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Highlights 

 Octahedral PtNi nanoparticles with Pt overlayers supported on the carbon (PtNi@Pt/C) 

were synthesized at a gram scale. 

 The Pt overlayers could prevent Ni leaching, resulting in enhanced activity and 

durability in half cell tests. 

 The PtNi@Pt/C was successfully applied as a cathode catalyst in a single cell of 

PEMFC. 

 The PtNi@Pt/C showed enhanced activity and durability in the single cell tests 

compared to the commercial Pt/C. 

 

Abstract 

Proton exchange membrane fuel cells (PEMFC) are regarded as a promising renewable energy 

source for a future hydrogen energy society. However, highly active and durable catalysts are 

required for the PEMFCs because of their intrinsic high overpotential at the cathode and 

operation under the acidic condition for oxygen reduction reaction (ORR). Since the discovery 

of the exceptionally high surface activity of Pt3Ni(111), the octahedral PtNi nanoparticles have 

been synthesized and tested. Nonetheless, their milligram-scale synthesis method and poor 

durability make them unsuitable for the commercialization of PEMFCs. In this study, we focus 

on gram-scale synthesis of octahedral PtNi nanoparticles with Pt overlayers (PtNi@Pt) 

supported on the carbon, resulting in enhanced catalytic activity and durability. Such PtNi@Pt 

catalysts show high mass activity (1.24 A mgPt
-1) at 0.9 V (vs RHE) for the ORR, compared to 

commercial Pt/C (0.22 A mgPt
-1). Single-cell performance and electrochemical impedance 

spectroscopy (EIS) were also tested. The PtNi@Pt catalysts showed enhanced current density 

of 3.1 A cm-2 at 0.6 V in O2 flow while the commercial Pt/C had the value of 2.5 A cm-2. After 

30,000 cycles of the accelerated degradation test (ADT), the PtNi@Pt still showed better 
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performance than the commercial Pt/C in a single-cell system. The Pt layers deposition could 

enhance the catalytic performance and durability of octahedral PtNi nanoparticles. 

Keywords: Proton exchange membrane fuel cells; oxygen reduction reaction; Pt overlayers; 

octahedral PtNi; durability 

 

1. Introduction 

 

PEMFC is an electrochemical energy conversion device that can directly convert hydrogen 

energy into electricity with high efficiency and zero emission. However, a large amount of Pt 

catalyst used, poor durability, and deficient performance due to the sluggish kinetics of the 

ORR at the cathode are major obstacles to its commercialization [1]. Thus, it is important to 

develop more active and durable catalysts for application as cathode catalysts in PEMFCs. 

Pt-transition metal (where TM is Fe, Co, Ni, Cu, Mo, etc.) alloy catalysts have been actively 

studied for application as catalysts in the cathode. Pt-TM alloys show enhanced activity for 

ORR because of the correlation with Pt d-band center down-shifts, which is attributed to the 

weakening of the binding energy between Pt and intermediate oxygen species during the 

reaction [2-13]. Among such Pt-based alloy catalysts, shape-controlled octahedral PtNi 

nanoparticles are considered as excellent ORR electrocatalysts because of their superior 

activity. Stamenkovic and coworkers suggested that the Pt3Ni (111) single crystal surface, 

which consists of a top-most layer of Pt and subsurface of Ni, would show high ORR activity 

[14]. They demonstrated that the subsurface Ni is able to modify the electronic structure of Pt, 

inducing high ORR activity. Many researchers have dedicated to develop well-defined PtNi 

(111) or octahedral PtNi nanoparticles [15-27]. Because of their exceptional ORR activity, 

octahedral PtNi nanoparticles have been expected to play a central role in the 

commercialization of PEMFC.  
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However, conventional syntheses of octahedral PtNi nanoparticles are limited to a solution-

based method in which organic surfactants are used to control the nanoparticle shape. The 

organic surfactants contaminate the catalyst surface and additional steps are required to remove 

them. Another issue is that the octahedral PtNi nanoparticles are produced with only milligram-

scales using the solution-based methods [15-27]. Zhang et al. reported the gas-phase method 

synthesizing octahedral PtNi nanoparticles, which has a potential for large scale syntheses [25]. 

Unfortunately, the octahedral PtNi nanoparticles also showed deficient durability. Ni is easily 

oxidized and leached from the nanoparticles in the acidic or oxidative conditions under which 

PEMFCs operate [28-31]. A Pt shell would be desired to protect the Ni atoms from leaching. 

An electrochemical Cu underpotential deposition (UPD) and Pt galvanic replacement method 

have been used to deposit a Pt monolayer on substrate nanoparticles [32-36]. 

In this study, we synthesized the octahedral PtNi nanoparticles using the gas-phase 

synthesis method, then Pt layers were deposited on the surfaces of octahedral PtNi 

nanoparticles by Cu UPD method and galvanic replacement of Cu with Pt. The octahedral 

PtNi@Pt catalysts were successfully prepared with a gram scale. Their morphology was 

investigated by TEM characterizations, and the electrochemical measurements were performed 

using both half-cell and single-cell tests and compared with the commercial Pt/C catalyst. 

 

2. Experimental 

 

2.1 Synthesis of octahedral PtNi nanoparticles on carbon supports 

The octahedral PtNi nanoparticles were synthesized in a H2/CO gas flow system [25]. A carbon 

Vulcan® XC-72R (Cabot) support was pre-treated overnight in air at 300 °C to remove the 

absorbed water. Then, 1.25 mmol of Pt(acac)2 (Sigma-Aldrich, 97%) and 0.81 mmol of 

Ni(acac)2 (Sigma-Aldrich, 95%) were dissolved in 60 mL of acetone (SAMCHUN, 99.5%). 
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The homogeneous green solution was dripped onto 1.0 g of thermally pre-treated carbon 

support while stirring at 600 RPM. After removing the residual acetone in a drying oven, the 

mixture was reduced using a tube furnace at a heating rate of 5 °C min-1
 to 200 °C; then the 

temperature was maintained for 1 h in flowing H2/CO (6.5/156 cm3 min-1). The gas flow was 

continued until the mixture cooled to room temperature, and then the flow was switched to N2 

gas. The synthesized octahedral PtNi catalyst was left under ambient conditions for 15 min to 

allow removal of adsorbed CO, and then washed with a mixture of ethanol (SAMCHUN, 

99.9%) and deionized water with centrifugation at 8000 RPM. 
 

2.2 Cu UPD and Pt galvanic replacement on the octahedral PtNi (PtNi@Pt) 

Deposition of Pt layers on the octahedral PtNi nanoparticles was performed using Cu 

underpotential deposition (UPD) and the Pt galvanic replacement method [37]. The octahedral 

PtNi/C was dispersed in 50 mM H2SO4 (Sigma-Aldrich, 99.999%) with Ar purging. Next, 

CuSO4 (Sigma-Aldrich, 99.99+%) was added to the above solution (to make 2 mM CuSO4), 

and a 5 × 10 cm piece of Cu 300 mesh was immersed in the solution with stirring at 800 RPM 

for 30 min. The Cu 300 mesh was removed from the solution, then 0.05 mM of K2PtCl4 (Sigma-

Aldrich, 98%) solution was added into the solution, producing Pt overlayers on the octahedral 

PtNi nanoparticles (PtNi@Pt). The PtNi@Pt catalysts were washed with water during the 

filtration. Then, the Cu UPD and Pt replacement were repeated one more time to deposit a thick 

Pt shell. The Pt content in the PtNi@Pt/C catalyst was 21.2 wt%.  

 

2.3 Electrochemical measurements 

All electrochemical measurements were performed using a CHI 730E potentiostat and a three-

electrode cell at 25 °C. The three electrode system consists of a glassy carbon working 

electrode (Pine), a 3 M NaCl (99%, Sigma-Aldrich) solution-saturated Ag/AgCl reference 
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electrode (BASi), and a twisted Pt wire counter electrode. All potentials reported in this work 

were referenced to a reversible hydrogen electrode (RHE), which was measured at the zero-

current point of the hydrogen evolution and oxidation reaction in a H2-saturated 0.1 M HClO4 

(70%, Sigma Aldrich) solutions using a rotating Pt electrode. The catalyst ink was made by 

mixing deionized water (3 mL, 18.2 MΩ cm), isopropyl alcohol (2 mL, Junsei, 99.7%), and 5 

wt% Nafion® ionomer (20 μL, Sigma-Aldrich), then it was sonicated in ultrasonic bath for 20 

min. The mixed ink were dispersed onto the glassy carbon electrode and dried at ambient 

condition. The Pt loading amount was 12.1 μg cm-2 for all the half-cell measurements. The 

PtNi-based catalysts activation were performed by repeating 10 cycles of cyclic voltammetry 

(CV) from 0.05 to 1.0 V in Ar-saturated 0.1 M HClO4 solution at a scan rate of 100 mV s-1. 

The commercial Pt/C (Johnson Matthey, Pt 20%) was activated by repeating 50 cycles of CV 

at the same condition. The electrochemically active surface area (ECSA) was calculated by 

averaging the integrated areas of Hads/Hdes using 210 μC cm -2. Linear sweep voltammetry (LSV) 

curves were obtained from 0.05 to 1.1 V in O2-saturated 0.1 M HClO4 solution at a scan rate 

of 10 mV s-1 and a rotation rate of 1600 RPM with iR compensation. The electrocatalytic mass 

and specific activity were evaluated using the Koutecky-Levich equation at 0.9 V from the 

LSV data. The accelerated durability tests (ADT) were carried out using cyclic voltammetry 

from 0.6 to 1.0 V for 5,000 or 10,000 cycles in O2-saturated 0.1 M HClO4 at a scan rate of 100 

mV s-1. 

 

2.4 MEA fabrication and single cell tests 

The membrane electrode assemblies (MEAs) were prepared using a catalyst coated membrane 

(CCM) method. The active area of the electrodes was 5 cm2. The catalyst ink composing of the 

catalysts, Nafion® ionomer, and 2-propanol (Burdick&Jackson, 99.99%)) was sprayed onto a 

Nafion 211 membrane. The commercial Pt/C (TKK, Pt 46.5 wt%) was utilized as the anode 
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catalyst. The cathode was prepared using the commercial Pt/C (Johnson Matthey, Pt 20 wt%) 

or the octahedral PtNi@Pt/C. The Pt loading was 0.2 mg cm-2 on both the anode and the cathode. 

A commercial gas diffusion layer (39BC, SGL) was utilized. Single cell performance was 

examined using a fuel cell station (CNL) at 80 °C. For the electrochemical analyses, CV and 

electrochemical impedance spectroscopy (EIS) were measured with a potentiostat (Biologics, 

SP-300). H2 with 100% relative humidity (RH) was supplied to the anode. O2 or air with 100% 

RH was supplied to the cathode for current density and voltage (I-V) polarization and EIS 

measurements. N2 with 100% RH was supplied to the cathode for the CV measurements. The 

I-V polarization curves were obtained from open circuit voltage (OCV) to 0.35 V with 0.8 barg. 

The CV was measured from 0.05 to 1.2 V at a scan rate of 50 mV s-1. The EIS was measured 

from 10 mHz to 10 kHz at a cell voltage of 0.85 V. The ADT was performed at a scan rate of 

50 mV s-1 from 0.6 V to 1.0 V for 30,000 cycles with a cathode feed of N2 with 100% RH. 

 

2.5 Characterizations 

The nanoparticle morphology was confirmed by Tecnai TF30 ST transmission electron 

microscopy (TEM, 200 kV). High angle annular dark field scanning TEM (HAADF-STEM), 

energy dispersive spectroscopy (EDS)-mapping images and line-scanning profiles were taken 

using a Cs-corrected Titan cubed G2 60-300 TEM (200 kV). The crystalline structure of the 

catalyst nanoparticles was characterized using RiGAKU D/MAX-2500 X-ray diffraction 

patterns (XRD). The Pt and Ni content in the PtNi catalysts were analyzed using Agilent 

inductively coupled plasma optical emission spectroscopy 720 (ICP-OES). The concentration 

of leached Pt or Ni ions in the 0.1 M HClO4 electrolyte was measured using Agilent inductively 

coupled plasma mass spectroscopy 7700S (ICP-MS). X-ray absorption near-edge structure 

(XANES) spectra of the Pt L3 edge were obtained using the Nano XAFS beamline (Pohang 

Light Source). 
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3. Results and Discussion 

 

3.1 Octahedral PtNi@Pt/C catalysts 

The octahedral PtNi/C nanoparticles were obtained by reducing Pt and Ni precursors dispersed 

on the carbon support in the presence of CO in a gas phase. The CO gas is well-known as a 

shape-controlling agent for producing (111) facets [17, 25]. The gas-phase method enables 

gram-scale syntheses of octahedral PtNi/C catalysts without using any organic surfactant. The 

Pt overlayers could be deposited on the octahedral PtNi nanoparticles using the Cu UPD 

method with Pt galvanic replacement. When the as-made octahedral PtNi/C were dispersed in 

the acidic solution, the surface Ni atoms were easily leached leaving Pt abundant surface [38, 

39]. To distinguish the effect of the acid treatment and the formation of Pt overlayers, the as-

made PtNi/C treated in 50 mM H2SO4 solution and the PtNi@Pt/C were compared in this work. 

The TEM images of the as-made PtNi and PtNi@Pt nanoparticles are shown in Figure 1. 

The nanoparticles clearly show the octahedral shape. The sizes of the nanoparticles were 

estimated by measuring ‘edge to edge’ length within a nanoparticle in various TEM images. 

The average size increased from 7.10 nm to 8.08 nm after forming the Pt overlayers. 

Considering that the distance between the Pt(111) planes is 2.27 Å, approximately 2.2 Pt 

overlayers were deposited on the octahedral PtNi nanoparticles [40]. Figure 2 shows HAADF-

STEM and EDX-mapping images for the as-made PtNi and PtNi@Pt nanoparticles. The 

PtNi@Pt nanoparticle clearly demonstrated more Pt at the surface. The line-scan image also 

supports the Pt-rich facets. Figure S1 shows the XRD patterns of the as-made PtNi and 

PtNi@Pt. The patterns show Pt-Ni alloy structure, and they were similar without noticeable 

difference. In the case of PtNi@Pt, no XRD peaks for Pt domain were observed. It indicates 

that Pt overlayers were deposited on the octahedral PtNi nanoparticles, not forming separate Pt 
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nanoparticles. Figure S2 shows that the octahedral PtNi@Pt/C catalyst can be easily prepared 

at a gram scale in one batch. 

Forming the Pt overlayers is the key for the successful synthesis. Especially, the 

concentration of Pt precursor and the stirring rate during Pt galvanic replacement affected the 

formation of smooth Pt overlayers significantly. Figure 3 shows the TEM images of the 

resulting nanoparticles when the concentration of K2PtCl4 was varied during the replacement. 

The high Pt concentration produced dendritic shape. The EDS images in Figure 3 confirms that 

the Pt was deposited on the octahedral PtNi nanoparticle with a dendritic shape of shell. High 

Pt-Pt bond energy often induces Pt atoms deposited with a dendrite structure rather than a thin 

layer [41-43]. Xia et al. nicely showed that the balance between the deposition rate and 

diffusion rate of Pt atoms on Pd surface would enable the formation of smooth Pt overlayer on 

Pd nanoparticles [44]. Figure S3 shows the TEM images of the nanoparticles synthesized under 

various stirring rates during the replacement. When the stirring rate is low, the dendritic Pt shell 

was also observed. The concentration of Pt precursor or the stirring rate would control the mass 

transfer rate of the Pt precursors into the nanoparticle surface. The higher concentration would 

make the mass transfer faster, subsequently inducing the evolution of dendritic Pt shell. The 

lower stirring rate would cause the depletion of the Pt precursors near the nanoparticle surface, 

making the mass transfer rate higher into the nanoparticle surface. A low Pt concentration of 

0.05 mM and a high stirring rate of 800 RPM produced smooth Pt overlayers on the octahedral 

PtNi nanoparticles. When the same synthesis condition was applied for the commercial Pt/C, 

the Pt was successfully deposited resulting in the particle size increase from 3.13 nm to 3.77 

nm as shown in Figure S4.  

The Pt electronic structure was investigated using X-ray absorption near-edge structure 

(XANES) as shown in Figure 4. The Pt L3 edge white line intensity in the XANES indicates 

the transition of electrons from 2p2/3 to 5d orbitals. As the white line intensity is lower, the Pt 
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has a more reduced state. The binding of surface oxygen species is affected by the Pt electronic 

structure significantly, resulting in different ORR activities. Figure 4 shows that the as-made 

PtNi/C has the most metallic character while the commercial Pt/C is the most oxidic. The 

PtNi@Pt/C showed the white line intensity located between the as-made PtNi/C and the 

commercial Pt/C.  

 

3.2 Half-cell tests  

Figure 5 shows the cyclic voltammetry (CV) graphs for the as-made PtNi/C and PtNi@Pt/C 

catalysts. The electrochemically active surface area (ECSA) decreased a little from 38.1 m2 g-

1
Pt for the as-made PtNi/C to 33.9 m2 g-1

Pt after the deposition of Pt overlayers. The potential 

for the reduction of surface oxygen species was 0.767 V for the as-made PtNi, and the potential 

increased to 0.804 V for the PtNi@Pt catalyst. The oxygen species such as Pt-O and Pt-OH, 

which behave as reaction intermediates during oxygen reduction reaction (ORR) and as 

catalyst-poisoning species, were more easily removed with lower over-potentials from the Pt 

surface in the PtNi@Pt catalyst. The activity and durability for the ORR were measured using 

linear sweep voltammetry (LSV) for the as-made PtNi/C and the PtNi@Pt/C catalysts. The 

initial mass and specific activity of the PtNi@Pt was 1.24 A mg-1
Pt and 3.66 mA cm-2 at 0.9 V 

in O2 saturated 0.1 M HClO4 solution. These values were higher than those of the as-made PtNi 

(0.92 A mg-1
Pt, 2.42 mA cm-2) and of commercial Pt/C (0.22 A mg-1

Pt, 0.25 mA cm-2). It was 

previously reported that three overlayers of Pt deposited on Pt3Ni (111) surface would have the 

best electronic structure for the ORR by density functional theory (DFT) calculations [45]. The 

octahedral PtNi@Pt/C with 2.2 Pt overlayers would have better electronic structure for the 

ORR, comparing to the octahedral PtNi/C or commercial Pt/C catalysts. The enhanced activity 

of Pt overshell for the ORR was also reported in Pd@Pt nanooctahedra [46].  

The durability of the PtNi@Pt/C was tested by repeating the CV in the range of 0.6 ~ 1.0 
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V for 5,000 or 10,000 cycles in O2-saturated 0.1 M HClO4 solution. After 10,000 cycles of the 

accelerated durability test (ADT), the half-wave potential of the as-made PtNi/C decreased by 

62 mV, whereas the PtNi@Pt/C decreased only by 29 mV. The ECSA of the as-made PtNi/C 

decreased more significantly than the PtNi@Pt/C after the ADT. The initial ECSA of the as-

made PtNi/C was 38.1 m2 g-1, then it was degraded to 26.1 m2 g-1 after 10,000 cycles. In contrast, 

the ECSA of the PtNi@Pt/C changed from 33.9 to 30.2 m2 g-1. The Pt surface in the PtNi@Pt/C 

catalyst was preserved well. When the ORR activity was compared after 10,000 cycles, the 

activity was 0.38 A mg-1
Pt and 1.27 mA cm-2 at 0.9 V for the PtNi@Pt/C, and 0.17 A mg-1

Pt and 

0.65 mA cm-2 for the as-made PtNi/C catalysts. The PtNi@Pt/C showed better durability than 

the as-made PtNi/C clearly. Figure S5 shows the ADT results of the commercial Pt/C for the 

ORR. The mass and specific activity were degraded into 0.11 A mg-1
Pt and 0.22 mA cm-2 after 

10,000 cycles. 

Figure 6 shows TEM and HR-TEM images of the as-made PtNi/C and the PtNi@Pt/C 

catalysts after 10,000 cycles. The octahedral shape of the as-made PtNi nanoparticles was 

severely degraded by Ni leaching in the acidic solution. Most of the nanoparticles became 

spherical. However, the PtNi@Pt nanoparticles preserved the octahedral shape even after 

10,000 cycles. The concentration of leached Ni or Pt ions after 10,000 cycles were measured 

using ICP-MS. The Ni concentration in the electrolyte for the as-made PtNi/C was 2.67 ppb, 

and the value for the PtNi@Pt/C was 0.96 ppb. Ni atoms were dissolved from the as-made 

PtNi/C after 10,000 cycles, whereas Ni atoms were leached less from the PtNi@Pt/C. The Ni 

leaching was reduced significantly by the Pt overlayers, enhancing the durability of the PtNi 

octahedral nanoparticles. 

 

3.3 Single-cell tests  

A single cell was fabricated using the octahedral PtNi@Pt/C catalyst by a catalyst coated 
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membrane (CCM) method. Figure 7 shows the I-V polarization curves for the PtNi@Pt/C and 

commercial Pt/C catalysts in H2/O2 or H2/air gas flow. When the as-made PtNi/C was used for 

a single cell fabrication, the cell was degraded quickly due to severe Ni leaching. The 

PtNi@Pt/C showed higher current density than the commercial Pt/C in both O2 and air flow. 

In the O2 flow, the PtNi@Pt/C exhibited a current density of 3.1 A cm-2 at 0.6 V and a maximum 

power density of 2.4 W cm-2, whereas the commercial Pt/C showed 2.5 A cm-2 and 2.1 W cm-

2. In the air flow, the current density at 0.6 V and the maximum power density were 2.1 A cm-

2 and 1.4 W cm-2 for the PtNi@Pt/C, and 1.7 A cm-2 and 1.4 W cm-2 for the commercial Pt/C. 

Figure S6 shows the electrochemical impedance spectroscopy (EIS) results for the PtNi@Pt/C 

and the commercial Pt/C in the single cells. The charge transfer resistance (Rct) of PtNi@C is 

about 30% lower than that of commercial Pt/C in both O2 and air flow. These results are 

evidences of excellent performance in the low current density region of the I-V polarization 

curves. 

The durability of the single cells was tested by following the DOE protocol. The ADT was 

performed at a scan rate of 50 mV s-1 from 0.6 V to 1.0 V for 30,000 cycles with a cathode feed 

of N2 with 100% relative humidity. The current density at 0.6 V and maximum power density 

after 30,000 cycles of the ADT were 1.8 A cm-2 and 1.5 W cm-2 for the PtNi@Pt/C, and 1.2 A 

cm-2 and 1.3 W cm-2 for the commercial Pt/C in O2 flow. The EIS results after the ADT under 

O2 and air conditions elucidated that the Rct of the PtNi@Pt/C was lower than that of 

commercial Pt/C in Figure S6. Also, the ECSA decreased by 22.1% in the PtNi@Pt/C, whereas 

it decreased by 33.7% in the commercial Pt/C as shown in Figure S7. It was clearly identified 

that the durability of the PtNi@Pt/C was improved by the Pt overlayers. Surely, the octahedral 

PtNi@Pt/C showed higher activity and durability than the commercial Pt/C even in the single 

cells. 
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4. Conclusion 

 

Octahedral PtNi nanoparticles with Pt overlayers (PtNi@Pt) were synthesized on the carbon 

support at a gram-scale. The gas-phase synthesis method was used for the synthesis of 

octahedral PtNi nanoparticles using CO as a shaping agent, subsequently Pt overlayers were 

deposited using Cu UPD and Pt galvanic replacement. The octahedral PtNi@Pt/C catalyst 

showed better activity and durability in both half cell and full cell tests than the commercial 

Pt/C. In a half cell test, the PtNi@Pt/C catalyst was 5.6 times more active than the commercial 

Pt/C initially and 3.3 times more active after the ADT for 10,000 cycles when the mass activity 

at 0.9 V was compared. In a single cell test, the PtNi@Pt/C catalyst was 1.2 times more active 

than the commercial Pt/C initially and 1.5 times more active after the ADT for 30,000 cycles 

when the current density at 0.6 V in O2 flow was compared. Although most works using 

octahedral PtNi nanoparticles for the ORR have focused on the half cell tests, the octahedral 

PtNi@Pt nanoparticles could be successfully used in the single cell, with enhanced activity and 

durability.  
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Figure 1. TEM images and nanoparticle size histograms for the (a, b) as-made PtNi/C and (c, 

d) PtNi@Pt/C catalysts 
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Figure 2. EDS-mapping (red: Pt, green: Ni) and elemental line-scanning images for a single 

nanoparticle of the (a, b) as-made PtNi and (c, d) PtNi@Pt catalysts. 
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Figure 3. TEM images of the nanoparticles when (a) 0.5 mM, (b) 0.1 mM, (c) 0.06 mM, and 

(d) 0.05 mM of K2PtCl4 solution were used during Pt galvanic replacement at 800 RPM. (e,f) 

EDS-mapping images of the dendrite nanoparticle synthesized using 0.5 mM K2PtCl4 solution 

(Red: Pt, Green: Ni, inset: HAADF-STEM image). 
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Figure 4. XANES results of the as-made PtNi/C, PtNi@Pt/C, and commercial Pt/C catalysts. 
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Figure 5. (a, c) Cyclic voltammograms, (b, d) linear sweep voltammetry curves, and (e, f) the 

mass activities and specific activities for the as-made PtNi/C and PtNi@Pt/C catalysts. The 

ADT was performed in the range of 0.6 - 1.0 V at a scan rate of 100 mV s-1. 
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Figure 6. TEM and HR-TEM images of the (a, b) as-made PtNi/C and (c, d) PtNi@Pt/C after 

10,000 cycles of the ADT. 
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Figure 7. Single cell I-V polarization curves of the fresh catalysts (solid lines) or after 30,000 

cycles of the ADT (dashed lines) for the PtNi@Pt/C and commercial Pt/C catalysts in (a) O2 or 

(b) air flow at the cathode. 
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