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Controlling the size, composition, and structure of bimetallic nanoparticles is of particular interest to electrocatalysts for fuel cells. In the 

present work, structurally ordered nanoparticles with intermetallic phases of Pt3Zn and PtZn have been successfully synthesized via an 

impregnation reduction method, followed by post heat-treatment. The Pt3Zn and PtZn ordered intermetallic nanoparticles are well dispersed 

on the carbon support with ultrasmall mean particle sizes of ~5 nm and ~3 nm in diameter, respectively, which are credited to the 

evaporation of zinc element at high temperature. Meanwhile these catalysts are less susceptible to CO poisoning relative to Pt/C and 

exhibited enhanced catalytic activity and stability toward formic acid electrooxidation. The mass activities of as-prepared catalysts were 

approximately 2 to 3 times that of commercial Pt at 0.5 V (vs. RHE). The facile synthetic strategy is scalable for mass producing catalytic 

materials. 

Introduction 

Direct formic acid fuel cells (DFAFCs) have attracted increasing interest over the past decade as a power source for portable 

electronic devices because of the two major advantages of formic acid (HCOOH) as liquid fuel, namely much lower crossover flux 

through Nafion membrane1-3 than that of methanol, and a higher theoretical open circuit potential (1.48 V) than that of hydrogen 

fuel cells (1.23 V) and direct methanol fuel cells (1.21 V).4, 5 In addition, the merits of HCOOH possess less toxicity than methanol, 

and allowing the use of highly concentrated fuel.6 However, the electro-oxidation of HCOOH remains challenging because 

conventional catalysts such as platinum (Pt) are susceptible to poisoning by carbon monoxide (CO), a reaction intermediate in the 

HCOOH catalytic process.7-9 This poisoning, adsorbed CO can only be oxidized up to excessive potential at +0.75 V,10 which 

seriously reduces the catalytic performance of Pt electrode. Therefore, multi-metallic catalysts such as Pt-M (M: Bi,11-14 Pd,15-18 

Au,19-21 Zn,22-25 et al.) are required for their geometric and electronic effects, altering the electronic properties of Pt, in a way that 

enhances resistance to CO poisoning including impeding the CO production and facilitating the oxidation of adsorbed CO at 

relatively lower potentials.26 Moreover, it has been reported that intermetallic PtZn22 and Pt3Zn23 nanoparticles exhibited high 

activities toward formic acid and methanol oxidation. However, the comparison of catalytic activity and stability of intermetallic 

Pt-Zn series nanoparticles via an improved impregnation reduction method, followed by post heat-treatment has not been reported. 

Recently, structurally ordered Pt-based intermetallic nanocatalysts have been studied beyond the disordered alloys because the 

electronic and geometric structure of ordered intermetallic nanocatalysts can be precisely tuned.27-30 Moreover, the dissolution of 

the alloyed elements in an ordered structure could be reduced under harsh operation condition of fuel cells. 31 Nevertheless, to date, 

chemically ordered structure is rarely considered as a factor to affect the catalytic activities. It is very likely that the intermetallic 

phase is hard obtained without sacrificing other parameters of nanoparticles, such as size, shape, and composition.32-34 For example, 

particle aggregation/sintering35 and morphology changing23 are usually found under high temperature annealing conditions that is 

generally necessary to obtain ordered phases. It is well known that the performance of a catalyst layer in a fuel cell is inf luenced by 

particle size,36-38 generally, the smaller particle size, the higher the surface area to volume ratio and more active sites. Herein, 

structurally ordered Pt-Zn/C series nanoparticles with mean particle sizes of 3 to 5 nm have been successfully prepared by using a 

simple impregnation reduction method, followed by a post temperature treatment. Owing to an enormous difference of surface 

energy between platinum and zinc, some of zinc atoms segregated to the surface during thermal annealing, preventing the sintering 

of Pt nanoparticles while forming an ordered phase. 

For the wet chemical synthesis of Pt-3d transition metal nanoparticles, an ultrafast and powerful reducing process is needed to 

reduce transition metals’ precursors and incorporate them into platinum lattice,39 which means using a very strong reducing agent. 

In the case of Pt-Zn system, it is very difficult to achieve because the standard reduction potential of Zn2+/Zn is as low as -0.76 

V.25 It often relied on the use of organic surfactant molecules to stabilize particles against agglomeration. However, the surfactant 
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could not be easily removed and often decomposed into a carbonaceous coating, rendering the particles inactive toward formic 

acid oxidation during annealing to obtain the intermetallic phase.40 In this study, carbon supported Pt and Zn precursors were 

reduced in a tube furnace with flowing H2, clean alloy nanoparticles were obtain successfully at 300 oC. Interestingly, according to 

thermodynamic calculation, Zn2+ cannot be reduced by H2 at 300 oC, due to the positive free Gibbs energy. It can be explained by 

hydrogen spillover phenomenon, in which the high active hydrogen atoms, not hydrogen molecules, may spillover from Pt, to 

reduce adjacent chemisorbed Zn2+ to their elemental state.41 Thus, when the nominal ratio of Pt to Zn is up to 3:10, Zn2+ could not 

be reduced completely, owing to limited chemisorbed Zn2+ on Pt, so that expectant Pt3Zn10 intermetallic phase could not be 

obtained. Based on the hydrogen spillover reduction mechanism, as for the sample formed when the ratio of Pt to Zn was 3:10 and 

post heat-treatment was under 400 oC, extra zinc atoms accumulated on the surface of the metal particles, forming zinc oxide when 

exposed in air, and volatilized between 400 oC and 500 oC, preventing particles sintering. 

Experimental 

Catalysts preparation 

The carbon-supported Pt-Zn/C nanoparticles with Pt:Zn nominal ratio of 3:1, 1:1 and 3:10 were prepared using an impregnation 

reduction method.42 For example, in a typical synthesis of Pt3Zn/C, 47.8 mg of H2PtCl6·6H2O and 4.2 mg of ZnCl2 were dissolved 

in de-ionized water, and 80 mg of Vulcan XC-72 carbon support were dispersed in the solution. After ultrasonic mixing for 30 

min, the suspension was heated under magnetic stirring to allow the solvent to evaporate and form a smooth, thick slurry. The 

slurry was dried in a vacuum oven at 40 oC for 12 h. After being ground in an agate mortar, the resulting dark and free-flowing 

powder was heated in a tube furnace at 300  oC under flowing H2 for 2 h. Finally, the powder was cooled to room temperature 

under N2. This sample is denoted as Pt3Zn/C-300. The as-prepared Pt3Zn/C catalysts were then annealed at 700 oC under a H2 

atmosphere for 8 h to form ordered structure. The sample obtained at 700  oC is denoted as Pt3Zn/C-700. PtZn/C and Pt3Zn10/C 

nanoparticles were also prepared in the same way, and are denoted as PtZn/C-300, PtZn/C-700, Pt3Zn10/C-300, and Pt3Zn10/C-700, 

respectively. 

Physical characterization 

The as-prepared nanoparticles were characterized by powder X-ray diffraction (XRD) using an X' Pert PRO diffractometer, and 

diffraction patterns were collected at a scanning rate of 4 o min-1 and with a step of 0.02°. The composition of the catalysts was 

determined by X-ray Fluorescence (XRF) using an EAGLE III spectrometer. Thermal gravimetric analysis (TGA) was conducted 

on a Pyris1 TGA Instrument at a heating rate of 10 oC min-1. X-ray photoelectron spectroscopy (XPS) spectrum was obtained 

using an AXIS-ULTRA DLD-600W Instrument. Transmission electron microscopy (TEM) was performed using a Tecnai G2 20 

operated at 200 kV. 

Electrochemical measurement 

All of the electrochemical measurements were performed under room temperature using a CHI 760e Potentiostat/Galvanostat and 

a three-electrode electrochemical cell. The working electrode used a glassy carbon disk with 5 mm in diameter. 5 mg of samples 

were dispersed in 1 mL isopropanol/Nafion hybrid solutions via ultrasonic dispersion to form a homogeneous ink. 5 uL of ink was 

dropped onto the glassy carbon electrode, and dried naturally. The metal loading of the catalysts on the electrode is about 25 ug 

cm-2. A Pt wire was used as the counter electrode, and a reversible hydrogen electrode (RHE) was used as the reference electrode. 

The electrocatalytic activities of different catalysts for HCOOH oxidation were studied in 0.5 M HCOOH containing 0.5 M H2SO4 

and by cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry (CA). CVs were performed between 

+0.05 and +1.2 V at a scan rate of 50 mV s-1, and LSV was performed between +0.05 and +0.7 V at a scan rate of 1 mV s-1, and 

CA was performed at a constant potential of +0.4 V for 10 ks. For CO stripping voltammetry, the electrode potential was held at 

+0.1 V in CO-saturated 0.5 M H2SO4 solution for 15 min. N2 was bubbled into the solution for 15 min to remove the excess CO 



dissolved in solution by holding the potential at +0.1 V. Finally, the CO stripping voltammetry was measured in the potential 

ranging from +0.6 V to +1.1 V at a scan rate of 20 mV s-1. 

Results and discussion 

Figure 1a shows the XRD patterns of Pt3Zn/C-300 and Pt3Zn/C-700. The broad peak at around 25º for all samples was attributed to 

the (002) planes of carbon support. Four typical diffraction peaks appeared at 40.1º, 46.5º, 67.9º and 81.9º for Pt3Zn/C-300 (FCC, a 

= 0.3916 nm), corresponding to (111), (200), (220) and (311) planes. It is noted that the peaks’ position shifted to higher angles 

relative to pure Pt (FCC, a = 0.3920 nm,), of which the corresponding peaks are located at 39.8º, 46.2º, 67.5º and 81.3º (see Figure 

S1 in the Supporting Information), indicating that the smaller atomic radius Zn has been successfully incorporated into  the Pt FCC 

structure, forming a Pt alloy phase with a shrunk lattice. Except for above mentioned planes, (100), (110), (210), (211), (300), and 

(310) planes were detected for Pt3Zn/C-700 (FCC, a = 0.3893 nm), suggesting an ordered Pt3Zn intermetallic phase (PDF card 

#03-065-3257) formed. The PtZn intermetallic phase could be obtained at lower temperature. As can be seen in Figure 1a, when 

reduced in a H2 atmosphere at 300 ºC, two phases corresponding to the disordered alloy phase and PtZn intermetallic phase 

appeared for the precursor with Pt:Zn ratio of 1:1. When the temperature was lowered to 200 ºC, only disordered alloy phase was 

obtained (Figure S3). Interestingly, when the nominal ratio of Pt:Zn was increased to 3:10, there was no phase of intermetall ic 

Pt3Zn10, while only PtZn intermetallic phase appeared. Moreover, not all precursors were reduced in the H2 atmosphere at 300 ºC. 

It can be clearly seen that a diffraction peak appeared at around 15º for the Pt3Zn10/C-300, which was attributed to the un-reduced 

ZnCl2 precursor (Figure 1b). Zinc oxide diffraction peaks appeared in the XRD patterns of the Pt3Zn10/C-400 sample, indicating 

that zinc atoms could easily move and coat on the surface of the metal particles, and convert to zinc oxides when the sample was 

exposed to air. The extra zinc atoms volatilized when the annealing temperature was higher than 500 ºC. That is why there was no 

Pt3Zn10 intermetallic phase to be obtained. As shown in Figure 1b, for the XRD patterns of Pt3Zn10/C-700, the diffraction peaks at 

25.4º, 31.1º, 40.8º, 44.8º, 52.2º, 62.2º, 65.5º, 71.3º, 74.3º and 80.1º correspond to (001), (110), (111), (200), (002), (112), (220), 

(202), (310) and (311) planes (BCT, a = b = 0.4025 nm, c = 0.3491 nm, PDF card #00-006-0604), indicating that the ordered PtZn 

intermetallic phase has been successfully obtained. 

 

Figure 1. XRD patterns of (a) Pt3Zn/C and PtZn/C prepared at 300 oC and after 700 oC heat-treatment, (b) Pt3Zn10/C prepared at 

300 oC and after 400, 500 and 700 oC heat-treatment. Below are the peak positions of standard (a) pure metallic Pt, intermetallic 

Pt3Zn and PtZn, and (b) metallic oxide ZnO. 

The bulk chemical analysis of the samples was conducted using X-ray fluorescence (XRF). As shown in Figure 2, the actual 

atomic ratios of Pt:Zn were not in accordance with the nominal ratios because of the Zn volatilization, especially for the samples 

obtained at high temperature. For example, the atomic ratio of Zn:Pt was 75:25 for Pt3Zn10/C-300, which was close to the nominal 

ratio of 10:3. The value decreased with increasing annealing temperature, and reached about 1:1 at 700 ºC, in agreement with the 

XRD result in Figure 1b that only PtZn intermetallic phase appeared. The actual metal loading was calculated to be 25 wt  % for 

Pt3Zn/C-300, 26 wt % for Pt3Zn/C-700, 25 wt % for PtZn/C-300, 28 wt % for PtZn/C-700, and 18 wt % for Pt3Zn10/C-700, by 



using thermal gravimetric analysis (TGA) through the weight loss of carbon support (Figure S4). Compared to nominal metal 

loading for 20 wt % of all as-prepared samples, the actual metal loading slightly increased because carbon support lost in the 

synthesis process and the oxide formed when they are exposed to the air. However, the actual metal loading of Pt 3Zn10/C-700 

decreased owing to the evaporation of a mass of Zn element. 

 

Figure 2. XRF patterns of Pt3Zn/C and PtZn/C prepared at 300 oC and after 700 oC heat-treatment, and Pt3Zn10/C prepared at 300 

oC and after 400, 500 and 700 oC heat-treatment. 

The overview of the TEM images in Figures 3a and b clearly shows that most of the particles dispersed evenly on the carbon support. The 

particle size distribution, calculated from more than 300 nanoparticles, shows that the mean particle sizes were about 5 nm and 3 nm in 

diameter (the insets of Figures 3a, b) for Pt3Zn/C-700 and Pt3Zn10/C-700, respectively. Zn served as a coating layer, preventing the 

nanoparticles sintering during high temperature treatment, similar to the previous report about coating PtFe nanoparticles with a layer of 

MgO.31 The interplanar spacings are 3.51, 2.87 and 2.21 Å measured from HRTEM micrographs of an individual particle (Figure 3c, d, e), 

corresponding to {001}, {110} and {111} planes, respectively. The HRTEM image in Figure 3f, which is consistent with the XRD pattern in 

Figure 1b, clearly shows the PtZn intermetallic phase for Pt3Zn10/C-700 sample. 

 

Figure 3. TEM micrographs of Pt3Zn/C-700 (a) and Pt3Zn10/C-700 (b), the insets are the corresponding histograms of the particle size 

distribution and HRTEM micrographs of an individual particle for Pt3Zn10/C-700 (c, d, e, f). 

 

 

 



 

 

Table 1. ECSA, onset potentials, mass activities, and specific activities of Pt/C and Pt-Zn/C series catalysts. 

samples ECSA (m2 g–1) 
onset potentials 

(vs. RHE) 

mass activities (mA mg–1
Pt) specific activities (A m–2

Pt) 

0.3 V 0.5 V 0.3 V 0.5 V 

Pt/C 75 0.15 V 19.3 115 0.26 1.5 

Pt3Zn/C-300 76 0.12 V 38.2 265 0.50 3.5 

PtZn/C-300 64 0.09V 36.2 249 0.57 3.9 

Pt3Zn/C-700 71 0.15 V 27.6 211 0.39 3.0 

PtZn/C-700 54 0.15V 22.2 231 0.41 4.3 

Pt3Zn10/C-700 56 0.12 V 39.4 332 0.70 5.9 

Figure 4a and Figure S5 compared the CVs of Pt/C and Pt-Zn/C series catalysts in 0.5 M H2SO4. It can be seen that there was no 

well-defined adsorption/desorption peaks on Pt-Zn/C series catalysts, and the hydrogen regions were depressed by the 

incorporation of Zn into the Pt lattice. Hydrogen adsorption/desorption behaviors also varied with different phases and the content 

of Zn. The electrocatalytic activities for formic acid oxidation on different catalysts were evaluated by steady state linear sweep 

voltammograms (LSV) (Figure 4b and Figure S6). All the currents were normalized to the mass of Pt on the electrodes. The 

electrochemical testing results are summarized in Table 1. It can be seen that the onset potential for HCOOH electrooxidation on 

Pt-Zn/C series catalysts was 30 mV more negative than that on Pt/C except for the samples Pt3Zn and PtZn after post-treatment at 

700 oC. The oxidation currents on Pt3Zn and PtZn were higher than those samples after post-treatment at 700 oC. However, 

structurally ordered intermetallic nanocatalysts Pt3Zn and PtZn after post-treatment at 700 oC are more durable than chemically 

disordered solid solution Pt3Zn/C-300 alloy and mixed phase PtZn/C-300 (Figure 4d).  As for the oxidation current at a given 

potential of +0.5 V, the mass activities of the Pt-Zn/C series catalysts were 2~3 times higher than that of Pt/C (Figure 4c). 

Moreover, the current densities on Pt3Zn10/C-700 and Pt3Zn/C-700 electrodes are 332 and 211 mA mg-1
Pt, which are ~2.9 and ~1.8 

times higher than that on Pt/C electrode at +0.5 V. Obviously, Pt3Zn10/C-700 exhibited the highest activity and durability among 

Pt-Zn/C series catalysts. 

 



 

Figure 4. Electrochemical test results of Pt-Zn/C and Pt/C catalysts. (a) Cyclic voltammograms in 0.5 M H2SO4 purged with N2 at 

room temperature and a sweep rate of 20 mV s−1. (b) Linear sweep voltammograms in 0.5 M H2SO4 + 0.5 M HCOOH at sweep 

rate of 1 mV s−1. (c) Comparison of mass activities at +0.5 V. (d) Current vs. time plots measured by chronoamperometry at +0.4 

V. 

The specific surface activities of the catalysts were evaluated by normalizing current to electrochemically active specific surface 

area (ECSA), which was determined by CO stripping method. As shown in Figure 5a, the ECSAs were calculated from the CO 

oxidation charge after subtracting the background current, which were presented in Table 1. It can be seen from Figure 5a tha t all 

the Pt-Zn/C series catalysts exhibited more negative onset potential for CO oxidation than that on Pt/C, indicating a weaker 

oxophilicity of Pt centers in Pt-Zn catalysts, which could facilitate the removal of CO poisoning during the HCOOH oxidation 

process. Moreover, onset potential for CO oxidation on PtZn phase was more negative than that on Pt3Zn phase, and there are two 

peaks on PtZn/C-300, which was consistent with XRD pattern in Figure 1a, clearly showed PtZn/C-300 was the mixed phase. 

Figure 5b and Figure S7 showed the CVs of different catalysts. The anodic currents in the forward scan on Pt-Zn series catalysts 

were observably larger than that on Pt, indicating that the as-prepared catalysts are less susceptible to CO poisoning. Figure S8 

shows the CVs in HCOOH solution after different electrochemical treatment conditions. By increasing the potential, two current 

peaks in the forward scan became more obvious, which was similar to the characteristic on Pt/C, due to rapid dissolution of Zn on 

the surface of the electrode at high potential. Zn played an important role to catalyze formic acid oxidation due to the ligand effect, 

reducing the number of Pt ensemble that is required to form adsorbed CO, and thus inhibiting HCOOH decomposition to form 

adsorbed CO.22 To avoid size effect, specific activities were used to evaluate the catalytic performance. As-prepared Pt-Zn series 

catalysts exhibited higher specific surface activities at +0.5 V than Pt/C (Figure 5c). Pt3Zn10/C-700 exhibited the highest activity 

among the Pt-Zn catalysts, which is ~3 times and ~2 times higher than that on Pt/C and Pt3Zn/C-700 catalysts, respectively. In 

contrast to the comparison of mass activities, the specific activity of more orderly PtZn/C-700 is higher than PtZn/C-300 with the 

mixed phase. However, the specific activity of Pt3Zn/C-700 is still lower than Pt3Zn/C-300 as before, probably due to the ligand 

effect of Pt3Zn/C-700 was weakened because the surface Zn volatilized during high-temperature treatment and the surface content 

of Zn was reduced, as detected by XPS measurement (see Figure S9 in the Supporting Information) that the surface ratio of Pt:Zn 

was 72:28 and 79:21 for Pt3Zn/C-300 and Pt3Zn/C-700, respectively. As shown in Figure 5d and Figure S10, XPS analysis could 



explain the relationship between structure and activity. The observed positive shifts in the Pt 4f and Zn 2p indicated that Pt-Zn 

binding energy became stronger. It has been reported that stronger binding energy results in the increased surface energy, and 

metal NPs with high-energy surfaces exhibit high catalytic performance.43 Here, the sort of the binding energy is consistent with 

the one of the activity. 

 

Figure 5. (a) CO stripping voltammograms on different electrodes in 0.5 M H2SO4 at a sweep rate of 20 mV s−1. (b) Cyclic 

voltammograms of the Pt/C, Pt3Zn/C-700, PtZn/C-700 and Pt3Zn10/C-700 in 0.5 M H2SO4 + 0.5 M HCOOH at a sweep rate of 50 

mV s−1. (c) Comparison of specific activities at +0.5 V on different electrodes. (d) XPS fine spectra of Pt 4f of Pt3Zn/C-300, 

Pt3Zn/C-700 and Pt3Zn10/C-700. 

Conclusions 

In summary, structurally ordered Pt3Zn and PtZn intermetallic nanoparticles have been successfully synthesized via an 

impregnation reduction method followed by post heat-treatment. The obtained nanoparticles were highly dispersed on the carbon 

support with small mean particle sizes of 3 to 5 nm, owing to evaporation of the zinc element, preventing the particles sintering at 

high temperature. For Pt3Zn/C catalysts, the sample after 700 oC heat-treatment exhibited lower activity than before heat-treatment, 

which was credited to the ligand effect that surface Zn volatilized during high-temperature treatment and the surface content of Zn 

was reduced. However, Pt3Zn/C-700 is more durable than Pt3Zn/C-300 because of its chemically ordered structure. Among the 

Pt-Zn/C series catalysts, the nanoparticles with PtZn intermetallic phase exhibited better performance than those with Pt3Zn 

intermetallic phase, and Pt3Zn10/C-700 nanoparticles with PtZn intermetallic phase show the best activity and stability for formic 

acid electrooxidation. As depicted by cyclic voltammetry and CO-stripping analysis, alloying with the Zn element significantly 

enhances the tolerance to CO poisoning, compared to Pt/C, which makes an enormous contribution to the catalytic performance at 

anode. Currently, the price of Zn is low, and the synthesis procedure is facile and amenable to scale up, making Pt-Zn/C series 

nanoparticles are promising as catalysts for direct formic acid fuel cells. 
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