 1.0 V vs. RHE, possibly accompanied with 

surface reconstruction, as pointed out by studies on single crystals 34,35. The question of the nature of such 

electroinactive species adsorbed on the catalyst surface (referred to as ‘crap on the electrode’ by A. Bard 

36) is still largely open, but both mineral or organic residues from nanocatalyst synthesis media (oleylamine, 

oleic acid, ethylene glycol etc.) are probable candidates here, and inherent to practical nanocatalysts. 

Whereas the changes in the HUPD amplitude preserve its shape, this is not the case at higher potentials. In 

fact, one can also observe a ca. 30 mV decrease on the onset of surface oxide formation, associated with a 

pronounced tailing in their subsequent reduction to a potential as low as 0.4 V vs. RHE. This suggests that 

the catalytic sites ultimately ‘cleaned’ by the further conditioning of Step 2 are in average more oxophilic 

than the free sites after Step 1.  

In the case of PtNi materials, the observed trends depend on the catalyst structure. As for Pt/C TKK, the 

surface of Faceted PtNi/C (Figure 3.b) appears also cleaner and more oxophilic after Step 1+2 compared 

to after Step 1. Clearly, the electrical currents associated to formation and reduction of surface oxides that 

were mostly disabled in this electrode potential range after Step 1, are visible after Step 1+2. Interestingly, 

these changes are highly asymmetrical (similar oxidative current but increased reduction current), 

suggesting a possible transition from a faradaic oxidation of residual contamination after Step 1 toward a 

‘reversible’ Pt oxidation after Step 1+2. Finally, the acid-leached Sponges PtNi-poor/C show only minor 

changes in the CVs after Step 1 and after Step 1+2 (Figure 3.c). Still, the plateau in oxidative current at 

high potential observed after Step 1+2 suggests better surface cleanliness compared to after Step 1. Also, 
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the shape of the HUPD slightly evolves, with the development of a peak at potential higher than 0.30 V vs. 

RHE. This feature has been previously associated to an electrochemical signature of surface lattice 

distortion 26, which are implemented by design for this electrocatalyst. According to the CVs experiments, 

the necessity in surpassing 1.0 V vs. RHE during conditioning for complete contaminants removal on Pt/C 

seems to also apply for PtNi/C materials. However, whether the changes observed in the CVs of PtNi 

materials are caused only by contamination removal and/or changes in Pt:Ni surface composition and 

reconstruction remains unknown at this stage. Importantly, the apparent stability (reproducibility) of the 

support CVs recorded at 20 mV s-1 (for example here after Step 1) is no evidence for complete conditioning.   

 

Figure 3: Three first consecutive cycles of a)-c) support CVs measured at 20 mV s-1 with RDE;  d)-f) lattice strain 

dynamics measured with operando WAXS; g)-i) Pt dissolution and j)-l) Ni dissolution measured with online ICP-MS 

after Step 1 (cyan, dark cyan and blue traces) and Step 1+2 (green, orange and red traces) for Pt/C TKK, Faceted 
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PtNi/C and Sponges PtNi/C catalysts. The electric current is normalized by the COads-stripping charge measured at 

the end of Step 1+2. In d)-l), the solid lines are adjacent-averages (30 pts window) of the raw datapoints displayed 

with transparency for easier reading. 

Operando WAXS and online ICP-MS allow to see beyond the previously discussed support CVs, and to 

directly address the questions of material adsorption trends, structural and chemical integrity in the ORR 

potential range during simulated quasi steady-state conditions. Rietveld refinement of the WAXS patterns 

was used to reveal the electrochemical strain dynamics (variations of the lattice constant) during three 

consecutive cycles of electrode polarization at 5 mV s-1 after the different conditioning steps (Figure 3.d-

f). As discussed in details in dedicated previous contributions 37,38, the enhanced surface-to-volume ratio of 

nanoparticles allows adsorption processes to be monitored by ‘bulk’ X-ray diffraction technique. Briefly, 

the lattice constant of Pt nanoparticles was found minimum (maximum compressive strain) at the potential 

of zero total charge (pztc), where the surface is (rather) free of adsorbates. Excursion of the electrode 

potential below (or above) the pztc resulted in a homogeneous increase of the lattice constant over the 

nanoparticle volume, associated with cations (or anions) adsorption processes. Note that the double-layer 

charging was found to also contribute as a background in the observed lattice expansion. In the present case 

of PtNi alloys, the absolute values of the lattice constant also inform on the fraction of Ni being alloyed 

with Pt according to the Vegards’ law. In this context, Figure 3.d-f unambiguously reveals the dramatic 

effects of the two conditioning steps regarding catalysts surface structural stabilization and/or integrity in 

the potential range of the ORR. In fact, the lattice strain dynamics is found not reproducible for any of the 

catalysts after Step 1, whereas Step 1+2 leads to highly reproducible trends for all the catalysts. This further 

confirms that even stable CVs between 0.05 and 1.0 V vs. RHE at 20 mV s-1 (far from the steady state) 

obtained after Step 1 do not necessarily ensure structural stability at 5 mV s-1 in the same potential range. 

Looking first at the reference Pt/C TKK in Figure 3.d, the lattice constant tends to decrease from one cycle 

to the next (cyan, dark cyan and blue traces), mostly in the so-called double-layer potential region (from 

0.30 to 0.60 V vs. RHE). In agreement with the support CVs, this suggests the progressive removal of the 

residual contaminants or surface oxides still adsorbed on the surface. Structural data acquired after Step 
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1+2 (green, orange and red traces), on the contrary, show excellent reproducibility over three cycles. 

Compared to after Step 1, the lattice strain dynamics after Step 1+2 shows a sharp hysteresis above 0.20 V 

vs. RHE, confirming the above-mentioned hypothesis of highly oxophilic sites (the ones more prone to 

contamination) to be finally electrochemically active at this stage. These sites are found to be reduced only 

at potential as low as 0.20 V vs. RHE, ultimately supporting the idea that some features in the ‘ HUPD
’  are 

in fact associated to oxides reduction and/or oxidation 39–43.  

Now looking at the potential-resolved online ICP-MS data of Pt/C TKK measured in similar conditions in 

Figure 3.g, and in agreement with pioneer work using online ICP-MS 44, Pt mostly dissolves during the 

cathodic sweep of the cycling voltammogram (descending potential). This cathodic dissolution is attributed 

to the reduction of sub-surface oxygen species formed at high electrode potential according to the place-

exchange mechanism 45. However, the two sequential conditioning steps do not seem to impact the Pt 

dissolution trends in the potential region of the ORR in the case of Pt/C TKK (except the unexplained, 

peculiar case of the third cycle after Step 1).  

Regarding the PtNi/C materials, the structural stabilization is accompanied with important transformations. 

In the case of Faceted PtNi/C in Figure 3.e, the lattice strain dynamics after Step 1 shows interesting 

features. First, the reversibility in lattice increase at high potential seems to be dominated by charges 

accumulation in the double-layer without pronounced hysteresis, suggesting the absence of significant 

oxidation of the surface at this stage. Second, as the ‘ORR’ cycles proceed after Step 1, the lattice parameter 

tends to contract at each subsequent cycle below 0.40 V vs. RHE and to expand above 0.60 V vs. RHE. 

While the contraction of the lattice at low potential is somehow similar to the observation on pure Pt/C 

TKK during contaminant removal, the expansion of the lattice at higher potential is unique to the Ni-rich 

Faceted PtNi/C material, and could likely be attributed to Ni leaching from the surface. In fact, stable 

structural data obtained after Step 1+2 confirms Ni leaching occurs in the process of catalyst structural 

stabilization, as the lattice constant shift from 3.8095 Å (fresh) to ca.  3.8102 Å (after Step 1) to 3.8160 Å 

(after Step 1+2). If these fine shifts in lattice parameter are well-captured by our experimental setup, they 
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only correspond to overall minor changes in Pt:Ni composition. According to the Vegards’ law, the Faceted 

PtNi/C alloy sample experiences a loss of 0.7 % and 5.6 % of its initial Ni content after Step 1 and Step 

1+2, respectively. Ni leaching is also detected by ICP-MS and integrations of the dissolution signals 

measured during the two Steps of the experimental protocol Figure S3-S6, and indicates that ca. 4 % and 

7 % of the initial Ni content was lost after Step 1 and Step 1+2, respectively. However, the XRD method is 

concerning only Ni alloyed with Pt, while ICP-MS also detects the dissolution of the pure Ni phase present 

in this sample. The reproducible structural state dynamics of Faceted PtNi/C reached after Step 1+2 over 

the potential range of the ORR shows the presence of quasi-irreversible Pt oxidation (hysteresis) and a more 

pronounced lattice expansion in the HUPD region, both suggesting a decrease of the alloying effects 

regarding weakened adsorption of hydrogen and oxide species. Online ICP-MS measurements of Pt 

dissolution in Figure 3.h confirm the dramatic changes in surface state, as the increased Pt oxidation 

revealed by WAXS data translates in a 2-fold increase of Pt dissolution rate. The ECSA-normalized Pt 

dissolution rate from the Faceted PtNi/C is 5-fold higher than from Pt/C TKK, suggesting high chemical 

instability (see ECSA values in Table S1). This instability can be at least partially explained by the Ni 

dissolution data in Figure 3.j-k, as the significant Ni dissolution from Faceted PtNi/C is likely to promote 

concomitant Pt dissolution 46. Finally, performing the second Step of conditioning only resulted in a mild 

decrease of the Ni dissolution rate. Note that the Ni dissolution peak around E = 0.4 V vs. RHE in Figure 

3.k has been previously ascribed to the leaching of underpotentially-deposited Ni 47. 

The trends observed on the Sponges PtNi/C are qualitatively close to the one observed for Faceted PtNi/C, 

except regarding Ni dissolution. Because the Sponges PtNi/C were previously dealloyed by acid washing 

post-synthesis, the lattice strain dynamics recorded after Step 1 is quite reproducible along three cycles 

(Figure 3.f). However, using a 1.23 V vs. RHE upper potential limit during the conditioning protocol still 

triggers further surface cleaning accompanied with Ni dissolution. The changes in lattice parameter are 

from 3.8610 Å (fresh) to ca.  3.8626 Å (after Step 1) to 3.8731 Å (after Step 1+2). This translates to a loss 

of 2.6 % and 20 % of their initial Ni content after Step 1 and Step 1+2, respectively. These values are 
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significantly higher than those observed for Ni-richer Faceted PtNi/C, suggesting the incapacity of small 

crystallites to retain even a low initial Ni content. The stable structural state reached by the Sponges PtNi/C 

shows strain dynamics qualitatively closer to Pt/C TKK than Faceted PtNi/C, except the amplitude of the 

oxidation irreversibility is much lower. Finally, Pt dissolution from the Sponges PtNi/C in Figure 3.l is 

almost identical to the Pt/C TKK. Most importantly, the Ni dissolution from the Ni-poor Sponges PtNi/C 

(Figure 3.l) in the potential range of the ORR is found nearly 200-fold below the one of Ni-rich Faceted 

PtNi/C. 

Overall, the WAXS data further confirm and extend the necessity of ‘harsh’ conditioning protocol from 

Pt/C to PtNi/C materials, in order to reach at least temporary stable structural state in the ORR potential 

range. However, both WAXS and ICP-MS data indicate the conditioning of PtNi/C materials does not only 

relates to surface contaminants removal, but also largely alters surface chemical composition. Not 

surprisingly, Ni is leached during the catalyst’s stabilization process, and not only the vanishing of the 

alloying effects leads to more oxophilic surfaces and Pt dissolution rates, but also impacts the ORR 

performance, as shown below.  
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Figure 4: Impact of the conditioning steps and measurement cycle number on the estimated ORR kinetic current 

density with RDE. Tafel plot for the ORR for (a) Pt/C TKK; (b) Faceted PtNi/C and (c) Sponges PtNi/C. (d) ORR 

kinetic current density at 0.95 V vs. RHE. In (d), the numbers above the bars indicate the corresponding enhancement 

factors in ORR activity compared to Pt/C TKK in similar conditions (step and cycle). The kinetic current densities are 

corrected from the ohmic losses and O2 mass transport limitation in solution. The error bars correspond to the 

standard deviations. 

Figure 4 shows the impact of the different conditioning protocols (Step 1, or Step 1+2) also with the number 

of consecutive polarization cycle measurement (cycle 1, cycle 2 or cycle 3) on the values of ORR kinetic 

current density found for the different catalysts (see also Table S2 and Table S3). Clearly, the trends 

displayed on the Tafel plots (Figure 4.a-c) are catalyst-dependent. In fact, reaching complete conditioning 

results in no significant change of the kinetic current density for the ORR for the reference Pt/C TKK, in a 

massive loss of performance for the Faceted PtNi/C material and to nearly no change for the Sponges 

PtNi/C. As quantitatively shown in Figure 4.d, from one step to the other, the ORR specific activity of Pt/C 

TKK, Faceted PtNi/C and Sponges PtNi/C decreases by 10 %, 71 % and 25%, respectively. In terms of 
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intrinsic activity enhancement factors values of PtNi materials compared to reference Pt/C TKK at similar 

state of conditioning (which is a convenient performance metric used between research laboratories), 

Faceted PtNi/C drops from 14.4 to 4.6 and Sponges PtNi/C from 10.7 to 8.9. 

It appears thus clear that the question of whether the ORR activity from RDE is measured on a stable surface 

state or not is a complete game changer for PtM materials (M being a 3d transition metal), and must reach 

primary attention in the RDE literature. The danger in reporting ORR activity from highly unstable surface 

state is likely an overestimation of the catalyst performance to be found in the practical device after proper 

conditioning (due to transition metal leaching), but not only. In fact, performing consecutive ORR 

polarization curves at a given activation state allows attesting the relevance of a single point measurement. 

In the cases of pure Pt, the standard deviations associated with the six ORR activity measurements across 

the different states of conditioning is below 6 %, while they reach 15% and 40 % in case of acid-treated 

and untreated PtNi samples, respectively. 

We finally propose a comparison of the two conditioning steps investigated here in RDE configuration and 

the structural degradation they produce with a fast conditioning protocol in single cell PEMFC device. 

Similar PtNi materials (Faceted PtNi/C and Sponges PtNi/C) were synthetized in larger batch quantities 

and integrated into 5 cm2 membrane-electrode assemblies (MEAs) with Nafion 115 membrane, targeting 

0.4 mgPt cm-2 at the cathode. The MEAs were mounted inside a X-ray transparent PEM single cell 48, 

allowing the acquisition of WAXS patterns of the cathode in operando conditions. The cell was operated 

at 353 K and 100 % relative humidity, and the anode and cathode sides were fed with 104 sccm H2 and 250 

sccm O2, respectively, with 0.5 bar backpressure. The conditioning protocol consisted in 5 repetitions of a 

potential cycle composed of 2 min at open circuit voltage (OCP), followed by 3 min at cell voltage of 0.85 

V and 10 min at 0.65 V (Figure S7). Figure 5 shows a summary of the lattice expansion measured operando 

after different steps of conditioning in liquid and PEMFC cells for both Faceted PtNi/C and Sponges PtNi/C 

catalysts compared to their pristine powders measured ex situ. The lattice constant expansions measured in 

PEMFC at 353 K were corrected from the effect of thermal expansion (ca. 0.006 % compared to 298 K) 49. 
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Strikingly, in the case of the Faceted PtNi/C catalyst (Figure 5.a), a lattice expansion above 0.3 % compared 

to the pristine catalyst powder is observed in MEA at the very beginning of test, even before the 

conditioning procedure is performed. This value of lattice expansion exceeds the ones reached after any of 

the conditioning protocol investigated in liquid cell. This suggests the MEA manufacturing process (ink 

formulation, sonication, hot pressing etc.) causes more degradation (equivalent to 3 Ni at.% loss) than the 

potential cycling performed in liquid electrolyte. In fact, traces of a pure Ni phase are visible on the WAXS 

patterns of the pristine powder of this catalyst and still visible during all the measurements performed in 

liquid environment, while pure Ni is not detected anymore in the cathode catalyst layer of the MEA (see 

Figure S1). After PEMFC conditioning, the Faceted PtNi/C catalyst features a lattice expansion of 0.45 %, 

which translates into a loss of 4 Ni at.% from the PtNi alloy, which is more than twice what was observed 

after Step 1+2 in liquid cell. This suggests that, for this class of Ni-rich catalyst, the electrochemical protocol 

of Step 1+2 still does not fully prepare the catalyst to the corrosive environments of MEA preparation and 

practical PEMFC device operation. For the Sponges PtNi/C catalyst (Figure 5.b), MEA manufacturing also 

induces lattice strain relaxation of 0.16 %. However, if this value exceeds the one observed after uncomplete 

conditioning reached after Step 1 in the liquid cell, this is still below the value reached after Step 1+2. In 

fact, for this class of Ni-poor catalyst, complete conditioning in liquid cell and conditioning in PEMFC both 

lead to a remarkably close lattice expansion of 0.31 % (i.e. 2.8 % Ni at.% loss) with less than 0.6 % of error.  
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Figure 5: Lattice expansion measured operando after different steps of conditioning in liquid and PEMFC cells 

compared to the raw catalyst powders for a) Faceted PtNi/C and b) Sponges PtNi/C. The lattice constant expansions 

measured in PEMFC operando were corrected from the effect of thermal expansion (ca. 0.006 % at 353 K compared 

to 298 K).  

 

All these results point toward the idea that, beyond the differences in nature of the electrolyte and structure 

of the catalyst layer, the viability of the conclusions obtained from model RDE experiments to practical 

PEMFC device regarding PtM catalyst activity for the ORR may be in great part accounted to the 

conditioning step. Protection of the most fragile catalysts by the application of ‘gentle’ electrochemical 

protocols may lead to tremendous ORR activity in RDE, which is still a highly valuable approach in 

fundamental science. But because PtM nanocatalyst stability in the harsh environment of PEMFC cathode 

is a well-establish concern of primary importance, such practices in RDE are unproductive, and discredit 

this technique as a powerful screening method. For RDE results to possibly guide the application device 

development, we emphasize RDE conditioning protocol must ensure that the investigations are conducted 

on a realistic catalyst surface state, even if apparently unrealistic potential cycling up to 1.23 V vs. RHE 

may be required to achieve it. Note the apparent unrealistic upper potential limit can be seen as an approach 

to compensate for the unrealistic room temperature of the RDE compared to > 60 °C PEMFC, and the 
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crucial significance of the temperature on the non-noble metal dissolution rate 50,51. Thus, we propose the 

following steps to be implemented before any activity and/or stability measurements in RDE: 

• The pre-treatment of the catalyst in 1 M aqueous H2SO4. The temperature and nature of the 

electrolyte can be adapted to the chemical nature of the PEM and the operating temperature of the 

device 12,52. 

• An electrochemical conditioning protocol composed of 50 potential cycles at 500 mV s-1 between 

0.05 V vs. RHE and 1.23 V vs. RHE in O2-free electrolyte. 

 

Complementary to the recent contribution from Gatalo et al. 12 on the importance of the chemical activation 

of commercial PtCu/C and PtNi/C catalysts on fuel cell performance, our results suggest that catalyst 

candidates possibly disactivating during this conditioning protocol in RDE would likely disactivate in 

PEMFC at the first start-up of the device. Moreover, and in relation with the PEMFC device application, 

ex situ ‘pre-conditioning’ of the catalyst (such as the proposed systematic acidic treatment after the 

synthesis) has been pointed by recent works as a promising approach in limiting the contamination of the 

PEM by transition metal leaching during the subsequent in situ conditioning 46,47,53. While finding an 

appropriate way to efficiently pre-condition a PtM-rich catalyst for improved M metal retention during 

PEMFC operation is still an ongoing challenge, we argue that the appropriate choice of electrocatalytic 

materials could be an attractive alternative. As shown here with the surface-distorted Sponges PtNi/C 

catalyst, emerging strategies in electrocatalysts design allowing reaching reasonably high ORR activity 

without the use of metastable particle shape nor chemical composition 24,25,29 should receive more attention.  

 

CONCLUSIONS 

In summary, using a combination of operando X-ray diffraction, online ICP-MS and RDE techniques, we 

have investigated in which extend Pt/C and PtNi/C fuel cell catalysts structures have to evolve in order to 

reach at least a temporary initial equilibrium (to be referred as beginning of life state) in the conditions of 
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both simulated (RDE) and practical PEMFC cathode. In agreement with former studies on Pt/C materials, 

our results showed that rather aggressive conditioning protocol is needed to achieve complete cleaning and 

stabilization of Pt surface. However, this becomes problematic for PtNi surfaces, where surface stabilization 

is highly entangled with early stage degradation. Our results also show significant degradations occur for 

PtNi catalyst between their pristine powder and (conditioned) MEA forms. This means that, to guide the 

development of commercial PEMFC catalysts, RDE conditioning protocol has to be adapted to be relevant 

for the application. The combination of acidic pre-treatment with sufficiently harsh potential cycling 

protocol in RDE is shown to provide a satisfactory mimicking of the catalyst initial state to be found in 

PEMFC. However, for the two PtNi/C catalyst investigated, this translates into an ORR activity loss of 

either 25 % or 66 % compared to their peak value, depending on their initial structures and chemistry. From 

such considerations, the study of non-noble metal-poor catalysts in which the activity does not rely on 

alloying effects (but rather surface distortion structural effect for example) should receive more attention.  

Finally, to the intuitive objection: ‘PtM catalysts may rarely see potentials as high as 1.23 V vs. RHE in the 

PEMFC’ one could argue ‘the surface state of PtM catalyst conditioned below 1.0 V vs. RHE in RDE may 

hardly see the PEMFC’. 
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