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Abstract 

Platinum monolayer (PtML) core-shell electrocatalysts for oxygen reduction reaction (ORR) 

have attracted great attentions because of their exceptional activity and stability for promising 

practical applications in fuel cells. Here, we describe our in-depth investigation of the 

relationship between the ORR activity and structure of PtML/Pd/C catalyst during the stability 

test. By virtue of the rotating disk electrode technique, an accelerated degradation test with 

the potential window of 0.65 to 1.05 V was applied to the PtML/Pd/C to interrogate its 

long-term reliability in the ORR, the change of its electrochemical surface area, and its 

surface composition and component. The PtML/Pd/C catalyst displayed a volcano-like 

mass/dollar activity profile in the stability test up to 100k cycles. An overall loss of the 

activity was recorded to be as low as 17% of the initial value. The ORR activity increased in 

the initial 20k cycles because the freshly-prepared PtML did not entirely encompass the whole 

Pd core, but it was integrated to a full coverage with a more stable configuration during the 

potential cycling owing to its self-healing property. Then, the activity descended at a much 

slower rate than the standard Pt/C because the Pd-Pt core-shell structure due to its structural 

self-retaining property remained intact and impeded the electrochemical Ostwald ripening of 

the entire particles. Changes in morphology and configuration of PtML were mapped by 

combining our experimental investigation with model analyses. The proposed self-healing 

and self-retaining mechanisms account for the structure-dependent stability in the ORR and 

play cornerstone roles in formulating ORR core-shell electrocatalysts. 
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1. Introduction 

Stabilizing the oxygen reduction reaction (ORR) electrocatalysts over a long operating term 

is a fundamental issue for fuel cells and metal-air batteries.1-5 This requirement is peculiarly 

important for Pt-based multimetallic nanocrystals as such ORR electrocatalysts are 

considered to fairly reduce our dependence on platinum―a scarce, expensive 

source―toward the development of those electrochemical energy frameworks.6-11 Indeed, the 

US Department of Energy (DOE) specified the target of the 5000-hour lifetime for the 

Pt-based ORR electrocatalysts.12 Upon catalyzing the ORR, nanocrystal electrocatalysts such 

as the standard Pt/C undergo the cycling of dissolution and deposition, causing the particles 

to merge into larger ones and/or migrate to the electrolyte membrane.1,5,13-15 Hence, the mass 

activity degraded as a consequence; examples include a voltage loss of fuel-cell powered 

vehicles in stop-and-go driving.4 

Of particular interest is the Pt monolayer (PtML) electrocatalysts comprising an atomic 

layer of Pt on a metal core, prepared by the galvanic replacement of an underpotentially 

deposited (UPD) Cu monolayer,16 which we found as the most active catalyst in the 

long-term ORR.10,11,17 The PtML electrocatalysts represent one of the best ORR 

electrocatalysts and have aroused intensive interest leading to industrial scale-up 

production.18,19 The Pd-PtML core-shell electrocatalysts are most promising in terms of 

cost-effectiveness.20 However, our earlier membrane electrode assembly (MEA) 

measurements showed the substantial loss of the Pd core during the 100k-cycle stability 

test.10 Although theoretical calculations and synchrotron-based in situ characterizations 

demonstrated that the Pd dissolution can improve the stability of the PtML shell,10,21 such loss 
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of inner cores must be circumvented prior to practical applications of these core-shell 

catalysts not only to reduce the cost but also to sustain the functions of the membrane and the 

two electrodes. These outcomes require a systematical study on the ORR stability of the PtML 

electrocatalysts to comprehensively understand the driving forces to change their composition 

and components in the core-shell electrocatalysts, and solutions to stabilize the 

electrocatalysts themselves. However, MEA measurements were limited to the studies of the 

initial and end states of the electrocatalysts. The dynamic evolution in their structure during 

the ORR as well as the driving forces governing the dissolution of Pd are elusive. More 

importantly, these measurements on a whole cell lack adequate evidence to accurately reflect 

the performance of the ORR electrocatalyst, because the whole-cell output is influenced by 

many more factors than the electrocatalyst, such as degradation of the polyelectrolyte, 

deactivation of the anode electrode, and undefined mass transport conditions.22 In addition, 

the essential reason for the ultra-high ORR stability of the PtML electrocatalysts also warrants 

further investigation.  

Without interference from the abovementioned limitation, the rotating disk electrode (RDE) 

technique with well-defined mass transfer provides a powerful measure to obtain true 

electrochemical reaction rates for fuel cell reactions.23 In this communication, by combining 

the RDE technique with advanced structural characterization methods and model analysis, we 

described the interdependence of the electrocatalytic activity of the PtML/Pd/C catalyst on its 

structural evolution during the ORR. For the stability test up to 100k cycles, the catalyst 

displayed a volcano-like mass/dollar activity profile. Furthermore, we mapped the dynamic 

structural evolution of the Pd core and the PtML shell during the reaction, and discuss the 
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core-shell interaction with respect to their sizes and structures. Through reliable and 

comprehensive study, a new mechanism for the ultra-high ORR stability of PtML 

electrocatalysts is proposed. 

2. Experimental 

2.1 Chemicals and Materials 

We purchased from Sigma the CuSO4 (99.999% trace metals basis) and K2PtCl4 (99.99% 

trace metals basis), and Fisher Scientific supplied H2SO4 (optima grade) and HClO4 (optima 

grade). Carbon-supported noble metal catalysts, i.e., Pt/C (20 wt%, 4 nm) and Pd/C (20% by 

weight), were obtained from E-TEK division, PEMEAS Fuel Cell Technologies. We placed a 

Pt monolayer (PtML) on the Pd/C to form PtML/Pd/C, via the galvanic displacement with Pt of 

an underpotentially deposited Cu.16 This synthesis was conducted by a procedure reported 

previously in a home-made, two-compartment electrochemical cell. All the aqueous solutions 

were prepared in 18 MΩ cm Milli-Q UV plus deionized water. 

2.2 Materials Characterization 

The components and composition of the electrocatalysts before and after stability test of 

different cycles were determined by a combination of X-ray photoelectron spectroscopy (XPS, 

Thermo Fisher Scientific-ESCALAB 250Xi) and energy dispersive X-ray spectroscopy 

(EDX) built-in FEI Helios Nanolab 600i field-emission scanning electron microscope (SEM). 

Transmission electronic microscopy (TEM) images were taken with a TecnaiG2F30 TEM 

operating at 300 kV. The scanning transmission electron microscopy (STEM) and electron 

energy-loss spectroscopy (EELS) measurements were performed with the dedicated 

aberration-corrected STEM (Hitachi HD-2700C) coupled with a modified Gatan Enfina ER 
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spectrometer. In addition, a cuboctahedral model was employed to further analyze the 

composition and structure of the PtML/Pd/C catalyst (see Supporting Information for details). 

2.3 Electrochemical Measurements 

A 5-mm diameter glassy carbon electrode (GCE, Pine Instrument, USA) was used for 

electrochemical measurements. All the electrochemical measurements were carried out at 

room temperature (25 oC) with a three-electrode system consisting of an electrochemical 

workstation (CHI 604d, CH Instruments), a catalyst-loaded GCE working electrode, and a 

platinum-flag counter electrode. An Ag/AgCl (3M NaCl filled) reference electrode was used 

throughout the electrochemical measurements while all the potentials presented were cited 

against a reversible hydrogen electrode (RHE). The potential difference between the 

reference electrodes was calibrated daily in a H2-saturated 0.1 M HClO4 solution to ensure 

the good accuracy of the ca. potential values of the working electrodes. RDE voltammograms 

were recorded at the rotating speed of 1600 rpm with a potential scan rate of 10 mV s-1, and 

the positive-going segment was used for determining the ORR kinetic current at 900 mV. The 

amount of Pt at the electrode was inferred by calculating the coulombic charge of a UPD 

copper monolayer. We obtained the values of the electrochemical surface-area (ECSA) by 

integrating the hydrogen adsorption peak over time in the cyclic voltammograms (CV), 

referring to 210 µC cm-2
ECSA.24 

The accelerated degradation test (ADT) was conducted in air-saturated 0.1 M HClO4 by 

subjecting the electrodes to potential scanning from 0.65 to 1.05 V at the scanning rate of 50 

mV s-1, viz. similar to the operating conditions in stop-and-drive vehicles.4 We studied 100k 

cycles for the degradation test wherein electrochemical measurements were carried out every 
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10k cycles in freshly-prepared 0.1 M HClO4 after cleaning the electrodes with deionized 

water. 

3. Results and Discussion 

3.1. ORR activity of PtML/Pd/C 

We prepared the PtML/Pd/C electrocatalyst according to our previous Cu UPD pathway 

(Figure S1), and elucidated the difference in electrochemical properties by comparing the 

CVs of PtML/Pd/C, Pt/C and Pd/C. The blue-, green-, and red-curves shown in Figure 1a 

represent the typical CVs of the PtML/Pd/C, the Pd/C, and the Pt/C, respectively, which were 

obtained in an Ar-saturated 0.1 M HClO4 at a scan rate of 50 mV s-1. The Pd/C and Pt/C 

particles both exhibited two distinct peaks in the potential range of +0.05 V ~ +0.40 V 

pointing to the respective facet-specific UPD of hydrogen. In contrast, the UPD of hydrogen 

at the PtML/Pd/C produced a facet non-specific peak at around +0.15 V, implying that the 

surface Pt atoms might be arranged on the Pd/C in the same way. Noticeably, its peak 

positioned between those of the Pd/C and the Pt/C. This observation can be related to the 

Pd-Pt core-shell interaction that modified the electrochemical properties of the surface Pt. On 

the other hand, the same core-shell interaction was evidenced by comparing the surface 

oxidation and reduction in the range of +0.6 V ~ +1.0 V. As shown in Figure 1a, at the 

PtML/Pd/C, the commencing surface oxidation was shifted to a more positive potential than 

the Pd/C; but it still was obviously more negative compared with that of Pt/C. However, the 

corresponding cathodic responses showed that, at the PtML/Pd/C, the adsorptive oxygen 

desorbed the fastest among these three catalysts, as evidenced by its most positive reduction 

peak with the greatest integral of Faraday current over time. This anodic and cathodic 
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procedure seemed inconsistent in terms of the surface oxygen binding energy. This 

counter-intuitional inconsistence may be related to an incomplete coverage on the Pd core by 

the Pt monolayer wherein the uncovered Pd is preferentially oxidized. However, the most 

positive reduction peak at the PtML/Pd/C corresponded to the relatively weakened binding to 

surface oxygen.25 This feature will accelerate the renewal of surface active sites and thus 

improve the ORR kinetics. 

 

 

Figure 1. (a) Cyclic voltammetry curves (50 mV s-1) and (b) ORR polarization curves (10 mV s-1, 1600 

rpm) of E-TEK Pt/C, E-TEK Pd/C, and PtML/Pd/C with the loadings of 10.2 μgPt cm-2, 15.3 μgPd cm-2, and 

19.7 μg(Pt+Pd) cm-2, respectively, recorded in a 0.1 M HClO4 solution. And their corresponding (c) mass and 

(d) dollar activities at a potential of 0.9 V, respectively. 

 

To start with, we examined the influence of the Pt monolayer in the PtML/Pd/C on its ORR 

kinetics by comparing its polarization curve to the Pd/C and the Pt/C. Shown in Figure 1b are 

the blue-, green-, and red-curves that, respectively, represent the typical iR-free polarization 

curves of the PtML/Pd/C, the Pd/C, and the Pt/C, acquired in the O2-saturated 0.1 M HClO4 
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solution at a scan rate of 10 mV s-1 by using the RDE technique. The PtML/Pd/C exhibited a 

half-wave potential (E1/2) 65 mV higher than Pd/C and, more remarkably, even much greater 

than Pt/C. This highest value of E1/2 of the PtML/Pd/C highlighted the essential role of its Pt 

monolayer that dramatically improved the apparent ORR kinetics. Furthermore, we 

calculated its platinum group metal (PGM) mass activity of 0.35 A mg-1
PGM using the 

Koutecký-Levich Equation as shown in the histograms in Figure 1c to compare with the 

values obtained for the Pd/C and the Pt/C, and the 2020 target of US DOE.12 The same 

increasing trend was true for the specific activity (Figure S2), with the PtML/Pd/C being the 

most active electrocatalyst. It is worth noting that the PGM mass and specific activities of the 

catalyst in this study are higher than in our earlier publications (refs. 26&27). The higher 

values of mass- and specific-activity for both the Pt/C and PtML/Pd/C electrocatalysts in the 

present study can be attributed to the correction of the uncompensated iR-drop caused by 

solution resistance. Recent studies have demonstrated the advantages of iR-correction to 

obtain a reliable result for ORR measurement in three-electrode system.28 In addition, it is 

important to notice that the monolayer-achieved activities actually remained somewhat lower 

than the US DOE target. Interestingly, these activities, if normalized by the price of PGM 

(see Figure S3), appeared to be much higher than the US DOE target (Figure 1d). Indeed, the 

dollar activity was recently proposed for convenience to evaluate the ORR activity of such 

materials,29 since multi-component, noble metal-containing crystals have been the subject of 

tangible studies of formulating ORR catalysts. Considering the difference in price/cost 

between different noble metals, this proposal is reasonable when targeting their practical 

applications in commercializing fuel cells, although the dollar activity also does not 
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accurately quantify their production cost. Hence, our choice of Pd to replace the inner Pt was 

not only based on the favorable Pd-Pt core-shell interaction but also the relative 

inexpensiveness and abundance of Pd (only about half the price of Pt, and 200 times more in 

reserves than Pt30). 

3.2 ORR activity and structural evolution of PtML/Pd/C in stability test 

On the basis of the latest protocol of US DOE,12 and considering the difference in RDE 

electrodes and MEAs, we used slightly more accelerated conditions (i.e., potential-scanning 

window of 0.65 to 1.05 V vs. 0.60 to 0.95 V (DOE)) to interrogate the stability of the 

PtML/Pd/C within 100k-cycle test while including the counterpart results of the Pt/C as 

reference (Figure 2). We calculated the dollar activities and the specific activities based on 

the corresponding polarization curves (Figures S4&S5). The Pt/C registered up to 28% loss 

of the initial dollar activity in 30k cycles of the stability test. This degradation was related to 

the particle-size increasing of Pt in the Pt/C during the potential scanning, namely 

electrochemical Ostwald ripening, therefore lowering the utilization of Pt.1,5,13-15 Unlike the 

Pt/C, at which the dollar activity descended linearly, the activity of the PtML/Pd/C evolved in 

a volcano-like trend―that is, it increased by 10% in the initial 20k cycles and then dropped 

to 83% of the initial value at the end of the stability test. Furthermore, all the dollar activities 

were higher than the DOE target throughout the 100k-cycle test, indicating the excellent 

stability of this electrocatalyst as demonstrated in MEA measurement. In addition, it can be 

expected that since the amount of PGM in PtML/Pd/C electrocatalyst loaded on the electrode 

and the cost of these PGM correspond to each other, the PGM mass activity of PtML/Pd/C 

exhibited the same volcano-like profile with the dollar activity, so did its Pt mass activity. 
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Figure S6a&b shown that the PGM mass and Pt mass activities of PtML/Pd/C increased from 

the initial 0.35 A mg-1
PGM and 1.57 A mg-1

Pt to 0.39 A mg-1
PGM and 1.72 A mg-1

Pt, respectively, 

after 20k potential cycles. Besides, in our previous total 15k-cycle stability test, the ORR 

activity enhancement of PtML/Pd/C was also observed.27 This counterintuitive observation 

seemed yet reasonable because the inner Pd core was relatively unstable so as to be dissolved 

preferentially, enabling stabilization of the surface Pt. Concurrently, the loss of the core 

induced re-arrangement of Pt atoms toward a higher-coordination, more stable configuration. 

Recent studies have demonstrated that the ORR acidity is higher on the higher coordinated Pt 

sites.31,32 The structure-dependent stability of PtML/Pd/C catalyst in the ORR will be further 

discussed in more detail with experimental and calculated results. 

 

Figure 2. (a) Dollar activities and (b) specific activities of E-TEK Pt/C and PtML/Pd/C at 0.9 V as a 

function of the number of potential cycles (0.65 ↔ 1.05 V) during the ADT.  

 

Figure 2b shows the histograms of the specific activities of the PtML/Pd/C and Pt/C 

electrocatalysts for the ORR after different cycles of the stability test. Interestingly, the 

20k-cycle stability test caused the PtML/Pd/C to increase its specific activity by as high as 

85 %, an order of magnitude greater than did the Pt/C (6 %), although the overall increasing 

trend was true for both cases. This remarkable difference underscored the Pd-Pt core-shell 

interaction that enabled the surface Pt atoms to re-arrange themselves to the most optimal 
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geometric and electronic configuration for the ORR. For the Pt/C, the particle-size increased 

throughout the stability test lowering the fraction of surface defect sites such as the 

low-coordinated edge- and vertex-atoms, which was accredited with improving its specific 

activity.31,32 To the contrary, for the PtML/Pd/C, the first 20k-cycle stability test induced 

decreasing of the particle size (see below) as Pd atoms exposed at defects or voids in PtML 

dissolved due to its relatively low corrosion resistance, such that the Pt atoms could remain 

on the surface and shrink into a contiguous, highly coordinated atomic layer. In the 

subsequent stability test over 20k cycles, its specific activity increased with a dramatically 

reduced rate that was comparable to that for the Pt/C, pointing to the increase of the particle 

size due to electrochemical Ostwald ripening. As seen in Figure S4a&S5a, the changes in 

voltammetric behavior of PtML/Pd/C from 20k to 100k cycles are similar to those of Pt/C 

from initial to 30k cycles. 

To gain insight into the electrochemically-induced evolution of the surface state, we 

compared the representative CV of the PtML/Pd/C after 20k-cycle stability test to that of the 

freshly prepared Pt/C, and their corresponding ECSAs that we calculated by integrating the 

Faradic current of the hydrogen UPD. Careful review of the curves (Figure 3a) suggests a 

comparable voltammetric behavior, particularly the facet-specific hydrogen UPD peaks on Pt 

(highlighted as Pt(110) in Figure 3a), denoting that a monolayer of Pt atoms compactly 

stacked side-by-side on the surface of the PtML/Pd/C. Also shown therein is the reduction 

peak at around 0.78 V, viz. 43 mV higher than Pt/C, which we designated to the relatively 

much fast dissociation of oxygen at the PtML/Pd/C.25 Taken together, these electrochemical 

results demonstrated the evolution of a nearly ideal Pt monolayer that interacts with the Pd 
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core to acquire modified electronic- and electrochemical-properties. In other words, the 

original Pt monolayer prepared by the UPD technique might be loosely stacked within the Pt 

atoms and have low coordination with the underpinning Pd atoms. Therefore, the dissolution 

of Pd atoms during the stability test induced the re-arrangement of surface Pt atoms, and the 

formation of a highly-coordinated, contiguous Pt monolayer. As this process undergo, the 

inner Pd core evolve into smaller particles until it was fully encompassed by the as-formed Pt 

monolayer. This self-healing feature fundamentally differ from the subsequent Ostwald 

ripening, as evidenced by the relatively insignificant and/or slow change in CVs and ECSAs 

over 20k cycles. To justify, we evaluated the rate of the ECSA loss before and after 20k 

cycles, respectively (Figure 3b). For the last 80k cycles, we calculated an ECSA-loss rate of 

0.038 cm2 per 10k cycles that was ten times lower than the value of the initial 20k cycles. Not 

only this, but the ECSA-loss rate of PtML/Pd/C during 20k-100k potential cycles was also 

significantly lower than that of the standard Pt/C (0.163 cm2 per 10k), indicating that the 

Ostwald ripening kinetics of PtML/Pd/C is slower, which accounts for its excellent stability. In 

addition, the corresponding Pt-mass specific ECSAs (ECSA normalized to the Pt mass on the 

electrode) of PtML/Pd/C during stability test are also calculated for further evaluation. It can 

be seen from Figure S7 that in the initial stage, the PtML/Pd/C electrocatalyst (227 m2 g-1
Pt) 

exhibited three times higher Pt-mass specific ECSA than the Pt/C (76 m2 g-1
Pt); moreover, it 

still remains an ECSA of 100 m2 g-1
Pt after 100k-cycle stability test, indicating a high Pt 

utilization in long-term ORR. 
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Figure 3. (a) Cyclic voltammetry curves of the initial E-TEK Pt/C and the PtML/Pd/C after 20k-cycle ADT, 

respectively, measured with a scan rate of 50 mV s-1 in Ar-saturated 0.1 M HClO4. (b) ECSAs of E-TEK 

Pt/C and PtML/Pd/C as a function of the number of potential cycles (0.65 ↔ 1.05 V) during the ADT. 
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efficiently enough to retard the loss of the Pd core. In addition, no oxidation state of Pd was 

observed in the Pd3d XPS spectra of PtML/Pd/C after 20k to 100k cycles also indicated the Pd 

atoms in the cores were effectively protected (Figure S9a). Noticeably, the subsequent 

Ostwald ripening during 20k-100k potential cycles of the PtMLPd/C was a little different from 

the case of Pt/C. Actually, both Pt and Pd atoms were dissolved slowly, although the Pd 

core-full covered Pt shell structure were always remained in the PtMLPd/C. 
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Figure 4. The Pd/(Pd+Pt) atomic ratio of PtML/Pd/C electrocatalyst as a function of the number of potential 

cycles (0.65 ↔ 1.05 V) during the ADT determined by EDS and XPS measurements, respectively. 

 

Z-contrast high-angle annular dark field (HAADF)-STEM images and corresponding 

EELS mappings of Pt from PtML/Pd/C before and after 20k cycles and 100k cycles are shown 

in Figure 5. The Pt shell thickness, which was roughly estimated from the EELS mappings in 

the figure, is 0.42 nm, 0.48 nm, and 0.70 nm before and after 20k cycles and 100k cycles, 

respectively. The Pt shell thickness apparently increases with an increase of the number of 

potential cycles; particularly the increase in shell thickness after 100k cycles compared with 

that before cycling is prominent. Although it is quite difficult to determine the exact thickness 

from the STEM-EELS data and a statistical approach is necessary for further analyses.  

Page 15 of 35 Journal of Materials Chemistry A



16 
 

  

  

  

Figure 5. Z-contrast HAADF-STEM images of single nanoparticles and their corresponding 2D 

STEM-EELS maps of Pt obtained with 0.13 nm/pixel resolution. (a) Initial PtML/Pd/C; (b) PtML/Pd/C after 

20k cycles; (c) PtML/Pd/C after 100k cycles.  

 

The particle size distributions before, and after 20k and 100k cycles are depicted in Figure 

6, and the mean diameters of the nanoparticles are determined to be 6.4 nm, 5.3 nm, and 6.7 

nm, respectively. Interestingly, the particle size first decreases after the 20k cycle test, and 

then increases after the 100k cycle test. As discussed later, during the initial 20k cycle test, 

exposed Pd atoms of the core dissolve away, thereby inducing slight shrinkage of the particle 

size with relaxation of the Pt shell. On the other hand, an increase in particle size after the 

100k cycle test can be explained by electrochemical Ostwald ripening. The notion is also 

supported by STEM observations shown in Figure 7. STEM images of the PtML/Pd/C catalyst 

Pt M4,5-edge 

0.70 nm 

c 

b 
Pt M4,5-edge 

0.48 nm 

a 
Pt M4,5-edge 

0.42 nm 

Page 16 of 35Journal of Materials Chemistry A



17 
 

after the 100k test show round-shaped particles with a much more uniform size distribution, 

while those of initial PtML/Pd/C show various shapes of particles with a wider size 

distribution. Smaller particles in the initial catalyst may have been dissolved and redeposited 

on larger particles. Such the observation in size distribution is coincident with a decrease in 

standard deviation in particle size distribution after the 100k cycle test (0.80 nm) compared 

with those before and after the 20k cycle test (1.00 nm). In general, smoother and reduction 

of low-coordinated Pt surfaces increase the ORR activity.31,32 Such effect may be operative in 

the present system; however, we consider that the activity degradation due to the increase in 

particle size during the repetitive 100k potential cycling is more dominant, as discussed in 

details later. 
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Figure 6. Particle size distributions of (a) initial PtML/Pd/C, (b) PtML/Pd/C after 20k cycles, and (c) 

PtML/Pd/C after 100k cycles. 
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Figure 7. Z-contrast HAADF-STEM images of (a, b) initial PtML/Pd/C and (c, d) PtML/Pd/C after 100k 

cycles. 

 

3.3 Model analyses of structural- and compositional-evolution 

Above experimental results demonstrated that the Pt monolayer prepared by the UPD and 

galvanic replacement techniques comprised fragmental atomic layers that were structurally 

discontinued and electrochemically unstable. To advance the understanding of the structure 

and composition of the PtML/Pd/C, and their evolution during the stability test, a regular 

polyhedron mode with a close-packed crystal structure was chosen as our starting Pd/C 

crystal to simulate the growth of supported Pt monolayer and the change of the entire 

nanostructure. For the simplest optimal Pd(100) and Pd(111) surfaces of Pd single crystals, 

the global-minimal-energy principle predicted that Cu atoms can be under-potentially 

deposited on the four-fold and three-fold hollow sites (denoted as F sites and T sites),34,35 

respectively, as illustrated in Scheme 1a. Consequently, the UPD Cu layer consisted of the 

a b 

c d 
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same atomic number as that of the outmost Pd layer, corresponding to the electric quantity of 

0.421 mCPd(100) and 0.486 mCPd(111) per centimeter square,36 given that the hollow sites were 

in the same amount as the sublayer atoms. 

 

Scheme 1. (a) The model of Pd(100) and Pd(111) single crystals and the Cu-UPD on the respective model 

surfaces. (b) The cuboctahedral Pd model. The corresponding surface sites and surface atoms were 

marked.  

 

Real-world Pd nanostructures (e.g., cuboctahedral particles, as shown in Scheme 1b) 

comprise much more complicated surfaces than the ideal single crystals; in addition to the 

Pd(111) and Pd(100) facets, on the particles’ surface there are defect sites, including 

inter-planar edges and vertexes (denoted as E sites and V sites, respectively).31 We employed 

the nanoscaled cuboctahedron model to illustrate the growth and state of a Pt monolayer. 

Calculations for such nanoparticles of varied sizes are tabulated in Table S1. We shall discuss 

the portion of surface Pd atoms and the corresponding coverage by Pt, assuming two different 

situations: Cu UPD occurred on the entire surface and on F- and T-sites only. In both 

situations, we assumed that all the UPD Cu atoms were displaced with Pt in the same mole 

amount. More details on the model analyses can be found in the Supporting Information. 

Figure 8a shows the change of the portion of surface Pd atoms of a cuboctahedral particle, 

and the portion of F- and T-sites among all the surface atoms, with the particle size being 
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varied from 0.274 nm (one atom) to 10.06 nm (ν = 21). Noticeably, as the particle size 

increase, the ratio of the surface atoms to the total descended while the ratio of the F- and 

T-sites to the total surface atoms ascended. For the size of 6 nm, the surface atoms accounted 

for 21.6%, among which there were 81.3% atoms comprising F- and T-sites. Figure 8b shows 

the corresponding surface coverage by Pt of the cuboctahedral particle. We observed a 

similar increasing trend with or without the edge/vertex sites being considered. Noticeably, 

the coverage remained less than 100% for all the particles and so caused certain Pd atoms to 

be electrochemically corrosive. This adverse situation was even worse, considering that Pt, a 

more inert metal, could prompt the corrosion of Pd. This observation seemed understandable 

because a full covering of Pt on Pd particles required the atomic number greater than that of 

the surface Pd. For the case of the layer number of 12 (Pd size, ~5.9 nm), the surface Pd 

atoms was calculated to be 1442, that is, the difference of the total atomic numbers between 

the layer numbers of 11 and 12 (Table S1). Likewise, we calculated the number of Pt atoms 

of 1692 that was required for a full covering on this Pd particle. Since the Cu UPD technique 

can produce a Pt monolayer consisting of maximal 1442 atoms, limited by the surface Pd, the 

ideal coverage was 85% (i.e., 1442/1692) (Figure 8b). This value was even lower when 

excluding the Cu UPD on the E- and V-sites. In this context, the uncovered surface Pd was 

subjected to electrochemical corrosion during the stability test until the particle size shrunk to 

the same as that of the one-less layer number, such that the Pt protecting layer could fully 

cover the Pd core. 
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Figure 8. (a) The numeric ratio of the number of surface atoms to the number of total Pd atoms (red curve), 

and the numeric ratio of the sum number of F- and T- sites to the sum number of F-, T-, E-, and V- sites 

(green curve) as a function of the Pd particle size, respectively. (b) the Pt coverages in the cases of Cu 

UPD on all F-, T-, E-, and V- sites and Cu UPD on only F- and T- sites, respectively, as a function of the 

PtML/Pd particle size. 

 

On the basis of the self-healing property, and assuming negligible loss of Pt (cathodic 

protection10), we further envisaged the changes of surface area, particle size and Pt/Pd atomic 

ratio for these two cases of Cu UPD. This assumption corresponded to our first 20k-cycle 

stability test only, because the electrochemical results suggest that the undissolved Pd atoms 

are just covered fully by Pt atoms at the 20kth cycle (Figure 3). The solid curves in Figure 9a 

show the surface area loss of the PtML/Pd of different sizes, with Cu UPD occurring on all 

sites (triangled) and on the F- and T-sites only (circled). We observed a remarkable difference 

of 0.1 or greater for all the studied particle sizes, indicating a relatively high surface area loss 

for the case of Cu UPD on F- and T-sites alone. Also included in Figure 9a are the particle 

sizes of the PtML/Pd, with a full Pt covering after the completion of the Pd loss, in relation to 

that of its original form. Apparently, the site-selective Cu UPD resulted in more significant 

shrinking in the diameter (hollow circled), agreeing with the experimental ECSA loss. As the 

particle size increased, the change of particle size to realize a full Pt covering became closer 

to one another because of size-determined fraction of edge and vertex sites (Figure 8a). 
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Accordingly, for these site-selective and non-selective cases of Cu UPD, we plotted in Figure 

9b the atomic Pt-to-Pd ratio before and after the formation of the full Pt covering. For the 

site-selective Cu UPD, the change of the Pt portion, viz. the difference between the two red 

curves at a specific particle size, was essentially greater than the non-selective Cu UPD. 

Combining these calculated results, we concluded that increasing the PtML/Pd particle size 

reduced the loss of Pd until the formation of a full covering of Pt monolayer; and this was 

particular true for the case of Cu UPD on all the surface sites. Furthermore, for the Pd 

particles of 6 nm that we used in our experiments (TEM image and particle-size distribution 

are shown in Figure S10), the calculated results are tabulated in Table 1 in parallel with the 

experimental observations. Comparison indicates that the site-selective mode of the Cu UPD 

(i.e., on F- and T-sites alone) are the likely approach what practically occurred in our 

experiments. The calculation-to-experiment discrepancy implied more complicated situations 

that could induce the loss of Pd, including non-in situ replacement with Pt of Cu atoms and 

thus the formation of Pt clusters. For instance, calculations for 6 nm particles revealed the 

maximal coverage of 69% (Figure 8b) in the case of Cu UPD on F- and T-sites only; however, 

the corresponding electrochemical experiments showed the ECSA dropping from 1.97 cm2 to 

1.17 cm2, viz. 40.7% loss, indicating the coverage of 59.4% (1.17/1.97) in our experiments. 

Therefore, the difference of 10% is most likely due to the formation of Pt cluster or Pt 

bilayer. 
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Figure 9. (a) Surface area loss (solid) and particle size change (hollow) before and after self-healing as a 

function of the initial PtML/Pd particle size. (b) The Pt/Pd atomic ratio of in the initial PtML/Pd particle to in 

the full-covered PtML/Pd particle, respectively, as a function of the initial PtML/Pd particle size. The curves 

of both of the Cu UPD cases were plotted.  

 

 

Table 1. Comparison of the calculated results from model analyses with experimental results. 

 Model analyses Experiments 

 Pt(F+T+E+V)/Pd Pt(F+T)/Pd PtML/Pd/C 

Initial particle size (nm) 6.41 6.33 6.4 nma 

DFull-covered Pt/Pd/DInitial Pt/Pd 93% 84% 83%b 

Initial Pt/Pd atomic ratio 21.6% 17.6% 18.4%c 

Full-covered Pt/Pd atomic ratio 27.5% 31.1% 39.5%d 

SLoss/SInitial  13.9% 29.5% 40.7%e 

Notes: a STEM result of the initial PtML/Pd/C (Figure 6a). b STEM result of the PtML/Pd/C before and after 20k cycles 

(Figure 6a&b). c EDX result of the initial PtML/Pd/C (Figure S8a). d EDX result of the PtML/Pd/C after 20k cycles (Figure 

S8b). e ECSA-HUPD ratio of the initial PtML/Pd/C and the PtML/Pd/C after 20k cycles (Figure 3b). 

 

3.4 Self-healing and Self-retaining mechanisms 

Our experimental and calculated results demonstrated that Cu UPD can most likely take 

place on well-shaped Pd(111)- and Pd(100)-facets, instead of the edge or vertex sites of Pd 

nanoparticles. The Pt monolayer in the PtML/Pd, formed by the galvanic replacement with Pt 

of the under-potentially deposited Cu monolayer, was actually a disconnected Pt 

submonolayer (sML) with relatively low theoretical-coverage, (e.g., 69% coverage for 6 nm 

Pd). In addition, non-in situ replacement with Pt of Cu-UPD, as mentioned above, 

contributed to lowering the Pt coverage, inducing the formation of defect sites like puncture 
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in each separated Pt layers, and/or exposing the Pd(111)- and Pd(100)- atoms to the 

electrolyte. Therefore, in the initial 20k-cycle stability test, the exposed Pd of the core 

dissolved out, inducing the shrinking and relaxing of the surface Pt, so forming a near-ideal 

Pd-Pt monolayer core-shell structure. The decrease in particle size after the 20k cycle test is 

clearly illustrated in Figure 6. This self-healing property of Pt monolayer electrocatalysts is 

slightly different from what was reported in our earlier review (ref. 37), which only 

highlighted the stabilizing effect of Pd-core dissolution on the PtML shell. And we speculated 

previously that a fully-covered PtML may not be formed during the ORR.10,37 However, 

current results demonstrate that the initial incomplete PtML can be self-healed. We consider 

that the relatively slow electrochemical-corrosion rate of core metal is the key to successful 

self-healing (i.e., from PtsML to PtML).38,39 It can guarantee enough time for the surface Pt to 

relax and reconstruct. For our PtML/Pd/C electrocatalyst, the 20k cycle stability test achieved 

the nearly ideal core-shell structure. Afterward, the PtML/Pd particles dissolved as a whole 

with a retarded kinetics; however, the core-shell structure remained throughout this process 

due to its structural self-retaining property. This self-retaining property specific to PtML 

electrocatalysts is crucial to its long-term stability for ORR, we will further analyze the 

corresponding mechanism behind this feature below. Scheme 2 illustrates the dynamic 

structural evolution of the PtML/Pd/C during the stability test, from a fresh structure prepared 

by the Cu UPD and galvanic replacement technique via a nearly ideal core-shell structure to a 

grown-up particle with a thicker Pt shell (2-3 MLs). As with the Pt/C, the increase in particle 

size of PtML/Pd/C after 100k cycles is also as a result of the electrochemical Ostwald ripening. 

But the two Ostwald ripening processes are not identical. For the PtML/Pd/C catalyst, after full 
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self-healing, the surface Pt atoms of a smaller PtMLPd particle are preferentially dissolved and 

redeposited on the surface of a larger PtMLPd particle during further stability test. Meanwhile, 

the exposed Pd atoms, caused by the dissolution of surface Pt atoms, will be dissolved. 

However, owing to the relatively lower reduction potential, the dissolved Pd is difficult to 

redeposit, as evidenced by the fact that no Pd signal can be found in the CV curves of 

PtML/Pd/C recorded during the 20k-100k-cycle stability test. Our previous MEA 

measurement showed that the dissolved Pd migrates to the Nafion membrane.10 This special 

Ostwald ripening leads to increase the thickness of Pt shell of PtML/Pd/C during the 

20k-100k-cycle test. It should be pointed out that the increase in Pt shell thickness of 

PtML/Pd/C would decrease the specific activity since the favorable interaction from the Pd 

core on the surface Pt atoms is weakened. On the other hand, the decrease in low-coordinated 

Pt atoms on the surface due to the particle growth would increase the specific activity. The 

relatively constant specific activities observed during 20k-100k cycles (Figure 2b) may well 

be caused by balancing these two opposing effects. 

 
Scheme 2. Schematic illustrations of site-selective Cu UPD and then galvanic replacement with Pt on the 

surface of cuboctahedral Pd model, and the structural evolution of Pt/Pd particle during the stability test. 

 

We also note that the present stability tests of the PtML/Pd/C catalyst were performed at a 

room temperature (25 oC). A recent study has shown that after an accelerated stability test of 
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5-fold and 1.4-fold enhancements of specific activity and mass activity, respectively.40 

Stability tests of a 4-ML thick Pt on Pd(111) core-shell structure at 80 oC demonstrated that 

its durability under potential cycling depends on solution temperatures as well as upper 

potentials of the cycle tests.41 The effect of solution temperatures on the stability of our 

PtML/Pd/C catalysts is beyond the scope of the present study; however, in the near future we 

will investigate if a similar mechanism would be operational at higher temperatures. In order 

to better understand the structural self-retaining property of PtML electrocatalysts, the 

structural change of the Pt bimetallic catalysts containing 3d-transition metals (Fe, Co, Ni, or 

Cu etc.) during the ORR has to be understood. For these catalysts, both the alloy structure 

and the core-shell structure (including the case of the Pt shell covered on a Pt alloy core) 

themselves are thermodynamically stable.42,43 However, under the ORR conditions, whether 

alloy or core-shell the structure cannot retain for a long period due to the continuous surface 

segregation of 3d-transition metals from the interior of nanoparticles induced by the 

oxygen-containing species (i.e., OHad/Oad) adsorbed on catalyst surface.44-47 This 

phenomenon can be explained by the fact that the oxygen affinities of the 3d-transition metals 

are very different from that of Pt (theoretical calculations predict that the oxygen binding 

energies (ΔEo) on Fe, Co, Ni, Cu and Pt are, in order, -0.90 eV，-0.22 eV，0.34 eV，1.20 eV 

and 1.57 eV48). This large difference in oxygen affinity can provide a powerful driving force 

to facilitate the 3d-transition metals surface segregation when oxygen-containing species are 

present on the catalyst surface, because these oxygen species are more willing to bind with 

the 3d-transition metals.49,50 Once the transition metal atom reaches the surface, it will be 

rapidly dissolved out. As a result, its content decreased gradually, and ultimately changing 
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the alloy- and core-shell-structure of the Pt bimetallic catalysts. The change in structure will 

seriously weaken the electronic and lattice strain effects between Pt and 3d-transition metals, 

so the initially high ORR activity of these Pt bimetallic catalysts is difficult to maintain. The 

structural change of this kind of catalysts driven by adsorbate-induced surface segregation 

has already been the most important reason for the decay in its ORR activity during fuel cell 

operation.51-53 

In contrast, for the PtML/Pd/C, the difference in oxygen affinity between Pd and Pt is very 

small (ΔEo of Pd surface is 1.53 eV,48 which is only 0.04 eV difference from that of Pt.), 

moreover, the oxygen affinities of both Pt and Pt are relatively weak; hence, there is not 

enough driving force to facilitate Pd segregation from the inside to the surface, even if some 

oxygen-containing species adsorb on the catalyst surface. Density functional calculations 

have also shown that the Pd cannot segregate to the Pt surface under the ORR 

conditions.49,54,55 In addition, it may also play a part role on the structural self-retaining of 

PtML/Pd/C catalyst that since the lattice between Pd and Pt is well matched (lattice mismatch 

is only 0.77%56). The interfacial stress between the Pd core and PtML shell is very small, 

avoiding to form the lattice defects such as vacancies and dislocations at the interface, so that 

the Pt shell atoms can be evenly spread along the lattice of Pd core and play a better 

protective role to the Pd core. Our experimental work showed the major dissolution of Pd 

before the full self-healing, as evidenced by the loss of 53% Pd (calculated based on EDS 

results) in the initial 20k-cycle stability test. And the self-healed PtML/Pd/C exhibited a 

superior stability during the subsequent 80k cycles due to its unique structural self-retaining 

property. These findings enlightened us to develop fully-covered Pt monolayer 
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electrocatalysts for PEMFC applications and at very least provided a tool to pre-condition the 

pristine PtML/Pd/C catalyst to form a complete PtML. 

Conclusions 

In summary, by combining the electrochemical experiments with the physical 

characterizations and model analyses, we demonstrated the dynamic structural evolution of 

the PtML/Pd/C core-shell catalyst in the ORR that determined its mass-, specific-, and 

dollar-activities, ECSA, and reliability. Its ORR activity showed a volcano-like profile during 

the course of a 100k-cycle stability test; the mass/dollar activity eventually registered as high 

as 83% of the initial value. The activity increased until the end of the first 20k cycles because 

the freshly-prepared Pt monolayer arranged all the atoms only on the four-fold and three-fold 

hollow sites of the surface Pd, and, upon the ORR it shrunk into a full coverage on the Pd 

core that facilitated the dissociative adsorption of oxygen. This process adequately 

demonstrates the self-healing ability of PtML electrocatalysts. On the other hand, the 

subsequent activity loss at a much lower rate than the standard Pt/C was due to the favorable 

Pd-Pt core-shell interaction and its structural self-retaining property that obviously retarded 

the electrochemical Ostwald ripening of the whole structure. Structural self-healing and 

self-retaining mechanisms accounted for the exceptionally high ORR stability of PtML/Pd/C 

electrocatalyst. The structure-dependent stability of the PtML/Pd in the ORR pointed out a 

new avenue to designing ORR catalysts of pivotal importance for the development of most 

electrochemical energy frameworks. 
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Graphical abstract 

 

 

The structure-activity relationship of Pd-PtML core-shell electrocatalyst for the oxygen 

reduction reaction during up to 100k cycles of stability test is elucidated, and a new 

mechanism, the self-healing and self-retaining mechanism, is proposed to illuminate the 

ultra-high ORR stability of PtML electrocatalysts. 
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