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Structural defects are of significant importance in (electro)catalysis, as they provide sites of 

unusually high activity that find applications in many key electrochemical processes. However, 

tools to characterize surface defects remain scarce and complex, especially for nanocatalysts 

where classical methods such as transmission electron microscopy or X-ray scattering are 

limited in their ability to probe the structure and distribution of the active surface sites. Herein, 

we show that the ratio between the COads stripping charge (QCO) and the charge required to 

desorb under-potentially deposited H atoms (QH) in structurally-disordered Pt-based 

nanocatalysts scales almost linearly with the Surface Distortion descriptor obtained via 

advanced physical methods. This trend is valid in both rotating disk electrode configuration 

and in a real fuel cell device, thus providing the scientific community with a powerful and 

versatile approach for semi-quantitative estimation of the surface lattice distortion in Pt-based 

catalysts without the need for exhaustive structural characterization.
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The past decade of extensive research on well-defined, extended bimetallic surfaces has 

defined the main strategies towards the design of more efficient nanocatalysts for key 

electrochemical processes such as those encountered in proton-exchange membrane fuel 

cells (PEMFCs) and water electrolysers (PEMWEs) 1. In particular, ‘PtM-skin’ surfaces (where 

M is a transition metal) have received remarkable attention due to their exceptional activity 

towards the oxygen reduction reaction (ORR) relative to pure Pt 2, which stems from their 

weakened interactions with H and oxygenated adsorbates (O, OH and OOH species) 3. These 

peculiar adsorption properties can be probed through cyclic voltammetry (CV) experiments by 

calculating the integrated charges for adsorption/desorption of under-potentially deposited 

hydrogen (HUPD) and the electrooxidation of a pre-adsorbed CO monolayer (so-called COads 

stripping experiment). The ratio of these integrated charges, QCO/2QH, is close to 1 for 

conventional Pt surfaces 4 but reaches 1.5 for ‘Pt-skin’-type surfaces 5. 

Unlike such model catalyst systems, many recently proposed electrocatalysts such as PtM or 

IrM aerogels 6,7, jagged Pt 8 and PtNi nanowires 9, mesostructured thin films 10, porous/hollow 

PtM 11–13 or PtM sponge 14 nanoparticles feature structurally-defective surfaces. Such 

structurally-disordered nanocatalysts have indeed demonstrated desirable catalytic 

performances for a wide range of electrochemical reactions including the ORR 6,8–12,14–17, the 

COads monolayer electrooxidation 14,18, the methanol or ethanol electrooxidation 19–22, and the 

Page 4 of 37

ACS Paragon Plus Environment

ACS Energy Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



hydrogen and oxygen evolution reactions 7,23–25. Unlike an ideal, homogeneously packed 

crystal surface in which all catalytic sites are uniformly coordinated and tailored to optimize the 

adsorption energy of a given adsorbate, defective surfaces feature a broad distribution of 

catalytic site coordinations, and thus, catalytic site electronic configurations 26. Consequently, 

independent of the nature and the structure of the required active sites for a given reaction, 

these sites are statistically present on defective surfaces. This multisite effect explains why a 

structurally-disordered surface catalyses more efficiently a larger range of catalytic reactions 

compared with a better structurally-ordered surface of identical composition 19.

Theoretical models like the general atomic coordination theory introduced by Calle Vallejo et 

al. establish a powerful relation between surface defects and electrocatalytic activity 26,27. 

However, this parameter is difficult to use in practice as it relies upon exhaustively counting 

the number of neighbouring atoms around each catalytic site to predict a catalyst material 

activity. Moreover, the ability to construct realistic computational models of practical, defective 

nanomaterials at the atomic scale remains challenging. Previous works have proposed 

experimental approaches to quantify the fraction of structural defects as an indirect estimation 

of this ‘coordination’ effect 14,18,28, and a substantial step forward was recently achieved with 

the Surface Distortion (SD) descriptor 29. The latter is obtained by Rietveld refinement of high-

energy synchrotron wide angle X-ray scattering (WAXS) patterns and X-ray energy dispersive 
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spectroscopy (X-EDS) analyses, and has proven capable to successfully capture the degree 

of local surface strain and rationalize the ORR activity of some of current state-of-the-art PtNi 

nanoalloys. However, since it is derived from bulk-sensitive techniques, the SD parameter is 

an indirect descriptor of the surface state for a given material, and its estimation requires 

combining a wide range of techniques that are sometimes only accessible in synchrotron 

facilities, and therefore not necessarily accessible at the laboratory scale. Other physical 

approaches, such as coherent X-ray diffraction 30, spherical aberration-corrected (scanning) 

transmission electron microscopy (Cs-corrected (S)TEM) coupled with geometric phase 

analysis (GPA) 31,32 or generalized Fourier iterative reconstruction (GENFIRE) 33 provide 2D or 

3D mappings of the strain field or atomic disorder at the nanoparticle level. However, these 

methods are also built on complex, scarce and expensive experimental setups, and provide 

information restricted to only few nanoparticles out of the several billions composing a catalyst.

To tackle this shortcoming, in this contribution, we compare the coulometry of HUPD and COads 

monolayer electrooxidation on a wide range of Pt and PtNi nanocatalysts and combine the 

observations derived from electrochemical and synchrotron X-ray based physical 

characterization techniques. Our results show that the QCO/2QH ratio scales almost linearly 

with the physical SD descriptor and represents a unique electrochemical adsorption fingerprint 

of ‘distorted’ surfaces. The practical applicability of this ratio as a global and surface-sensitive 
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diagnostic tool is then demonstrated by probing the structure of the catalysts both in liquid 

electrolyte and in an operational PEMFC device.

Figure 1. Morphology and structure of the nanocatalysts used in this study. TEM images of a)-e) 

structurally-ordered and f)-j) structurally-disordered catalysts, along with k) the corresponding 

Surface Distortion (SD) values derived from Rietveld refinement of synchrotron WAXS patterns. 

The error bars refer to the standard deviations. Inserts in a), b), f) and g) show high magnification 

TEM images and inserts in c), d), e), h), i) and j) display STEM/X-EDS elemental maps in which Pt 

and Ni atoms are displayed in red/green, respectively. In the inserts, the scale bars stand for 5 nm.
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Fig. 1.a-1.j shows transmission electron microscopy (TEM) and scanning electron transmission 

microscopy coupled with X-ray energy dispersive spectroscopy (STEM/X-EDS) images of the 

ten nanostructures used in this work. Specifically, Fig. 1.a-1.e features the images acquired 

on structurally-ordered materials composed of isolated, monocrystalline Pt and/or PtNi 

nanoparticles featuring different nanoparticle shapes, sizes and chemical compositions: 

spherical Pt (Pt/C TKK), cubic Pt (Cube Pt/C), spherical PtNi (Sphere PtNi/C), and cubic and 

octahedral PtNi (Cube vs. Octahedron PtNi/C, respectively). Complementarily, Fig. 1.f-1.j 

displays the images obtained for structurally-disordered materials composed of partially 

aggregated Pt and/or PtNi nanoparticles (A-Pt/C and A-PtNi/C respectively) and multi-grained 

PtNi superstructures (Hollow PtNi/C, Aerogel PtNi and Sponge PtNi/C). More details about the 

crystallites/nanoparticles sizes and chemical compositions of the various electrocatalysts can 

be found in Table S1 of the Supplementary Information.

As discussed in a previous report 29, the SD values obtained by Rietveld refinement of 

synchrotron WAXS patterns and derived from the values of microstrain (viz. local deformation 

of a crystal lattice) provide insights into the degree of surface defectiveness of Pt and PtNi 

nanocatalysts. Low SD values are characteristic of homogeneously packed surfaces, whereas 

high SD values reflect surface disorder, such as that created by acid leaching of a nanoalloy 

or by aggregation (formation of grain boundaries). Fig. 1.k shows that all structurally-ordered 
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catalysts feature only slightly positive or null SD values, suggesting that their surfaces are 

homogeneously packed, in agreement with the observations derived from TEM images (note 

that according to the SD value, the Cube Pt/C sample may feature some degree of 

aggregation). In contrast, the highest SD values are found for the structurally-disordered 

catalysts. Now, despite the ability of the SD descriptor to capture the degree of defectiveness 

of a given bimetallic catalyst, determining accurate SD values requires the use of a high-energy 

synchrotron beamline. Unfortunately, the limited number of such facilities worldwide and their 

limited access compromise the widespread use of this descriptor in conventional 

electrochemistry laboratories, whereby the consideration of a catalyst surface disorder is 

consequently largely overlooked.

To overcome this issue, one may propose the use of COads monolayer oxidation as a 

convenient and direct molecular probe to investigate the fine surface structure of PtM 

nanomaterials, since their particles composition 34, size 35, aggregation 36, and surface 

crystallography 37 are known to influence this reaction kinetics. Following this approach, the 

background-subtracted COads stripping voltammograms recorded on structurally-ordered 

nanoparticles of all the catalysts presented above and Pt(111) and Pt(100) single crystals are 

displayed in Fig. 2.a. It is clear that variations of the shape and chemical composition of the 

monocrystalline samples result in a pronounced shift of the COads stripping oxidation peak 
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towards lower potentials compared to the Pt/C TKK reference. For a fixed chemical 

composition, the COads electrooxidation onset potential increases in the order Pt(111) < Pt(100) 

<< Pt(poly-oriented) and PtNi(111) < PtNi(100)  PtNi(poly-oriented) for pure Pt and PtNi ≅

nanoparticles, respectively. Similarly, for a given crystallographic facet orientation, alloying Ni 

with Pt results in a pronounced decrease of the onset potential for COads monolayer 

electrooxidation (likely due to a decrease of the CO binding energy), in agreement with 

previous reports 5,38.
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Figure 2. Background-subtracted COads stripping and Hads desorption voltammograms recorded on 

structurally-ordered and structurally-disordered Pt and PtNi nanocatalysts. The COads stripping 

curves are shown in a) and b) and the Hads desorption curves in c) and d) for structurally-ordered 

and structurally-disordered catalysts, respectively. All curves were recorded in Ar-saturated 0.1 M 

HClO4 electrolyte at a potential sweep rate of 20 mV s-1. The labelled dotted lines represent cyclic 

voltammograms of extended Pt surfaces. The currents in a)-b) and c)-d) are normalized by the 

COads electrooxidation coulometry (QCO) and the Hads desorption charge coulometry (QH), 

respectively.
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Structurally-disordered catalysts (Fig. 2.b) also display a pronounced shift of the COads 

monolayer electrooxidation peak towards lower potentials with respect to the polycrystalline 

platinum (Pt-poly) surface. However, this phenomenon is mitigated for partially nanoparticles, 

i.e. those presenting a fraction of monocrystalline particles (A-Pt/C, A-PtNi/C and Hollow 

PtNi/C), for which two main COads stripping peaks are noticed: the first at low potential (0.60 < 

E < 0.73 V vs. RHE), followed by a high potential peak (E > 0.73 V vs. RHE). Interestingly, this 

observation is independent of the catalysts chemical composition, since it is observed for both 

pure and bimetallic nanocatalysts. The low potential contribution is preponderant for Aerogel 

PtNi and Sponge PtNi/C, in which all nanocrystallites are likely connected by grain boundaries. 

Nonetheless, it is clear from Fig. 2.a-2.b that isolating a particular morphological parameter 

such as the surface defectiveness from its synergetic interactions with others (particle size, 

surface composition or crystallography) on the basis of a potential shift in COads stripping is an 

arduous, if not impossible, task. Moreover, fundamental questions such as the nature of 

preferential adsorption sites for COads, its modes of binding (linear, bridge, multi-bonded), the 

COads coverage, the mobility of COads molecules on the surface, or the nature of the active 

sites are still under debate in the literature 39,40. 

Another well-known chemical probe in electrocatalysis is adsorbed hydrogen (Hads). It is widely 

accepted 3,5,26 that weakened interactions between Pt and small adsorbates, such as Hads, 
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result from the modified electronic structure of Pt, the latter being directly correlated to the 

coordination number of the catalytic site. Thus, the results of the CV experiments in the HUPD 

region are plotted in Figs. 2c and 2.d for structurally-ordered and -disordered catalysts, 

respectively (note that the measurements made on the Pt/C TKK catalyst are shown in both 

plots). Notably, all nanocatalysts feature higher Hads desorption currents at potential E < 0.10 

V vs. RHE when compared to the Cube and Pt/C TKK materials. This agrees with earlier 

reports suggesting that strained surfaces feature a lower affinity for small adsorbates such as 

Hads or OHads 41,42; resulting in improved ORR activity, as experimentally observed especially 

for the Octahedron PtNi/C (Fig. 2.c) and the Sponge PtNi/C catalysts (Fig. 2.d and Table S2). 

Despite their higher ORR activity, many electrocatalysts show a similar or even increased Hads 

desorption current density relative to the Pt/C TKK material at higher potentials (E > 0.30 V vs. 

RHE), suggesting the presence of catalytic sites that bind Hads (and by extension OHads) more 

strongly than pure Pt/C. This is easily understandable for cubic-shaped nanoparticles (Cube 

Pt/C and Cube PtNi/C in Fig. 2.c), since studies on single crystals 43 have attributed the current 

between 0.20 and 0.30 V vs. RHE to Hads desorption from the (100) facets (see the Hads 

desorption profile of Pt(100) in Fig. 2c). However, the feature observed at higher electrode 

potentials (E > 0.30 V vs. RHE) for all the structurally-disordered catalysts in Fig. 2.d is striking. 

This high potential contribution also appears after partial agglomeration of a pure Pt/C catalyst 
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(see A-Pt/C compared to Pt/C TKK): thus, it is very unlikely that this current is related to 

desorption of Hads from (100) facets (or any other preferential crystallographic orientation), 

since nanocrystallites for this class of catalysts do not feature any defined shape or faceting 

according to the above TEM observations. 

To gain more insights into the electrochemical processes occurring at E > 0.30 V vs. RHE, we 

calculated the ratio of the COads stripping charge (QCO) to the HUPD charge (QH) for all 

nanocatalysts. The results presented in Table S2 and Fig. 3 (large symbols) show that QCO/2QH 

values ≥ 0.94 are found for the structurally-ordered catalysts (featuring SD values close to 0), 

whereas all the defective catalysts (with high SD values) feature extremely low QCO/2QH ratios 

comprised between 0.75 and 0.92. Consequently, the results presented in Fig. 3 suggest that 

low QCO/2QH values constitute a fingerprint of what we term ‘Pt-distorted’ surfaces (i.e. surfaces 

featuring local strain). Moreover, the nearly linear relation between the QCO/2QH ratio and the 

SD descriptor in the range 0 < SD < 8 allows using this ratio to semi-quantitatively estimate a 

catalyst surface disorder, just as the synchrotron X-ray based SD descriptor does, yet in a 

much more facile and accessible way. Note also that a QCO/2QH boundary value of ca. 0.94 

between disordered and ordered surface state regions is found in our experimental conditions 

(interpolation of the trends) and using our voltammogram integration method (state-of-the-art 

conditions according to Kocha, Garsany, Swider-Lyon and co-workers 44–48, see in the 
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Supplementary Information). This may not represent an absolute value, as indicated by the 

size of the error bars in Fig. 3, the latter being most likely related to the intrinsic size, shape 

and chemical composition heterogeneity of the nanoparticles composing the homemade and 

commercial practical catalysts under investigation. As also shown in Fig. 3, when our results 

are interpreted in light of the findings of Van Der Vliet et al. 5, the QCO/2QH ratio allows the 

identification of three surface states with increasing degree of structural ordering, from ‘Pt-

distorted’ to ‘Pt-skin’, through an intermediate region attributed to ‘Pt-skeleton’ surfaces (i.e. 

featuring Pt-rich surface with possible steps but no local lattice strain nor compositional 

oscillations 5). We provide extensive details on the approach used to determine the QH and 

QCO charges in the Supplementary Information. Different double-layer current or background 

subtraction methods may lead to biased values of the QCO/2QH ratio. Mayrhofer et al. 49 and 

Schulenburg  et al. 50 describe how to correct for these factors and obtain accurate values of 

QH and QCO. If these best practices are not rigorously followed, QCO/2QH ratio above 1 would 

likely be obtained for distorted surfaces 8,51,52.

 For the sake of demonstrating the broader fundamental and technological significance of this 

new electrochemical descriptor, membrane electrodes assemblies (MEAs) were prepared and 

tested in a PEMFC device (details about MEA preparation and fuel cell tests are available in 

the Supplementary Information), and the corresponding QCO/2QH values derived in this 
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configuration are included in Fig. 3 (small symbols). It is clear that the QCO/2QH ratios and their 

corresponding relation to the WAXS-derived SD values vary similarly in the aqueous RDE and 

polymer electrolyte fuel cell environments (additionally implying that the QCO/2QH is anion-

independent, see Figures S5-S6): this demonstrates that the QCO/2QH ratio provides a simple, 

non-destructive (Fig. S7) and non-invasive tool to probe the surface defectiveness of a given 

catalyst, and opens new doors for in situ PEMFC catalyst characterization. Note that we also 

prove the QCO/2QH ratio able to capture the structural changes occurring on the nanoparticles 

surface after 22h acidic treatment in 1 M H2SO4 (see Fig. S8).
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Figure 3. Probing surface distortion using the QCO/2QH ratio in both liquid electrolyte and in a PEM 

fuel cell device. Whereas QCO/2QH  1.5 values indicate the presence of a ‘Pt-skin’ surface 5, ≥

QCO/2QH values  0.94 reflect ‘Pt-distorted’ surfaces. The region in-between those two is usually <

assigned to ‘Pt-skeleton’ surfaces 5. The QCO and QH values were extracted from COads stripping 

voltammograms measured in a 5 cm2 PEM fuel cell (small symbols) or in 0.1 M HClO4 (large 

symbols) and the SD values using ex situ synchrotron WAXS patterns and the methodology 

formerly introduced in Ref. 29. The error bars represent the standard deviations of these quantities. 

Note that some of the PEM fuel cell measurements were performed on materials’ batches different 

from those used for the RDE tests. All measurements have been performed at 25°C. The inset 

surfaces drawings depict Pt and Ni atoms as green and blue spheres, respectively. The dashed 

lines serve as guides to the eye.
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We now discuss the possible origin of the QCO/2QH ratio changes on structurally-ordered vs. 

distorted surfaces. Although this ratio depends on both Hads and COads molecular coverage 53 

(which can be affected by strain and ligand effects 41), since the trend in H adsorption was 

reported to correlate well with that of CO on various M/Pt(111) model systems 38,54,55 (excluding 

the particular case of ‘Pt-skin’), we believe that our results support the hypothesis proposed by 

Marichev et al. 56, and further advanced by Van Der Niet et al. 57. These authors claim that Hads 

species and OHads adsorbates co-exist in the potential region E < 0.40 V vs. RHE on non-(111) 

Pt surfaces even in acidic media (note that this was also suggested earlier by Marković et al. 

43 for alkaline media). As summarized in a recent perspective from Janik et al. 58, experiments 

on flat and stepped single crystal surfaces such as infrared spectroscopy (IRAS) 59 and carbon 

monoxide displacement studies 60, as well as density-functional theory calculations, suggest 

that Hads species can be displaced by OHads in the HUPD region, following an electrochemical 

reaction of the type:

Pt ― Hads + H2O ↔ Pt ― OHads + 2H + +  2e ― (Eq. 1)

The exchange mechanism of Eq. 1 predicts a charge transfer of 2 electrons per adsorbed H 

with regards to the only electron involved in the usual proton adsorption/desorption mechanism 

formulated below:
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Pt ― Hads ↔ Pt + H + +  e ― (Eq. 2)

However, this increased charge was not significantly observed by Van Der Niet et al. 57 in a 

series of (n-1)(111)×(110) Pt stepped surfaces with n = 3, 4, 5, 6 and 14. The authors attributed 

the overall conservation of the charge transfer to a combined decrease of Hads coverage (and 

thus desorption current) and a greater likelihood of Eq. 1 to proceed at step sites. Here, the 

decrease of the QCO/2QH ratio at a supposedly constant COads coverage on distorted surfaces 

suggests that the previously reported 14,18,29 dramatic impact of local strain on site electronic 

structure modification enables the increased charge transfer predicted by Eq. 1 to be 

monitored.

This simultaneous presence of OHads and Hads species in the potential region 0.3 < E < 0.5 V 

vs. RHE is further supported by the results displayed in Fig. 4. Specifically, Fig. 4.a-4.c shows 

the progressive widening of the HUPD region and the shift of the COads oxidation onset towards 

lower potentials with decreasing values of QCO/2QH (i.e., as the catalyst surface’s 

defectiveness increases). Specifically focusing on the disordered Sponge PtNi/C sample, Fig. 

4.d unambiguously shows that the onset of COads electrooxidation and the end of the HUPD 

desorption region overlap in the potential range ~0.30 < E < 0.50 V vs. RHE. Assuming a 

Langmuir-Hinshelwood mechanism 61 for COads electrooxidation, this is evidence of OH 

adsorption below 0.40 V vs. RHE on such a distorted surface. However, it is important to 
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emphasize that the overlapping of QH and QCO regions in the cyclic voltammograms of the 

Sponge PtNi/C catalyst represents an extreme case. Indeed, a COads electrooxidation onset 

potential higher than 0.40 V vs. RHE (and thus without any overlap with the HUPD) does not 

exclude the presence of adsorbed OH species in the HUPD potential region, since not only OH 

adsorption but also its recombination with COads species are needed to trigger the COads 

electrooxidation process 27. A good illustration of this is the fact that on Pt(100) surface, Hads 

desorption and OH adsorption simultaneously occur in the potential range of E = 0.40-0.50 V 

vs. RHE 62 (see the Pt(100) single crystal voltammogram in Fig. 2c), even if the COads 

electrooxidation onset potential is still relatively high (close to 0.72 V vs. RHE) on the same 

surface (see Fig. 2a).

Last, since the QCO/2QH values are likely related to (local) variations of the OHads binding 

energy, (the latter being a well-known descriptor of the ORR activity), the question of a possible 

correlation between QCO/2QH and the ORR activity naturally arises. Although out of the scope 

of the present contribution, the data displayed in Fig. S9.a suggests that an inverted volcano 

relationship holds between the QCO/2QH ratio and the kinetic current for the ORR of either 

‘purely’ distorted surfaces (just as the SD does 29), but also of structurally-ordered surfaces. 

However, this relation seems to vanish for ‘mixed’ surface state (such as that encountered on 

agglomerated, or acid-treated preferentially shaped nanoparticles), where structural disorder, 
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strain, ligand and/or ensemble effect(s) synergistically control the ORR specific activity (Fig. 

S9.b).

Figure 4. Influence of surface distortion on the shape of base and COads stripping voltammograms. 

First and second cycles of the COads stripping experiment recorded in Ar-saturated 0.1 M HClO4 

electrolyte at a potential sweep rate of 20 mV s-1 on a) Pt/C TKK, b) Hollow PtNi/C and c) Sponge 
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PtNi/C. Regions related to HUPD desorption and COads monolayer electrooxidation are coloured in 

blue and orange, respectively. In d), the overlap between HUPD and COads electrooxidation currents 

observed for the Sponge PtNi/C is coloured in purple. The dotted lines in a)-c) serve as guides to 

the eye. 

In conclusion, by calculating the integrated charges for HUPD desorption and COads monolayer 

electrooxidation on several Pt(Ni) catalysts featuring various chemical compositions, sizes, 

shapes and degrees of surface defectiveness, we have shown that distorted surfaces (i.e. 

containing local strain) feature QCO/2QH charge ratios below 1 (~0.94 in our case). Moreover, 

for structurally-disordered catalysts, this charge ratio varies almost linearly with the 

corresponding surface distortion values (derived from synchrotron X-ray measurements). 

Complementarily, and in agreement with former findings for ‘Pt-skin’ and ‘Pt-skeleton’ 

surfaces, QCO/2QH charge ratio values close or above 1 have been found for structurally-

ordered nanocatalysts. We tentatively ascribe the decrease of the QCO/2QH ratio to the 

formation of OHads species in the HUPD region on highly oxophilic catalytic sites fractionally 

present on distorted surfaces. Most importantly, the strong correlation between resource-

demanding synchrotron X-ray structural data and the simple electrochemical adsorption 

fingerprint reported herein provides the scientific community with a new, easily accessible and 
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versatile tool for the in situ identification and semi-quantification of structural disorder in Pt-

based surfaces, both in RDE setups and in an application-relevant PEMFC device.
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The Supporting Information is available free of charge on the ACS Publications website at 

DOI:XXXX

Experimental details about the different materials synthesis, STEM/X-EDS measurements, 

estimation of the surface distortion (SD) descriptor via synchrotron WAXS and Rietveld 

refinement, RDE electrochemical characterizations, MEAs manufacturing and fuel call 

measurements. Supplementary Figures S1-S4 show typical COads stripping experiments and 

the electrical charge integration method used. Supplementary Figures S5-S6 show COads 

stripping experiments measured in various liquid electrolytes (perchloric acid, sulphuric acid 

and methylsulfonic acid). Supplementary Figure S7 shows the negligible impact of CO 

exposure on the voltammogram features. Supplementary Figure S8 shows an extended 

QCO/2QH – SD trend including acid-treated materials. Supplementary Figure S9 presents the 

limited predictive power of the QCO/2QH ratio toward ORR activity. Supplementary Tables S1-

S3 display all the numerical values regarding the materials chemical composition, particle size, 

crystallite size, surface distortion, QCO/2QH ratio and specific activity for the ORR.
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Figure 1. Morphology and structure of the nanocatalysts used in this study. TEM images of a)-e) 
structurally-ordered and f)-j) structurally-disordered catalysts, along with k) the corresponding Surface 

Distortion (SD) values derived from Rietveld refinement of synchrotron WAXS patterns. The error bars refer 
to the standard deviations. Inserts in a), b), f) and g) show high magnification TEM images and inserts in c), 

d), e), h), i) and j) display STEM/X-EDS elemental maps in which Pt and Ni atoms are displayed in 
red/green, respectively. In the inserts, the scale bars stand for 5 nm. 
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Figure 2. Background-subtracted COads stripping and Hads desorption voltammograms recorded 
on structurally-ordered and structurally-disordered Pt and PtNi nanocatalysts. The COads stripping 

curves are shown in a) and b) and the Hads desorption curves in c) and d) for structurally-ordered and 
structurally-disordered catalysts, respectively. All curves were recorded in Ar-saturated 0.1 M HClO4 

electrolyte at a potential sweep rate of 20 mV s-1 The labelled dotted lines represent cyclic voltammograms 
of extended Pt surfaces. The currents in a)-b) and c)-d) are normalized by the COads electrooxidation 

coulometry (QCO) and the Hads desorption charge coulometry (QH), respectively. 
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Figure 3. Probing surface distortion using the QCO/2QH ratio in both liquid electrolyte and a fuel 
cell device. Whereas QCO/2QH = 1.5 values indicate the presence of a ‘Pt-skin’ surface 5, QCO/2QH values 
< 0.92 reflect ‘Pt distorted’ surfaces. The region in-between those two is usually assigned to ‘Pt-skeleton’ 
surfaces 5. The QCO and QH values were extracted from COads stripping voltammograms measured in a 5 

cm2 PEM fuel cell (small symbols) or in 0.1 M  HClO4 (large symbols) and the SD values using ex situ 
synchrotron WAXS patterns and the methodology formerly introduced in Ref  29. The error bars represent 

the standard deviations of these quantities. Note that some of the PEM fuel cell measurements were 
performed on materials’ batches different from those used for the RDE tests. All measurements have been 

performed at 25°C. The inset surfaces drawings depict Pt and Ni atoms as green and blue spheres, 
respectively. The dashed lines serve as guides to the eye. 
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Figure 4. Influence of surface distortion on the shape of base and COads monolayer stripping 
voltammograms. First and second cycles of the COads stripping experiment recorded in Ar-saturated 0.1 M 

HClO4 electrolyte at a potential sweep rate of 20 mV s-1. on a) Pt/C TKK, b) Hollow PtNi/C and c) Sponge 
PtNi/C. Regions related to HUPD desorption and COads monolayer electrooxidation are coloured in blue and 
orange, respectively. In d), the overlap between HUPD and COads electrooxidation currents for the Sponge 

PtNi/C is coloured in purple. The dotted lines in a)-c) serve as a guide to the eye. 
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