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 ABSTRACT 

Alloy nanocrystals (NCs) of Pt with 3d transition metals, especially Ni, are

excellent catalysts for the oxygen reduction reaction (ORR). In this work, we, for 

the first time, demonstrated the water phase colloidal synthesis of Pt–M (M = Ni,

Co and Fe) alloy NCs with tunable composition and morphology through a facile

hydrothermal method. Pt–Ni alloy NCs synthesized with this method presented

better ORR activity than commercial Pt/C catalysts. The X-ray energy dispersive 

spectra (EDS) mapping technique revealed that Pt-enriched shells existed on the 

as-synthesized Pt–Ni alloy NCs. About two atom thick layered Pt-enriched shells

formed on Pt50Ni50 NCs and the thickness of the Pt-enriched shells increased as

the Ni content increased. Furthermore, X-ray photoelectron spectroscopy analysis

revealed that the oxidation level of the surface Pt atoms on the Pt–Ni alloy NCs 

decreased compared with monometallic Pt NCs, implying a decrease in the 

oxophilicity of the surface Pt atoms. Pt–Ni alloy NCs with lower oxophilicity of the

surface Pt atoms give higher ORR activity. The most active alloy sample showed

13 times higher specific activity and six times higher mass activity at 0.9 V vs. a 

reversible hydrogen electrode when compared with commercial Pt/C. Pt–Ni alloy 

NCs also showed better durability than commercial Pt/C in long term ORR tests.

 
 

1 Introduction 

Combustion of fossil fuel is the cause of many 

environmental problems. Proton exchange membrane 

fuel cells (PEMFC), possessing the advantages of high 

energy transfer efficiency, and clean, quiet and stable 
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performance, are a promising replacement for fossil 

fuel energy [1–4]. Pt particles supported on carbon 

black (Pt/C) is the state-of-the-art catalyst for oxygen 

reduction reaction (ORR), the cathodic reaction of 

PEMFC. However, monometallic Pt catalysts exhibit 

sluggish ORR activity at low overpotential. As revealed 

by the theoretical work of Norskov, Koper and others 

[5–7], ORR on a Pt surface is a four-step reaction  

and the fourth step—protonation, electronation and 

desorption of OH group on the Pt site—is the rate 

limiting step. Decreasing the oxophilicity, namely 

weakening the oxygen bonding to Pt atoms, can 

enhance the ORR activity of Pt-based catalysts. 

Numerous studies have shown that alloying Pt with 

iron group elements (Fe, Co and Ni, denoted as M), 

especially Ni, can increase the activity and simul-

taneously lower the usage of Pt, which offers a brighter 

future for PEMFC [8–13]. The lattice compression and 

the electron transfer from M to Pt [14–16] can lower 

the d-band center of the Pt atoms on the surface and 

thereby weaken the oxygen bonding. 

Great efforts have been paid to the liquid-phase 

synthesis and the post-treatment of Pt–M alloy nano-

crystals (NCs). The synthesis of Pt–M NCs was first 

realized in oleylamine (OM) [17–22]. Fang’s group 

[23, 24] and Yang’s group [25, 26] developed synthesis 

strategies for Pt–M nanocubes and nanooctahedrons 

in OM by introducing CO as reductant and facet- 

directing agent. Thermal treatment and acid treatment 

procedures could be used to remove the adsorbed 

OM molecules from Pt–M alloy NCs synthesized in 

OM, and produce a Pt-skeleton and a Pt-skin over 

Pt–M alloy NCs, which significantly enhanced the 

ORR specific activity of the nanocatalysts [27-30]. 

Recently, Stamenkovic et al. reported that Pt–Ni alloy 

frameworks can be prepared through the oxygen 

etching of solid Pt–Ni alloy NCs synthesized in   

OM and showed the highest ever ORR activity [31]. 

Pt–Ni alloy NCs dispersible in water could also be 

synthesized through solvothermal methods in benzyl 

alcohol as reported by Li’s group [32–34] or in DMF 

as reported by Carpenter’s group [35] and Strasser’s 

group [36]. Water phase synthesis of Pt–M alloy NCs 

would be a potential environment-benign technique 

to prepare electrocatalysts ready for use. However, 

since the reduction potentials of M2+ cations are 

substantially lower than that of Pt2+ or Pt4+ in aqueous 

solution, it is still a challenge to simultaneously reduce 

Pt and M precursors and synthesize Pt–M alloy NCs 

in water. 

Additionally, the composition and morphology 

evolution of the Pt–Ni alloy NCs during the ORR 

have attracted great attention recently [37–43]. Ni 

atoms near the surface of alloy NCs could be leached 

out during the voltage sweeps, which led to the 

formation of shells with Pt-skeleton structure [9, 39]. 

The thickness of the skeleton shell was dependent on 

the initial Pt:Ni ratio [39, 40]. Hollow structures 

could also form through the leaching of Ni from the 

alloy NCs, and the formation of the cavities on the 

alloy NCs during ORR was influenced by the alloy 

composition and particle size of the NCs [35, 41–43]. 

To avoid the loss of ORR activity resulting from serious 

leaching of 3d metals and increase the durability of 

the alloy catalysts, core–shell trimetallic NCs with 

Pt–M alloy shells were also explored extensively 

recently [44, 45]. 

In this work, poly(vinylpyrrolidone) (PVP) capped 

water-dispersible Pt–Ni, Pt–Co and Pt–Fe alloy NCs 

were synthesized with a facile hydrothermal method. 

To our knowledge, this is the first report of the water 

phase synthesis of alloy NCs of Pt and iron group 

metals. In this hydrothermal method, ammonium 

formate (HCOONH4) was used as reductant, and 

ammonia and halide ions (Br− or Cl−) were introduced 

to coordinate with Pt2+ and narrow the gap between 

the reduction potentials of Pt2+ and M2+ precursors. 

The morphology and Pt:Ni ratio of the Pt–Ni alloy 

NCs could be tuned by changing the identity of the 

halide ions and the feeding ratio of Pt and Ni pre-

cursors. X-ray energy dispersive spectroscopy (EDS) 

mappings of the Pt–Ni alloy NCs obtained from 

hydrothermal synthesis showed that Pt atoms were 

enriched near the surface of the NCs. For Pt50Ni50 

NCs, Pt-enriched shells with about two atomic layers 

were observed, and as the Ni content increased, the 

thickness of the Pt-enriched shells increased. X-ray 

photoelectron spectroscopy (XPS) analysis revealed 

that Pt atoms on the surface of Pt–Ni alloy NCs showed 

lower levels of oxidation compared with monometallic 

Pt NCs. Supported on carbon black, the Pt–Ni alloy 

NCs synthesized in this work showed enhanced ORR 
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activity compared with commercial Pt/C catalyst. The 

alloy sample with the highest ORR activity showed  

a 13 times enhancement in specific activity and six 

times enhancement in mass activity compared with 

commercial Pt/C at 0.9 V vs. reversible hydrogen 

electrode (RHE). Moreover, a strong correlation between 

the ORR specific activity and the surface Pt oxidation 

level was found, suggesting that a decrease in the 

oxophilicity of surface Pt promoted the ORR on Pt–Ni 

alloy NCs. The hydrothermally synthesized Pt–Ni alloy 

NCs also showed better durability than commercial 

Pt/C, and the alloy NCs with higher content of Pt were 

more stable during long term electrochemical tests. 

2 Results and discussion 

2.1 Hydrothermal synthesis and structure charac-

terization of Pt–Ni alloy NCs 

Figure 1(a) compares the reduction potential of different 

Pt2+ and Ni2+ species (left) and the reducing capacity 

of different reductants (right) and Fig. 1(b) shows the 

X-ray diffraction (XRD) patterns of metallic products 

obtained under different conditions. The simultaneous 

reduction of Pt2+ and Ni2+ precursors is very difficult 

because of the huge gap between the reduction 

potentials of the commonly used precursors of these 

two metals. The standard reduction potentials of the 

redox pairs of [PtCl4]2−/Pt and Ni2+/Ni in aqueous  

solution are 0.73 and −0.25 V, respectively, relative to 

the standard hydrogen electrode. This gap decreases 

by 0.16 V when considering the heat of mixing of   

Pt and Ni metals [46]. If a weak reductant such as 

formate ion was used, Ni2+ ions could not be reduced 

and only Pt particles were obtained (the black line in 

Fig. 1(b)). If a strong reductant such as BH4
– ions was 

used, metal precursors would be reduced immediately 

at room temperature. Although part of the Ni2+ could 

be reduced in this situation, room temperature is not 

adequate for the formation of Pt–Ni alloys (the blue line 

in Fig. 1(b)). HCOONH4 exhibited stronger reducing 

capacity than sodium formate under hydrothermal 

conditions, since the former decomposed into formic 

acid and ammonia at the reaction temperature (Fig. S1 

in the Electronic Supplementary Material (ESM) 

shows the thermogravimetric analysis (TGA) curves 

of ammonium formate and sodium formate). Formic 

acid further decomposes into active CO or H species 

which possess strong reducing capacity. CO has also 

been considered as a significant species in the synthesis 

of Pt–Ni alloy NCs in previous reports [13, 23–26]. 

Pt–Ni formed when HCOONH4 was used as a reduc-

tant, but the reducing efficiency of Ni2+ was very low 

(the red line in Fig. 1(b)). Furthermore, by introducing 

aqueous ammonia and a high concentration of halide 

ions (Br− or Cl−), Pt–Ni alloy NCs with higher Ni 

content were obtained (the green line in Fig. 1(b)). 

These reagents form stable coordination complexes 

 

Figure 1 Principle of the co-reduction of Pt2+ and Ni2+ precursors by HCOONH4 in the presence of ammonium and halide ions. 
(a) Comparison of the reduction potentials of different Pt2+ and Ni2+ precursors and the reduction capacities of different reductants. 
(b) (111) diffraction peaks of metallic NCs obtained by using different reductants and additives. The loading molar ratio of Pt:Ni was 1:2. 
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with Pt2+, namely Pt(NH3)6
2+ (stability constant, lgKs = 

35), PtCl4
2− (lgKs = 16) and PtBr4

2− (lgKs = 21), which 

narrowed the reduction potential gap between Pt2+ 

and Ni2+, and these strongly coordinated ligands may 

hinder the electron transfer from the reductant to  

Pt2+ and slow down the reduction of Pt2+ kinetically. 

Therefore, Pt–Ni alloy NCs were synthesized by 

reducing K2PtCl4 and NiCl2 with HCOONH4 in the 

presence of ammonia and potassium halide. Table 1 

lists the identifications (IDs, in the format of “PtNi- 

X-n”) of different Pt–Ni alloy NCs obtained from the 

hydrothermal method, in which “-X” (X = Br or Cl) 

represents the identity of the added halide ions and 

“-n” represents the Ni:Pt feeding ratio. It is noteworthy 

that no metallic product was obtained when only the 

Ni2+ precursor was loaded, indicating that the alloy 

process was indispensable for the reduction of Ni2+. 

Additionally, water, together with oxygen sealed in 

the container, at high temperature and high pressure 

may facilitate oxidative etching, and lead to the 

dissolution of part of the Ni0 atoms on the surface. To 

verify this hypothesis, we treated Ni powder under  

Table 1 Sample IDs and reagents used for synthesis of Pt–Ni 
alloy NCs 

Sample ID K2PtCl4 
(mmol) 

NiCl2 
(mmol) 

Pt:Ni feeding 
ratio 

Additive

PtNi-Br-1 0.03 0.03 1:1 KBr, 2.0 g

PtNi-Br-2 0.03 0.06 1:2 KBr, 2.0 g

PtNi-Br-3 0.02 0.06 1:3 KBr, 2.0 g

PtNi-Cl-1 0.06 0.06 1:1 KCl, 2.5 g

PtNi-Cl-2 0.06 0.12 1:2 KCl, 2.5 g

PtNi-Cl-3 0.04 0.12 1:3 KCl, 2.5 g

 

the same hydrothermal conditions as those used to 

synthesize Pt–Ni alloy NCs (see Methods in the ESM). 

After the hydrothermal treatment, the concentration 

of Ni in the aqueous solution reached 12.2 μg·mL–1. 

This oxidative etching process can also occur during 

the synthesis of Pt–Ni alloy NCs and lead to the 

formation of Pt-enriched shells over the alloy NCs, 

which was confirmed by EDS mapping and XPS 

analysis, as discussed later. 

Figure 2(a) and 2(e) show the transmission electron 

microscopy (TEM) images of PtNi-Br-1 and PtNi-Cl-1, 

Figure 2 TEM characterization of Pt–Ni alloy NCs. (a) and (e) TEM images and SAED patterns (insets), (b) and (f) HAADF-STEM 
images, (c) and (g) EDS mappings and (d) and (h) the EDS line profiles of (a)–(d) PtNi-Br-1 and (e)–(h) PtNi-Cl-1. The size histograms 
are inserted in panels (a) and (e). Scale bars for the EDS mapping represent 2 nm. The EDS line profiles were collected along the white 
dashed arrow in the EDS mappings. The green and red curves correspond to Pt and Ni, respectively. The black curves show the atomic 
percentage of Pt and the blue dashed lines indicate the atomic percentage of Pt of the overall particle obtained from the EDS spectra. 
The green and red dashed vertical lines indicate the position of the half maximum of Pt and Ni line profiles respectively. 
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respectively. PtNi-Br-1 was mainly composed of 

nanocubes with a side length of 13.9 ± 1.2 nm. PtNi- 

Cl-1 was a mixture of truncated cubes, cubes and some 

NCs with irregular shapes and the average size was 

8.4 ± 2.0 nm. The selectivity of truncated cubes in this 

sample was 70%. Figure 2(b) shows the high angle 

annular dark field scanning transmission electron 

microscopy (HAADF-STEM) image of a representative 

nanocube in PtNi-Br-1. According to the lattice fringes 

in this image, this nanocube was a single crystal 

enclosed by {100} facets, and a small amount of other 

facets were also exposed at the round edges and 

corners. Figure 2(f) shows a typical single-crystalline 

truncated cube in PtNi-Cl-1. Both {100} and {111} 

facets were mainly exposed on this NCs. Since halide 

ions blocked the {100} facets due to their strong 

adsorption on these facets, the crystal growth on the 

direction perpendicular to the {100} facets is suppressed, 

while growth in other directions is less influenced. 

Therefore, {100} facets of the crystal were maintained 

and nanocubes were obtained [47]. Previous work 

has shown that Br– ions strongly direct Pt-based NCs 

to expose their {100} facets while Cl− ions show lower 

facet-selectivity towards {100} facets compared with 

Br− ions [48–50]. Figures 2(c) and 2(g) show the EDS- 

mappings of the NCs in Figs. 2(b) and 2(f), respectively, 

revealing that Pt and Ni formed an alloy in the NCs. 

Pt-enriched shells around the NCs can be seen in 

these EDS-mappings and line profiles in Figs. 2(d) 

and 2(h), implying the etching effect of water during 

the hydrothermal synthesis. The thicknesses of the 

Pt-enriched shells around the NCs (at half maximum 

as indicated by the green and red dashed vertical lines 

in the EDS line profiles) in PtNi-Br-1 and PtNi-Cl-1 are 

4.4 ± 1.1 and 3.7 ± 0.6 Å, respectively, approximately 

equal to the thickness of two atomic layers. 

Table 2 summarizes the Pt:Ni atomic ratio obtained 

from the methods of inductively coupled plasma 

atomic emission spectroscopy (ICP–AES), EDS, XPS 

and XRD, showing that Ni content in the alloy NCs 

could be increased by raising the loading ratio of 

Ni:Pt in the synthesis. The EDS spectra of the Pt–Ni 

alloy NCs are shown in Fig. S2 (in the ESM). The Pt 

content obtained from XPS was much higher than 

that obtained from other characterization methods for 

every sample, implying the existence of a Pt-enriched 

shell surrounding the alloy NCs. Figure 3 shows 

TEM images of PtNi-Br-2, PtNi-Br-3, PtNi-Cl-2 and 

PtNi-Cl-3. The size of Pt–Ni alloy NCs increases with 

decreasing Ni content. As shown by Figs. 3(a) and 

3(b), PtNi-Br-2 and PtNi-Br-3 are mainly composed of 

concave nanocubes with the edge lengths of 20 ± 2 

and 22 ± 2 nm, respectively. Figures 3(c) and 3(d) show 

the EDS mapping and line profile of a representative 

NC in PtNi-Br-3. Similar to PtNi-Br-1, Pt:Ni ratio in 

this sample was higher near the surface than inside 

the NC, as shown by the black curve in Fig. 3(d). The 

Pt-enriched shells (at half maximum) on this sample 

were 1.4 ± 0.6 nm in thickness, thicker than that on 

PtNi-Br-1, implying a higher level of water etching 

during the hydrothermal synthesis. The variation of 

the thickness of the shells was also larger. Pt content 

was highest at the corners of the concave nanocubes. 

During the formation of Pt–Ni alloy NCs, galvanic 

replacement between PtCl4
2– and Ni atoms on the NCs 

surface occurred. Since the {100} facets of the NCs 

were blocked by adsorbed Br– ions, the Pt atoms were 

deposited on the eight corners of the nanocubes. 

Therefore, the specific adsorption of Br– ions on {100} 

facets guided the deposition direction of Pt and leading 

Table 2 Atomic ratio of Pt:Ni in different samples obtained from ICP–AES, EDS, XPS and XRD analyses 

Before HAc treatment After HAc treatment 
Sample ID 

ICP–AES EDS XPS XRD ICP–AES EDS XPS 

PtNi-Br-1 52:48 50:50 67:33 61:39 52:48 51:49 75:25 

PtNi-Br-2 34:66 38:62 56:44 49:51 38:62 41:59 64:36 

PtNi-Br-3 24:76 33:67 54:46 38:62 25:75 33:67 67:33 

PtNi-Cl-1 46:54 53:47 72:28 54:36 52:48 58:42 80:20 

PtNi-Cl-2 31:69 35:65 62:38 38:62 35:65 37:63 73:27 

PtNi-Cl-3 21:79 30:70 56:44 29:71 24:76 32:68 71:29 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1485 Nano Res. 2015, 8(5): 1480–1496 

to the concave morphology and Pt-enriched corners. 

Similar phenomena were also observed in previous 

work on Pt–Cu [51] and Pt–Pd [52] bimetallic concave 

nanocubes. PtNi-Cl-2 is composed of the aggregates 

of nano-polyhedrons with the average size of 15 ± 2 nm 

(Fig. 3(e)). The alloy NCs of PtNi-Cl-3 were porous, 

as shown in Fig. 3(f), suggesting that the etching effect 

of water on the alloy NCs became substantially higher 

as the Ni content increased. Figures 3(g) and 3(h) show 

the EDS mapping and line profile of a representative 

alloy NC in PtNi-Cl-3. Pt-enriched shells with an 

average thickness (at half maximum) of 1.6 ± 0.7 nm 

were observed on the alloy NCs, thicker than that on 

PtNi-Cl-1. 

Solid curves in Fig. 4 show the XRD patterns of the 

Pt–Ni NCs obtained from hydrothermal synthesis. The 

diffraction peaks were located between the standard 

diffraction peaks of fcc Pt and fcc Ni with the 

corresponding index, indicating that Pt and Ni formed 

an alloy in the NCs. No diffraction peaks were detected 

before (111) peaks, implying that Pt and Ni were 

distributed randomly in the alloy instead of forming 

ordered intermetallics. The diffraction peaks shifted 

to higher angle as the Ni content increased, since the 

atomic radius of Ni is smaller than that of Pt. It is 

noteworthy that two alloy phases with different 

compositions could be detected in the Ni-rich samples, 

as shown by red and black arrows in Fig. 4. This 

phenomenon was also observed in PtxNi alloy NCs 

(x< 3) synthesized in DMF [35]. The etching of Ni-rich 

phases in these samples is a possible reason for the 

formation of the Pt-rich phases. Rietveld refinement 

analysis was used to calculate the composition and 

proportion of each alloy phase, as listed in Table S1 

(in the ESM). Since the Pt:Ni ratio varied around a 

certain value within and among particles, which 

broadens the diffraction peaks, the domain size de-

duced from the peak width in the XRD patterns were 

smaller than the average particle size obtained in TEM 

images. Since the ideal Vegard’s law underestimates 

the lattice constant according to a study on bulk 

Pt–Ni alloy [53], the Pt:Ni ratios calculated according  

Figure 3 TEM characterization of Pt–Ni alloy NCs. TEM images and SAED patterns of (a) PtNi-Br-2, (b) PtNi-Br-3, (e) PtNi-Cl-2 
and (f) PtNi-Cl-3. (c) and (g) EDS mappings and (d) and (h) the EDS line profiles of (c) and (d) PtNi-Br-3 and (g) and (h) PtNi-Cl-3. 
The size histograms were inserted in the corresponding TEM images. The scale bars in (c) and (g) represent 5 nm. The EDS line profiles 
were collected along the white dashed arrow in the EDS mappings. The green and red curves correspond to Pt and Ni, respectively. The 
black curves show the atomic percentage of Pt and the blue dashed lines indicate the atomic percentage of Pt of the overall particle 
obtained from the EDS spectra. The green and red dashed vertical lines indicate the position of the half maximum of Pt and Ni line 
profiles respectively. 
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Figure 4 XRD patterns of different Pt–Ni alloy NCs. Solid lines 
correspond to the samples before the HAc treatment and dashed 
lines correspond to the HAc-treated samples. Positions of standard 
diffraction peaks of pure Pt (no. 01-1190) and Ni (no. 01-1258) are 
marked by the vertical dashed lines in green and red, respectively. 

to Vegard’s law were higher than those obtained from 

ICP–AES and EDS, as shown in Table 2. 

To dissolve the Ni atoms on the surface and 

transform the Pt–Ni alloy NCs into a structure which 

is stable in acidic electrolytes, HAc treatment of these 

hydrothermal synthesized NCs was used. Table 2 

compares the Pt:Ni ratios and Fig. 4 shows the XRD 

patterns of Pt–Ni alloy NCs before and after HAc 

treatment. The Ni content obtained from ICP–AES 

decreased slightly (<6%) while that obtained from XPS 

dropped more (8%–15%). Moreover, the XRD patterns 

were almost unchanged after the HAc treatment. 

These results indicate that only the Ni atoms in the 

outermost few atomic layers were dissolved while Ni 

atoms inside the alloy NCs were protected against 

the acid. The Pt-enriched shell over the alloy NCs 

transformed into a Pt-skeleton structure after this 

HAc treatment. Figure S3 (in the ESM) shows the 

EDS mappings of the Pt–Ni alloy NCs after the acid 

treatment. The green edges in the EDS mappings 

showed the Pt-shell of the Pt–Ni alloy NCs. 

Additionally, as the bulk Ni content increased, more 

Ni atoms near the surface were dissolved during the 

HAc treatment, as indicated by the XPS data in Table 2, 

implying thicker Pt-skeleton shells were formed. 

XPS spectra were used to investigate the surface 

states of the Pt–Ni alloy NCs. Figure S4 (in the ESM) 

shows the representative survey XPS spectra of the 

hydrothermally synthesized Pt–Ni alloy NCs. Figure 5(a) 

compares spectra in the Ni 3p3/2-region of Pt–Ni alloy 

NCs before and after the HAc treatment, respectively, 

which can be fitted to three peaks corresponding to 

Ni0 (852.4–852.6 eV), Ni2+ (855.1–855.5 eV) and the 

satellite feature (858.0–860.6 eV) [54, 55]. Due to the 

high oxophilicity of Ni, Ni atoms on the surface of 

Pt–Ni alloy NCs before the HAc treatment are oxidized 

and give rise to the Ni2+ state detected by the XPS 

analysis. The intensity of the Ni2+ peak decreased 

dramatically for the sample after the HAc treatment,  

 

Figure 5 High resolution XPS spectra in the (a) Ni 2p3/2 region of 

PtNi-Br-3 (left) before and (right) after the HAc treatment and in 

the (b) Pt 4f region of (left) PtNi-Cl-2 and (right) hydrothermally 

synthesized Pt NCs after HAc treatment. The backgrounds were 
subtracted from the spectra. 
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indicating that the surface Ni atoms on the alloy NCs 

were dissolved during the HAc treatment. The XPS 

spectra in Pt 4f region were fitted to three doublets 

assigned to Pt0 (4f7/2, 71.1–71.3 eV), Pt2+ (4f7/2, 71.7–71.9 eV) 

and Pt4+ (4f7/2, 73.3–74.1 eV) [56, 57]. The percentage 

of Pt in each oxidation state of Pt–Ni alloy NCs did not 

change significantly after HAc treatment. Figure 5(b) 

and Table S2 (in the ESM) compares the XPS spectra in 

the Pt 4(f) region of Pt–Ni alloy NCs and hydro-

thermally synthesized Pt NCs after the HAc treatment. 

Pt element with positive valence states corresponds 

to surface Pt atoms oxidized by adsorbed O-species. 

Thus, a higher proportion of Pt in positive valence 

states indicates stronger oxophilicity of the Pt surface. 

HAc treated Pt–Ni alloy NCs show lower proportion 

of Ptn+ (n = 2, 4) state than monometallic Pt NCs, 

indicating that the oxophilicity of the Pt shell on these 

Pt–Ni alloy NCs was suppressed. Some previous 

theoretical and experimental studies have demon-

strated that alloying Pt with 3d metals causes Pt–Pt 

compression on the surface, leading to the broadening 

and sinking of the d-band of the surface Pt atoms. 

Our XPS result showed a decreased oxophilicity of 

the Pt atoms on the surface of the Pt–Ni alloy NCs, 

which is in accordance with the d-band theory that 

the oxygen adsorption weakens as the d-band center 

decreases in energy. 

2.2 Hydrothermal synthesis and characterization 

of Pt–Co and Pt–Fe alloy NCs 

By changing the NiCl2 to CoCl2 or FeSO4, the hydro-

thermal method in this work could be further used to 

synthesize Pt–Co and Pt–Fe alloy NCs. The sample 

IDs, reagents used for the synthesis and the element 

analysis results are listed in Table S3 (in the ESM). 

The reduction potentials of Co2+/Co and Fe2+/Fe are 

−0.28 and −0.44 V, respectively, lower than that of 

Ni2+/Ni. Consequently, the reducing efficiency decreased 

in the order Ni > Co > Fe when the loading ratios of 

Pt:M (M = Ni, Co and Fe) were same. Figure 6(a) 

shows the XRD patterns of PtCo-Cl-1 and PtFe-Cl-1. 

The diffraction peaks of ordered intermetallics were not 

detected. A series of weak peaks of Fe3O4 (JCPDS no. 

01-1111) could be detected in the diffraction pattern 

of PtFe-Cl-1, as indicated by red triangles. Figures 6(b) 

and 6(c) show the TEM images of PtCo-Cl-1 and  

 

Figure 6 Characterization of Pt–Co alloy NCs and Pt–Fe alloy 
NCs synthesized with the hydrothermal method. (a) XRD patterns 
of PtCo-Cl-1 (up) and PtFe-Cl-1 (down). Red triangles indicate 
the weak diffraction peaks of Fe3O4. The black vertical dashed 
lines show the position of diffraction peaks of pure Pt. TEM images 
of (b) PtCo-Cl-1 and (c) PtFe-Cl-1. 

PtFt-Cl-1, respectively, and Fig. S5 (in the ESM) shows 

the corresponding high resolution TEM (HRTEM) 

images. PtCo-Cl-1 consisted of polyhedrons with the 

size of 7.0 ± 1.8 nm, and PtFe-Cl-1 was composed of 

crystallites with the size of 3.0 ± 0.4 nm coalesced into 

dendritic structures. Figure S6 (in the ESM) shows 

the EDS spectra of Pt–Co and Pt–Fe alloy NCs. Because 

of the existence of Fe3O4 particles in PtFe-Cl-1, the 

Pt:Fe ratio of this sample obtained from ICP–AES and 

EDS was substantially higher than that calculated 

from XRD data listed in Table S3 (in the ESM). 

When the loading amount of M (M = Co or Fe) 

increased, the content of M in the alloy NCs increased, 

as indicated by the XRD pattern in Fig. S7 (in the 

ESM). However, a large amount of Co3O4 or Fe3O4 

particles formed simultaneously and could not be 

dissolved by the HAc treatment. Diffraction peaks of 

these oxides are labeled in Fig. S7 (in the ESM). As 

shown by the TEM images of PtCo-Cl-3 and PtFe-Cl-3 

in Fig. S8 (in the ESM), these samples were composed 

of aggregates of small alloy NCs surrounded by large 

oxide particles with lower contrast. 
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2.3 Electrochemical study of hydrothermally 

synthesized Pt–Ni alloy NCs 

After HAc treatment and washing five times with 

deionized water, the NCs were supported on carbon 

black (Vulcan XC-72R) by ultrasound treatment 

(Fig. S10, in the ESM). Trace amount of halide ions 

(<0.3 at.%) remained on the NCs after the washing 

procedures, which was indicated by some weak 

peaks in the EDS spectra (Fig. S2). After the catalysts 

were loaded on the glassy carbon electrode, UV–ozone 

treatment [58, 59] was carried out to break down the 

long-chain stabilizer PVP on the surface of carbon 

supported Pt–Ni alloy NCs, and part of the fragments 

could be removed by rinsing the electrode with water. 

IR spectra (Fig. S9, in the ESM) show that about half 

of the PVP was removed from the alloy NCs after the 

washing step and UV–ozone treatment. The upper 

part of Fig. 7 shows the cyclic voltammetry (CV) curves 

of the hydrothermally synthesized Pt–Ni alloy NCs 

and commercial Pt/C. In this figure, the light blue 

stripe represents the charging current of the double 

layer, and two pairs of adsorption–desorption processes 

occurred on Pt surface, namely the under-potential 

deposition (UPD) of H, stripping of UPD-H, adsorption 

and desorption of O-species, can be observed, indicating 

that the surface of HAc treated Pt–Ni alloy NCs was 

occupied by Pt atoms. The onset potentials of O-species 

desorption on Pt–Ni alloy NCs show anodic shift in 

contrast with that on commercial Pt/C, as indicated 

by the arrow, suggesting that the adsorption of oxygen 

on the surface of Pt–Ni alloy NCs became substantially 

weaker. 

The electrochemical active surface area (ECSA) of 

the catalysts was calculated from Hupd adsorption/ 

desorption regions and CO stripping curves (the 

lower part of Fig. 7) and listed in Table 3 and Table S4 

(in the ESM). In our experimental results, ECSAs 

obtained from both methods were quite close for 

monometallic Pt/C and Pt–Ni alloy NCs (the differences 

were less than 5%). It is noteworthy that the adsorption 

of UPD-H on the Pt skin on Pt3Ni (111) surface was 

suppressed since the electronic structure of surface Pt 

was modified by the Ni-rich sublayer, and consequently 

the ECSA is substantially underestimated when using 

the charge of Hupd [29, 31, 60, 61]. However, for the  

 

Figure 7 CV curves (top) and CO stripping curves (bottom) of 
carbon supported PtNi-Br-2/C (blue lines), PtNi-Cl-2/C (red lines) 
and the commercial Pt/C (black dashed lines) with a scan speed 
of 50 mV·s–1 in N2 saturated 0.1 M HClO4. Before the collection 
of CO stripping curve, the working electrode was kept at 0.1 V vs. 
RHE and the electrolyte was bubbled with CO for 5 min followed 
by N2 for 10 min. 

Table 3 ECSA and ORR activity at 0.9 V vs. RHE of carbon 
black supported alloy NCs and monometallic Pt/C 

Sample ID ECSA 
(m2·gPt

–1) 
Mass activity 

(A·mgPt
–1) 

Specific activity
(mA·cm–2) 

PtNi-Br-1/C 40 ± 3 0.60 ± 0.08 1.48 ± 0.11 

PtNi-Br-2/C 37 ± 3 0.83 ± 0.05 2.25 ± 0.10 

PtNi-Br-3/C 33 ± 4 0.58 ± 0.04 1.76 ± 0.14 

PtNi-Cl-1/C 47 ± 2 0.83 ± 0.03 1.76 ± 0.13 

PtNi-Cl-2/C 37 ± 5 1.01 ± 0.14 2.69 ± 0.12 

PtNi-Cl-3/C 51 ± 4 0.84 ± 0.05 1.67 ± 0.04 

PtCo-Cl-1/C 50 ± 6 0.51 ± 0.08 1.02 ± 0.11 

PtFe-Cl-1/C 65 ± 4 0.34 ± 0.04 0.53 ± 0.07 

Commercial Pt/C 84 ± 5 0.17 ± 0.01 0.20 ± 0.02 

Hydrothermal Pt/C 42 ± 7 0.09 ± 0.02 0.21 ± 0.04 

 

skeleton type Pt shell over Pt–Ni alloy NCs formed 

from the leaching of Ni-rich alloy NCs, CO stripping 

and Hupd gave similar ECSA [29, 31, 40, 60]. The ECSA 

values of the hydrothermally synthesized Pt–Ni alloy 

NCs obtained from both methods were close, implying 

these Pt–Ni alloy NCs adopted a skeleton type Pt 

surface. The ECSA decreased as the Ni content increased 

because of the increase in particle size, except that 

PtNi-Cl-3/C represented the highest ECSA, due to the 
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porous structure of this sample. 

Figure 8(a) shows the ORR polarization curves of 

carbon black supported Pt–Ni alloy NCs, Pt NCs 

(Fig. S10(g), in the ESM) and commercial Pt/C catalyst, 

and Fig. S11 (in the ESM) shows those of the other 

samples. The iR-drop was compensated for each 

sample and the high frequency resistance of the setup 

is listed in Table S4 (in the ESM). The half wave 

potential of PtNi-Br-2/C and PtNi-Cl-2/C are respec-

tively 48 and 60 mV higher than that of commercial 

Pt/C. Figure 8(b) and Table 3 compare the ORR mass 

activity normalized to the mass of Pt and specific 

activity normalized to ECSA at 0.9 V vs. RHE. PtNi- 

Cl-2/C showed highest mass activity and specific 

activity, namely 1.01 A·mgPt
–1 and 2.69 mA·cm–2, about 

six times and 13 times of that of commercial Pt/C, 

respectively. 

Moreover, as shown in Fig. 8(c), the ORR specific 

activity of hydrothermally synthesized Pt and Pt–Ni 

alloy catalysts showed a positive correlation with the 

ratio of Pt0/(Pt0+Ptn+) obtained from XPS data fitting 

in Fig. 5 and Table S2 (in the ESM). As discussed in 

Section 2.1, a higher proportion of Ptn+ state implies a 

higher oxophilicity of the surface Pt atoms, and a higher 

fraction of Pt0 state indicates a suppressed oxophilicity. 

Although the XPS data were collected in an ultra- 

high vacuum environment which is far from the real 

electrochemical conditions, considering that every 

sample was prepared with a similar hydrothermal 

method, followed by the same post-treatment pro-

cedure, and every XPS spectrum was collected under 

the same conditions, these ex situ data still reflect  

the intrinsic oxophilicity of different samples. The 

alloy samples showed suppressed oxophilicity, which 

weakened the OH adsorption and is beneficial to the 

rate limiting step of ORR, i.e. protonation, electronation 

 

Figure 8 ORR activity of carbon supported Pt–Ni alloy NCs and monometallic Pt/C catalysts. (a) ORR polarization curves of carbon
black supported Pt–Ni alloy NCs, commercial Pt/C and hydrothermally synthesized Pt/C. The loading amount of Pt was 5.0 μg for each 
sample. These curves were collected on a rotating disk electrode (RDE) with a rotation speed of 1,600 rpm in the anodic scan with a 
scan speed of 20 mV·s–1 in O2 saturated 0.1 M HClO4. The dashed lines show the as measured curves without iR-drop correction and the 
solid lines show the curves with iR-compensation. The capacitance current was subtracted. The current density is normalized to the 
geometric area of RDE. (b) Comparison of mass activity and specific activity at 0.9 V vs. RHE of each sample. (c) Plot of specific activity
depending on the atomic ratio of Pt0/(Pt0+Ptn+) obtained from XPS analysis as a scale of the oxophilicity of surface Pt atoms. 
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and desorption of OH groups from Pt sites, and led 

to the enhancement in ORR activity [5–7]. Figure 8(b) 

also shows the dependence of the ORR specific activity 

on the composition of the Pt–Ni alloy catalysts. The 

highest ORR specific activity was achieved at a 

medium Ni:Pt ratio, which has also been observed on 

Pt–Ni alloy NCs synthesized with other methods [35, 

39]. On the one hand, the lattice distance decreased 

as the Ni content increased, which led to the Pt–Pt 

compression on the surface and weakened the bonding 

of OH species [14, 15]. On the other hand, the 

Pt-enriched shells (defined as the average distance 

between the half-maximum positions of Pt and Ni 

elements in the EDS line profile) on Pt–Ni alloy NCs 

became thicker as the Ni content increased, as revealed 

by Figs. 2 and 3. The Pt-enriched shells transformed 

into a skeleton structure during the HAc treatment. 

Thick Pt-enriched shells and skeleton overlayers on 

the Pt–Ni alloy NCs are detrimental to ORR since the 

lattice compression was released [39, 40]. The particle 

size also influenced the catalytic performance of Pt–Ni 

alloy NCs. Previous studies have shown that the ORR 

specific activity of Pt and Pt alloy NCs increased as 

the particle size increased, since the fraction of the 

undercoordinated atoms on the edges and corners— 

which showed strong oxophilicity and blocked the 

access of oxygen molecules—was lower on larger 

particles [8, 21]. However, this rising trend in ORR 

specific activity was negligible when the particle size 

increased beyond 10 nm, just like the case of the 

hydrothermally synthesized Pt–Ni alloy NCs in this 

work. Therefore, the particle size mainly affects the 

specific surface area and the ORR mass activity of the 

catalysts. 

The electrocatalytic properties of carbon black 

supported hydrothermally synthesized Pt–Co and 

Pt–Fe alloy NCs were also investigated. These samples 

represent higher specific surface area but lower ORR 

specific activity than Pt–Ni alloy catalysts, as shown in 

Table 3 and Fig. S12 (in the ESM). Since the reducing 

efficiency of Co and Fe precursors under hydrothermal 

conditions is lower than that of Ni, as discussed in 

Section 2.2, the content of Co and Fe in the alloy 

catalysts could only reach 26% and 13%, respectively, 

which is probably lower than the optimum Co or Fe 

content to achieve the highest ORR activity. 

To test the stability of hydrothermally synthesized 

Pt–Ni alloy NCs in long term ORR, 10,000 cycles of 

voltage sweeps in the range of 0.6–1.0 V were applied 

[31, 62–65]. Figure 9 shows the TEM images and the 

Ni content obtained from EDS analysis of Pt–Ni alloy 

NCs after the voltage sweeps. The Ni content decreased 

after the potential sweeps, indicating that the Pt 

skeleton shell over the Pt–Ni alloy NCs reconstructed 

during the potential sweeps, leading to the exposure 

and leaching of the Ni atoms in the alloy. The loss of 

Ni content was lower for Pt-rich sample, indicating 

that Pt-rich Pt–Ni alloy NCs were more stable 

towards electrochemical leaching. The Pt-rich sample 

(PtNi-Cl-1) also showed better morphology stability, 

and retained the solid structure after the voltage 

sweeps (Fig. 9(a)), while PtNi-Cl-2/C evolved from a 

solid to a porous structure like PtNi-Cl-3, due to the 

leaching of the NCs (Fig. 9(b)). Figure 10 compares 

the ECSA and ORR polarization curves of Pt–Ni alloy 

NCs and commercial Pt/C before and after the voltage 

sweeps. Pt–Ni alloy NCs with lower Ni content 

retained higher ECSA and ORR activity. The ECSA  

 

Figure 9 TEM characterization of the carbon supported Pt–Ni 
alloy NCs after ORR tests. TEM images of carbon black supported 
(a) PtNi-Cl-1/C, (b) PtNi-Cl-2/C and (c) PtNi-Cl-3/C after 10,000 
cycles of voltage sweeps in the range of 0.6–1.0 V vs. RHE 
with a scan speed of 200 mV·s–1 in O2 saturated 0.1 M HClO4.  
(d) Comparison of Ni molar content of Pt–Ni alloy NCs (obtained 
from EDS) before (black) and after (red) the voltage sweeps. 
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Figure 10 Comparison of the electrochemical properties of 
carbon black supported Pt–Ni alloy NCs and Pt/C catalysts before 
and after the long term ORR tests. (a) ECSAs of Pt–Ni alloy NCs 
and commercial Pt/C before (black) and after (red) the 10,000 
cycles of voltage sweeps. (b)–(e) ORR polarization curves of carbon 
black supported Pt–Ni alloy NCs and commercial Pt/C before 
(black) and after (red) the 10,000 cycles of voltage sweeps. The 
cathodic shift of half wave potential for each sample was marked 
on each panel. 

loss and the further dealloying of the Ni-rich NCs led 

to a decrease in the ORR activity. The cathodic shift 

of the ORR half wave potential of each sample is 

shown in Figs. 10(b)–10(e) and Fig. S13 (in the ESM), 

and indicates that hydrothermally synthesized Pt–Ni 

alloy NCs exhibited better durability than commercial 

Pt/C during long term ORR tests. 

3 Conclusions 

We have developed a facile hydrothermal method to 

prepare Pt–M (M = Ni, Co and Fe) alloy NCs, in which 

HCOONH4 served as the reductant, and ammonia 

and halide ions were used to narrow the gap between 

the reduction potentials of Pt2+ and M2+ ions and slow 

down the reduction rate of Pt2+. The composition and 

the morphology of the Pt–Ni alloy NCs could be 

tuned by changing the Pt:Ni feeding ratio and the 

halide ions used in the synthesis. Since water, together 

with oxygen, exhibited etching ability towards metallic 

Ni under the hydrothermal conditions, Pt-enriched 

shells formed as the Pt–Ni alloy NCs were obtained, 

as revealed by EDS mapping and XPS analyses. About 

two atomic layer thick Pt-enriched shells formed on 

Pt50Ni50 NCs and the thickness of the Pt-enriched shells 

increased as the Ni content increased. Moreover, XPS 

spectra revealed that surface Pt atoms on the Pt–Ni 

alloy NCs showed much lower oxidation level than 

that on monometallic Pt NCs, implying the oxophilicity 

of the surface Pt atoms was suppressed. The decrease 

in the oxophilicity of the surface Pt atoms led to the 

enhancement in the ORR activity of the Pt–Ni alloy NCs. 

The Pt–Ni alloy NCs also exhibited better durability 

during long term ORR tests than Pt/C, and the sample 

with higher Pt content showed better durability. 

The specific activity of the hydrothermally synthe-

sized Pt–Ni alloy NCs showed a 13 times enhancement 

compared with commercial Pt/C, which was in line 

with reports on Pt–Ni alloy catalysts synthesized by 

other methods [24, 35, 36]. However, due to the slow 

nucleation rate and fast growth rate, the hydrothermal 

method provided Pt–Ni alloy NCs with sizes near or 

larger than 10 nm, which have lower specific surface 

areas than commercial Pt/C and only a six-fold mass 

activity enhancement compared with commercial Pt/C 

was achieved; this is lower than those of the most 

active Pt alloy catalysts ever reported (3.3 A·mgPt
–1 @ 

0.9 V [61] and 1.6 A·mgPt
–1 @ 0.95 V [31]). Enlightened 

by the seeded growth method [44, 45, 63, 66, 67], a 

promising strategy to prepare smaller Pt–Ni alloy 

NCs based on hydrothermal methods is to introduce 

tiny metal seeds to replace the nuclei formed slowly 

in situ. By increasing the seed population, the size of 

the nanoparticles can be reduced, thus increasing the 
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specific surface area and maxmizing the mass activity. 

Constructing Pt–Ni nanoframworks by the etching of 

Ni-rich alloy NCs is another useful strategy to increase 

the specific surface area of the samples, giving high 

mass activities [31]. Furthermore, this work provides 

a robust way to control the reduction efficiency of 

dual metal precursors and a facile strategy to prepare 

complex bimetallic NCs combining noble and 

non-noble metal in an aqueous phase. The resulting 

materials can be directly used as electrocatalysts  

and other aqueous-phase catalysts with excellent 

performances. 

4 Methods 

4.1 Chemicals 

K2PtCl4 (A.R., Shenyang Institute of Nonferrous 

Metals), NiCl2·6H2O (A.R., Beijing Yili Fine Chemical 

Reagent Corp.), ammonium formate (HCOONH4; 

A.R., Beijing Yili Fine Chemical Reagent Corp.), PVP 

(Mw = 29,000, Sigma-Aldrich), KBr (A.R., Xilong 

Chemical Industry Co. Ltd.), KCl (A.R., Beijing 

Chemical Works), ammonium hydroxide (NH3·H2O; 

A.R., Beijing Chemical Works), acetic acid (HAc; A.R. 

Beijing Tongguang Chemical Industry Co. Ltd.), carbon 

black (Vulcan XC-72R, Cabot), Pt/C catalyst (20 wt.% 

Pt, Shanghai Hesen Electric Co. Ltd.), perchloric acid 

(HClO4; A.R., Beijing Chemical Reagent Corp.), 

methanol (MeOH; HPLC, Xilong Chemical Industry 

Co. Ltd.), and Nafion (Alfa Aesar) were used as received. 

Ultrapure N2 and O2 were used in the electrochemical 

tests. The water used in all experiments was ultrapure 

(Millipore, 18.2 MΩ). 

4.2 Hydrothermal synthesis of Pt–Ni alloy NCs 

The hydrothermal synthesis was carried out in  

25 mL Teflon-lined containers sealed in stainless steel 

autoclaves. In the synthesis of PtNi-Br-1, 100 mg of 

PVP, 63 mg of HCOONH4 and 2.0 g of KBr were first 

loaded into the container and dissolved in 8 mL of 

deionized water. Then, 0.03 mmol of NiCl2, 38 μL of 

NH3·H2O (25%–28%) and 0.03 mmol of K2PtCl4 were 

added and dissolved in sequence. Finally, the solution 

was diluted to 15 mL by adding deionized water. The 

sealed autoclave was then transferred into an oven 

kept at 160 °C and taken out after 4 h. After the 

autoclave was cooled to room temperature, the black 

product was separated by centrifugation at 6,000 rpm 

for 10 min. The precipitate was then washed once with 

NH3·H2O (9%) and five times with deionized water. 

The loading amounts of potassium halide, NiCl2 and 

K2PtCl4 of other samples are listed in Table 1. Pt NCs 

were also synthesized with a similar method and the 

detailed procedure is included in the Methods section 

of the ESM. 

4.3 HAc treatment and preparation of Pt–Ni alloy 

NCs/carbon black composites 

The as-obtained black product was dispersed in HAc 

(99.9%) and treated with ultrasound for 5 h. The NCs 

were then collected by centrifugation at 6,000 rpm for 

10 min and re-dispersed in ethanol. Carbon black 

with four times the weight of metal was then added 

to the ethanol dispersion and the mixture was treated 

with ultrasound for another 5 h. The NCs/carbon black 

composites were then collected by centrifugation. The 

loading ratio of total metal of the final composites was 

20 wt.%. Finally, the composites were dispersed in 

2 mL of ethanol for further electrochemical tests. 

4.4 Hydrothermal syntheses of Pt-Co and Pt-Fe NCs 

The hydrothermal method above was used to syn-

thesize Pt–Co and Pt–Fe NCs by replacing NiCl2 with 

equal amounts of CoCl2 and FeSO4. Table S3 (in the 

ESM) lists the feeding amounts of metallic precursors 

for every sample. HAc treatment was used for every 

sample after the hydrothermal synthesis. 

4.5 Electrochemical analysis 

The electrochemical tests were conducted on 

PGSTAT302N (Autolab Corp. Switzerland) electro-

chemical analyzer with impedance module, together 

with a glassy carbon RDE (5 mm in diameter) setup 

(Pine, U.S.) as the working electrode, a saturated 

Ag/AgCl reference electrode and a Pt foil as counter 

electrode. All of the potentials in this work are reported 

against RHE. 10 μL of an ethanol dispersion of the 

as-mentioned “acid treated” sample or commercial 

Pt/C (1 mgPt·mL–1) was dropped on the RDE and dried. 

UV–ozone treatment [33, 43] was then carried out by  
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illuminating the RDE with a UV lamp (10 W, with 

185 and 254 nm emissions) at a distance of ~5 mm for 

5 h. Then 5 μL of Nafion (0.2 wt.% ethanol solution) 

was dropped on RDE and dried, followed by rinsing 

the RDE with ultrapure water. 0.1 M HClO4 was used 

as electrolyte. The CV tests were conducted in N2 

saturated electrolyte with a scan speed of 50 mV·s–1. 

The ORR polarization curves were collected in O2 

saturated electrolyte in the anodic voltammetric scan 

with a speed of 20 mV·s–1. The capacitance current was 

collected in N2 saturated 0.1 M HClO4 with the same 

scan speed in advance and was subtracted from the 

ORR polarization curve. Six ORR polarization curves 

were collected with the RDE rotation speed of 2,500, 

1,600, 900 and 400 rpm for one sample, and the kinetic 

currents were calculated from Koutecky–Levich plots. 

10,000 cycles of CV scans in the range of 0.6–1.0 V vs. 

RHE with a scan speed of 200 mV·s–1 in O2 saturated 

electrolyte were carried out as the accelerated aging 

tests for each sample. CO stripping and H-UPD were 

used to measure the ECSA of the catalysts. For CO 

monolayer deposition, the potential of the working 

electrode was first kept at 0.1 V vs. RHE. The electrolyte 

was bubbled with CO for 5 min and then N2 for 10 min. 

Then voltammetric sweeps from 0.05 to 1.25 V vs. RHE 

were collected with a scan speed of 50 mV·s–1. To correct 

the iR-drop, impedance measurements at 0.68 V with 

the potential amplitude of 10 mV were applied with 

frequencies from 100 kHz to 1 Hz on a logarithmic 

scale, and the resistance of the system was deduced 

from the real component value of the impedance at 

the minimum of the Nyquist plot [68]. For each kind 

of catalyst, the electrochemical properties were obtained 

from three independent measurements. 

4.6 Characterization 

Samples for TEM characterization were prepared by 

drying a drop of sample dispersed in ethanol on an 

ultra-thin carbon film supported by a copper grid. 

TEM and HRTEM images were obtained on an FEI 

Tecnai F30 operated at 300 kV. HAADF-STEM images 

and EDS-mappings were obtained from an FEI TITAN 

Cs-corrected ChemiSTEM operated at 200 kV, which 

incorporated a probe corrector and a super-X EDS 

system. The average thicknesses of the Pt-enriched 

shells were calculated from six EDS line profiles 

collected on three alloy NCs for every sample. The 

XPS spectra were obtained from an Axis Ultra (Kratos, 

Japan) imaging photoelectron spectrometer. XRD 

patterns were collected on an X‘Pert PRO diffractometer 

(Philips, Netherland) using Cu Kα radiation with a 

scan speed of 3°·min–1. The contribution of the Kα2 

line was subtracted. ICP–AES analysis was conducted 

on a Profile Spec ICP–AES spectrometer (Leeman, U.S.). 
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