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ABSTRACT: Bimetallic PtNi nanocrystals represent an emerging class of newly 

discovered electrocatalysts which are expected to exhibit exciting oxygen reduction 

reaction (ORR) activity. Colloidal syntheses have been proven to be suitable for 

controlling PtNi nanocrystals with well-defined morphologies and tunable compositions 

with the use of capping agents or ligands. However, these colloidal PtNi nanocrystals 

have inherent limitations associated with the ligand-covered surfaces, which not only 

limits the free access of surface active sites but also hinders electron transport between 

the catalyst and the support, leading to deteriorated ORR performance. Herein, we 

report a facile one-pot strategy to synthesize highly dispersive PtNi octahedra directly 

on various carbon materials without using any bulky capping agents, which enhances 

the surface exposure of the PtNi octahedra and their catalytic activity over ORR while 

largely reduces the preparation costs. The obtained octahedral PtNi/C catalysts have a 

high ORR activity of 2.53 mA/cm
2
 and 1.62 A/mgPt at 0.9 V versus RHE, which are far 

better than those of commercial Pt/C catalysts (0.131 mA/cm
2
 and 0.092 A/mgPt, all the 

ORR measurements were performed at room temperature in O2-purged 0.1 M HClO4 

solutions at a sweep rate of 10 mV/s). This strategy has been extended to fabricate 

trimetallic PtNiCo octahedrons on carbon black with a further enhanced activity up to 

3.88 mA/cm
2
 and 2.33 A/mgPt at 0.9 V versus RHE. The octahedral PtNiCo/C catalyst is 

also more stable than the commercial Pt/C in the ORR condition and shows small 

activity change after 6000 potential sweeps. The work demonstrates that the carbon-

supported Pt-based materials reported herein are promising material candidates with 

enhanced performances for practical electrocatalytic applications. 

TEXT: Fuel cells are a promising type of energy conversion device which can be 

potentially developed for future transportation vehicles and portable electronic 
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devices.
[1-4]

 A fuel cell catalyzes reactions between the fuel (hydrogen, alcohols, etc.) at 

the anode and the oxidant (molecular oxygen) at the cathode, converting chemical 

energy of the fuel into electrical power.
[5-7]

 Both the fuel oxidation reaction at the anode 

and the oxygen reduction reaction (ORR) at the cathode require catalysts to lower their 

electrochemical over potentials and obtain a high voltage output. Platinum (Pt) has 

been the universal catalyst for both reactions due to its high activity.
[8,9]

 However, the 

promise of its practical application is largely hindered by the high cost of Pt in the 

catalysts and the slow kinetics of ORR at cathode.
[10-12]

 

Towards developing enhanced ORR catalysts, significant advances have been 

made to the syntheses of Pt-based nanocrystals with precise control over size, shape, 

composition and structure by colloidal synthetic methods.
[13-24]

 As a common feature, 

colloidal syntheses involve bulky capping agents, such as surfactants, polymers, and 

ionic or fatty ligands, which are necessary to stabilize and to prevent aggregations of 

nanocrystals during synthesis. However, the presence of the bulky capping agents on 

the surface of the nanocrystals will restrict the free access of O2 to the surface of 

nanocrystals, leading to the undesirable decrease in ORR activity.
[25,26]

 While post 

growth ligand removal can render a cleaner surface, it usually involves thermal and 

oxidative treatments that will inevitable affect the size or morphology of the particles, 

which in-turn alters their ORR activity.
[27]

 In addition, in practice these ORR catalysts 

are usually supported on commercially available carbon black with high surface area, 

aiming to maximize the conductivity and dispersity of the pre-synthesized Pt-based 

nanocrystals.
[25-26, 28]

 These two-step preparation, i.e. catalysts syntheses and the 

following dispersion on supports, however, are neither cost-effective nor efficient.
[25-26]

 

Moreover, the remaining bulky surface ligand may hinder electron transport between 
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the catalyst and the support, further reducing its performance. Therefore, it is highly 

desirable to develop effective strategies and innovative approaches for preparing highly 

efficient electrocatalysts with a reduced content of Pt, a more freely accessible surface 

and an efficient preparation method while exhibiting superior performance. 

We now report a highly efficient strategy that allows the one-pot preparation of 

highly dispersive Pt-based octahedra on various carbon materials without using any 

bulky capping agents, which enhances the surface exposure of the octahedra and in 

turn their catalytic activity over ORR, while largely reduces the preparation costs. Our 

work presents several unique features: 1) we show an efficient one-pot synthetic 

strategy that produces dispersive PtNi octahedra on carbon black directly, which 

simplifies the catalyst preparation steps; 2) The octahedral PtNi nanocrystals are 

synthesized without using any bulky capping agents, which enhances the surface 

exposure of the PtNi octahedra and their catalytic activity over ORR. The resulting 

octahedral PtNi/C is a high-performing electrocatalyst (2.53 mA/cm
2
 and 1.62 A/mgPt at 

0.9 V versus RHE ), demonstrating far better ORR catalytic activity over the 

commercially available Pt/C catalysts (Alfa Aesar, 20 wt% Pt, 0.131 mA/cm
2
 and 0.092 

A/mgPt, all the ORR measurements were performed at room temperature in O2-purged 

0.1 M HClO4 solutions at a sweep rate of 10 mV/s); 3) We further show that our 

strategy can be readily extended to fabricate trimetallic PtNiCo octahedra on carbon 

black with an impressive activity up to 3.88 mA/cm
2
 and 2.33 A/mgPt at 0.9 V versus 

RHE. The results demonstrate that these Pt-based octahedra prepared directly on 

carbon support are indeed promising candidates for practical electrocatalytic 

applications with a more simplified preparation scheme and greatly a enhanced 

performance. This demonstration of the preparation of trimetallic Pt-based catalysts 
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without using any bulky surfactant was not determined in previous papers.
[25,26]

 The 

results reported herein suggest that to achieve the full potential of a superior catalyst, a 

clean interface with the support and a freely accessible surface is of significance in 

addition to engineering the structure and composition of the nanocrystals.  

The octahedral PtNi/C catalysts were prepared by simultaneous reduction of 

platinum(II) acetylacetonate([Pt(acac)2]) and nickel(II) acetylacetonate ([Ni(acac)2]) by 

using N, N-dimethylformamide (DMF) as both the solvent and reducing agent, which 

contained benzoic acid as the structure-directing agent and a desired support [i.e. 

carbon black (C), carbon nanotube (CNT), graphene oxide (GO)]. In a typical synthesis 

of octahedral PtNi/C catalysts, Pt(acac)2, Ni(acac)2, benzoic acid, carbon black 

dispersed in DMF were added into a vial (see Supporting Information for details). After 

the vial had been capped, the mixture was ultrasonicated for around 5 min. The 

resulting homogeneous mixture was then heated at 160 °C for 12 h in an oil bath, 

before it was cooled to room temperature. The resulting colloidal products were 

collected by centrifugation and washed several times with ethanol. 

The morphologies of the prepared octahedral PtNi/C catalyst were initially 

determined by transmission electron microscopy (TEM) (Figure 1a, Fig.S1). It is clearly 

revealed that highly dispersive nanocrystals are grown on the carbon black. Those 

nanocrystals are octahedral in shape and uniform in size, averaging 4.2 ±0.4 nm in 

edge length with slightly truncated corners. Considering that the relatively high 

temperature (160° C) and weak structure-directing agent (benzoic agent) are used in 

the synthesis, it is reasonable that the reaction tends to produce more 

thermodynamically favored slightly truncated octahedra. The highly dispersive feature is 

clearly presented in the high-angle annular dark-field scanning TEM (HAADF-STEM) 
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image (Figure 1b). The crystal structure of the obtained nanocrystals was analyzed by 

powder X-ray diffraction (PXRD). The PXRD pattern of the colloidal products displays 

typical peaks are in agreement with those of the previous reports, and can be indexed 

as those of face-centered cubic (fcc) Pt3Ni (Figure S1).
[29,30]

 No detectable impurity 

peaks of pure Pt and/or pure Ni are observed in the PXRD pattern, indicating that only a 

single PtNi phase exists in the sample. The Pt/Ni composition is 72/28, as confirmed by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) and TEM energy-

dispersive X-ray spectroscopy (TEM-EDS) (Figure S1). We further characterized the 

obtained nanocrystals by high-resolution TEM (HRTEM). A HRTEM image taken from 

an individual octahedron indicates that it is a single crystal with well-defined fringes (Fig. 

1c). The lattice spacing along the edge of the octahedron is 0.22 nm, consistent with 

the (111) lattice spacing of the fcc Pt3Ni, confirming that the PtNi octahedra are 

bounded by the (111) planes. Figure 1d shows the compositional line scanning profiles 

across an octahedron obtained by HAADF-STEM-EDS, where Pt and Ni elements are 

both distributed throughout the nanocrystal. 

To achieve a better understanding and control over the preparation of octahedral 

PtNi/C, control experiments were performed. In the synthesis, the use of benzoic acid is 

critical for the growth of PtNi octahedra on carbon black. The reaction in the absence of 

benzoic acid cannot yield PtNi octahedra (Figure S2). When benzoic acid is substituted 

with phenol or benzaldehyde, only small cubic, cuboctahedral or irregular particles are 

grown on carbon black (Figure S3), showing the important role of benzoic acid in the 

formation of octahedral PtNi nanocrystals in our synthesis. This might originate from the 

binding of benzoic acid on the (111) surface during growth.
[17]

 The control experiment 

on the growth of pure Pt nanostructures reveals that pure Pt octahedra can be readily 
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prepared using the same approach (Figure S4), showing the versatility of the synthetic 

method. In the synthesis, the addition of the carbon support is critical for the growth of 

highly dispersive PtNi octahedra. Although the reaction in the absence of carbon 

support can still produce PtNi octahedra, those PtNi octahedra aggregate severely 

(Figure S5). We also investigated the influence of the Pt/Ni precursor ratios on the 

morphology and composition of the products. Figure 2a-b and Figure S6 in the 

Supporting Information show typical TEM images of the products prepared by simple 

variation of the molar ratios of the Pt and Ni precursors supplied in the synthesis, but 

under the same synthetic procedure. We can see that highly dispersive PtNi octahedra 

on carbon black are obtained in all cases. The PXRD patterns of all the nanocrystals 

display typical peaks, which are similar and can be indexed as fcc Pt3Ni (Figure S6). 

ICP-AES and TEM-EDS were used to characterize the composition of the obtained 

nanocrystals fully. On the basis of the ICP-AES and TEM-EDS analysis, Pt76Ni24, 

Pt72Ni28, and Pt71Ni29 are obtained when the mole ratios of Pt(acac)2/Ni(acac)2 are 3/1, 

3/2 and 3/3, respectively. It is apparent that the feeding ratios of the Pt and Ni 

precursors have very limited or little influence on the compositions or the morphology of 

the PtNi nanocrystals. This may be attributed to the difficulty in reducing Ni(II)/Ni in 

current system and the strong tendency of Ni to alloy with Pt.
[23,31]

 Our one-pot strategy 

for the preparation of carbon-supported PtNi octahedra catalysts is versatile and can be 

readily extended to other carbon supports, such as carbon nanotube (CNT) and 

reduced graphene oxide (rGO) (see Supporting Information for detailed synthetic 

protocols). It is found that highly dispersive PtNi octahedra could be readily grown on 

both CNT and rGO (Figure 2c, d), which are all active towards the ORR (Figure S7). 
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Furthermore, our strategy can also be extended to the synthesis of trimetallic 

PtNiCo octahedra on C. The synthetic protocols (see Supporting Information for details) 

for the preparation of trimetallic PtNiCo/C is similar to that of PtNi/C except for the 

introduction of additional Co(acac)2 into the reaction solution. As revealed by the TEM 

images (Figure 3a, Figure S8), dispersive PtNiCo nanocrystals with octahedral shape 

are obtained, all sharing uniform size. The edge length of the octahedra is averaged at 

4.4 nm. To further identify the PtNiCo/C, we also used a number of tools to analyze the 

structures and determine the chemical composition: (1) the lattice spacing along the 

edge of an octahedron shown in the HRTEM image is 0.22 nm (Figure 3b), close to that 

of the (111) plane of Pt3Ni alloy (0.22 nm). (2) The ICP-AES and TEM-EDS results 

suggest that the molar ratio between Pt, Ni and Co is 71:25:4 (Figure 3c). (3) As shown 

in  the compositional line profiles cross an individual octahedron (Figure 3d), Pt, Ni and 

Co are distributed evenly in the nanocrystal. These results clearly indicate the 

successful formation of (111)-terminated PtNiCo octahedra on carbon black. 

Inspired by the attractive properties (highly dispersive, well-defined, and pristine) of 

the octahedral PtNi/C and PtNiCo/C, we initially assessed these catalysts towards the 

oxygen reduction reaction (ORR). Cyclic voltammetry (CV) was used to evaluate the 

electrochemically active surface area (EASA) of the octaheral PtNi/C and PtNiCo/C. 

The EASA can provide important information regarding the number of available active 

sites, with a higher EASA indicating that more electrochemical active sites exist. 

Commercial Pt/C (Figure S9A) catalyst was used as a reference for comparison. 

Because of the surfactant-free PtNi and PtNiCo surface, stable CVs of our catalyst 

could be easily achieved in several cycles. The surfactant-free PtNi octahedra shows 

enhanced EASA when compared with that of PtNi octahedra anchored with PVP 
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(Poly(vinyl pyrrolidone)) (Figure S10), confirming the better surface accessibility of our 

synthesized PtNi/C octahedra. Figure 4a compares the CV curves on these different 

catalysts recorded in N2-purged perchloric acid solution at a sweep rate of 100 mV/s. 

The current respons from hydrogen adsorption/desorption processes appear in the 

potential range of 0.05-0.35 V. The EASA is calculated by measuring the charge 

collected in the hydrogen adsorption/desorption region after double-layer correction and 

assuming a value of 210 mC/cm
2
 for the adsorption of a hydrogen monolayer. The 

octahedral PtNi/C and PtNiCo/C catalysts display high EASA of 64.4 m
2
/g and 61.6 

m
2
/g, respectively, which is slightly lower but comparable to that of the commercial Pt/C 

(77.8 m
2
/g, Pt particle size: 2-5 nm) catalyst. 

We then evaluated the electrocatalytic performance of the octahedral PtNi/C for 

ORR. The ORR measurements were performed in O2-saturated 0.1 M HClO4 solutions 

by using a glassy carbon rotating disk electrode (RDE) at room temperature with a 

sweep rate of 10 mV/s. Figure 4b shows the ORR polarization curves for different 

catalysts. We can see that the polarization curves display two distinguishable potential 

regions: the diffusion-limiting current region below 0.6 V and the mixed kinetic-diffusion 

control region between 0.6 and 1.1 V.  We calculated the kinetic currents from the ORR 

polarization curves by considering the mass-transport correction according to the 

Levich–Koutecky equation: 1/i =1/ik+ 1/id (where ik is the kinetic current and id is the 

diffusion-limiting current).
[32,33]

 In order to compare the activity for different catalysts, the 

kinetic currents were normalized with respect to both EASA and the loading amount of 

metal Pt. As shown in Figure 4c, the octahedral PtNi/C exhibits a mass activity of 1.62 

A/mgPt on the basis of the mass of Pt at 0.9 V versus a reversible hydrogen electrode 

(RHE), which is 17.6 times greater than that of the Pt/C catalyst (0.092 A/mgPt) (Figure 
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4c). Figure 4d shows the specific activity (i.e., kinetic current per unit surface area of 

catalyst) of these different catalysts. The specific activities of the aforementioned 

catalysts also show similar trends to that of the mass activities. The octahedral PtNi/C 

(2.53 mA/cm
2
) has a specific activity of 19.3 times to that of the Pt/C catalyst (0.131 

mA/cm
2
). The octahedral PtNi/C also shows enhanced activities when compared with 

the octahedral Pt/C (Figure S11, 1.01 mA/cm
2
 and 0.79 A/mgPt) with similar size and 

shape (Figure S4), revealing the critical role of composition in enhancing the activity of 

octahedral PtNi/C catalyst. 

The trimetallic PtNiCo/C shows even better ORR activity. The obtained trimetallic 

PtNiCo/C have ORR specific activity at 3.88 mA/cm
2
 and mass activity at 2.33 mA/mgPt 

at 0.9 V (vs. RHE), which is  25-30  times to that of the Pt/C catalyst (0.131 mA/cm
2
, 

0.092 A/mgPt), and higher than that of recent reported PtNi octahedra (3.14 mA/cm
2
, 

1.45 A/mgPt) and some trimetallic Pt-based nanowires.
[25,34,35]

 A comparison of the 

activities of PtNiCo/C and PtNi/C shows that the obtained trimetallic PtNiCo/C have 

improved ORR specific activity. We infer that the enhancement in ORR activity 

observed in the trimetallic PtNiCo/C may be attributed to the electronic effect of the 

second transition metal, Co, to PtNi, which was suggested to further fine-tune the d-

band center of Pt, facilitating O2 adsorption, activation, and desorption.
[34,35]

  

We also studied the electrochemical durability of the octahedral PtNiCo/C by using 

accelerated durability test (ADT) between 0.6 and 1.1 V (vs RHE) in O2-saturated 0.1 M 

HClO4 at a scan rate of 50 mV/s. Figure 5a shows the ORR activities for the PtNiCo/C 

before, after 3000 and after 6000 potential cycles. The octahedral PtNiCo/C catalyst 

exhibits 14 mV and 24 mV shift for their half-wave potential after 3000 potential cycles 

and 6000 potential cycles. As a comparison, the commercial Pt/C catalysts are unstable 
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under the same reaction conditions, and their ORR polarization curves show 36 mV 

negative shifts after durability tests (Figure 5b). After 6000 cycles, the mass activity of 

the PtNiCo/C is still as high as 1.01 A/mgPt, which is 10.9-fold higher than those of 

commercial Pt/C catalyst. Those electrocatalysts after durability tests were also 

examined by TEM. As shown in Figure S9, the size of the PtNiCo/C is still largely 

maintained in contrast to the Pt/C. It implies that the binding of octahedral PtNiCo 

nanocrystals to carbon black is strong due to our in-situ growth strategy. While the size 

of the octahedral PtNiCo nanocrystals is largely maintained, their morphologies become 

rounded. The change of morphology likely comes from the transition metal loss (i.e. Ni, 

Co) after 6000 potential cycles, as confirmed by EDX analyses (Figure S9, the Pt/Ni/Co 

composition changes from 71/25/4 to 83/16.5/0.5, as confirmed by TEM-EDX).
[26]

 The 

further enhancement of the ORR durability of the PtNiCo octahedra can be expected by 

incorporating other elements, such as Au.
[36]

 Overall, the catalytic activity and durability 

of the PtNiCo/C are enhanced when compared with those of the commercial Pt/C 

catalyst. 

In conclusion, we have developed a facile strategy for the one-pot preparation of 

highly dispersive Pt-based octahedra directly on carbon supports (i.e. octahedral PtNi/C 

and octahedral PtNiCo/C) without using any bulky capping agents, which enhances the 

surface exposure of the octahedra and their catalytic activity towards ORR while 

simplifying the preparation procedure. The selective use of benzoic acid was 

demonstrated to be most essential for the growth of well-defined octahedra on carbon 

materials. The obtained octahedral PtNi/C and PtNiCo/C catalysts served as highly 

efficient catalysts in the ORR with much better activities than those of the commercial 

Pt/C catalysts. The enhanced performance towards ORR could be attributed to the 
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highly dispersive, well-defined, pristine features and a better interface with catalytic 

support derived from the unique synthetic approach. Given the impressive performance 

towards ORR and together with its rather efficient preparation approach, the carbon-

supported Pt-based octahedra are indeed promising catalysts for electrocatalytic 

applications. 
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Figure 1. Morphology and structure analyses for octahedral PtNi/C nanocrystals. (a) 

Representative low-magnification TEM and (b) HAADF-STEM images of the octahedral 

PtNi/C nanocrystals. (c) HRTEM image on an individual octahedral PtNi/C nanocrystal. 

(d) Line-scanning profile across an octahedral PtNi/C nanocrystal, which is indicated in 

the inset of (d). 
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Figure 2. TEM images of octahedral PtNi/C nanocrystals prepared with different input 

molar ratio of Pt/Ni: (a) 3/1 and (b) 3/3. TEM images of octahedral PtNi grown on (c) 

CNT and (d) rGO. The insets in (c) and (d) show corresponding enlarged TEM images. 
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Figure 3. Morphology and structure analyses for octahedral PtNiCo/C nanocrystals. (a) 

Representative low-magnification TEM of the octahedral PtNiCo/C nanocrystals. (b) 

HRTEM image on an individual octahedral PtNiCo/C nanocrystal. (c) TEM-EDS spectra 

of the octahedral PtNiCo/C nanocrystals. (d) Line-scanning profile across an octahedral 

PtNiCo/C nanocrystal, which is indicated in the inset of (d). 
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Figure 4. Electrocatalytic properties of octahedral PtNiCo/C catalyst, octahedral PtNi/C 

catalyst and Pt/C catalyst (Alfa Aesar, 20 wt% Pt). (a) Cyclic voltammograms recorded 

at room temperature in N2-purged 0.1 M HClO4 solution with a sweep rate of 100 mV/s. 

(b) ORR polarization curves recorded at room temperature in an O2-saturated 0.1 M 

HClO4 aqueous solution with a sweep rate of 10 mV/s and a rotation rate of 1600 rpm. 

(c, d) Mass activity and specific activity at 0.9 V versus RHE for these three catalysts, 

which are given as kinetic current densities normalized to the loading amount of Pt and 

the EASA, respectively. In (a) and (b), current densities were normalized in reference to 

the geometric area of the RDE (0.196 cm
2
). 
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Figure 5. Electrochemical durability of the PtNiCo/C catalyst and Pt/C catalyst. 

Polarization curves of (A) the octahedral PtNiCo/C catalyst (B) the commercial Pt/C 

catalyst before, after 3000 and after 6000 potential cycles between 0.6-1.1 V vs. RHE. 

The durability tests were carried out at room temperature in O2-saturated 0.1 M HClO4 

at a scan rate of 50 mV/s. 
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Broader context:  
Pt based materials are widely used as catalysts in fuel cells and many heterogeneous 

catalytic reactions. However, because of the high cost and limited reserves of Pt, recent 

research efforts have focused on decreasing Pt utilization by creating advanced Pt-

based catalysts. Herein, we report a facile one-pot strategy to highly dispersive PtNi 

octahedra on various carbon materials without using any bulky capping agents, which 

enhances the surface exposure of the PtNi octahedra and their catalytic activity over 

ORR while largely reduces the preparation costs. The obtained octahedral PtNi/C 

catalyst has a high ORR activity of 2.53 mA/cm
2
 and 1.62 A/mgPt, which are far better 

than those of commercial Pt/C catalysts (0.131 mA/cm
2
 and 0.092 A/mgPt). This 

strategy was also able to fabricate trimetallic PtNiCo octahedra on carbon black with a 

further enhanced activity up to 3.88 mA/cm
2
 and 2.33 A/mgPt. The octahedral PtNiCo/C 

catalyst is also more stable than the commercial Pt/C in the ORR condition and shows 

small activity change after 6000 potential sweeps. The work demonstrates that these 

carbon-supported Pt-based materials reported herein are indeed promising material 

candidates with enhanced performance for practical electrocatalytic applications. 

 
 
TOC figure: 

 

Highly dispersive carbon-supported octahedral Pt-based catalysts were prepared by an 

efficient one-pot synthetic strategy without using any bulky capping agents and were 

demonstrated as promising catalysts for oxygen reduction reaction (ORR). 

Page 21 of 21 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t


