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 ABSTRACT 

Hollow and porous Pt-based nanomaterials are promising catalysts with 

applications in many sustainable energy technologies such as fuel cells.

Economical and green synthetic routes are highly desirable. Here, we report a 

facile approach to prepare double- and single-layered Pt-Ni nanobowls (DLNBs 

and SLNBs) with porous shells. Microstructural analysis revealed that the shells

were constructed of alloyed Pt-Ni nanocrystals and small amounts of Ni 

compounds. X-ray photoelectron spectra showed that their Pt 4f binding

energies shifted in the negative direction compared to those of the commercial

Pt/C catalyst. Furthermore, the DLNBs contained greater contents of oxidized

Ni species than the SLNBs. The layer-controlled growth processes were 

confirmed by microscopy, and a formation mechanism was proposed based on

the assistance of citrate and poly(vinylpyrrolidone) (PVP). For the methanol

oxidation reaction, the DLNBs and SLNBs exhibited 2.9 and 2.5 times higher 

mass activities than that of the commercial Pt/C catalyst, respectively. The

activity enhancements were attributed to electronic effects and a bifunctional

mechanism. Chronoamperometry and prolonged cyclic voltammetry indicated 

that the Pt-Ni bowl-like structures had better electrochemical properties and

structural stability than the commercial Pt/C catalyst, thus making the Pt-Ni 

nanobowls excellent electrocatalysts for use in direct methanol fuel cells. 

 
 

1 Introduction 

Platinum (Pt) based nanomaterials are key catalytic 

components in many promising industrial and 

commercial devices because of their excellent ability 

to promote oxidation and reduction processes [1]. 

Because of the rarity and cost of platinum, catalytic 

activity often increased by increasing the specific 

surface area or atomic catalytic activity [2, 3]. Small 

Pt nanoparticles loaded on various supports (e.g., 

carbon materials and metal oxides) show increased 

surface-to-volume ratios but can suffer from problems 
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introduced by the supports, such as corrosion and 

structural collapse of the support during reaction   

[4, 5]. Constructing three-dimensional architectures 

increases the specific surface area considerably and 

can lead to greater structural and catalytic stability 

[6–9]. Alternatively, Pt can be combined with other 

elements at the nanoscale to form alloy, segregation 

or core–shell architectures [10]. Benefiting from the 

electronic effects and bifunctional mechanism of the 

integrated components, the specific catalytic activity 

and poison tolerance of the multi-component structures 

can be improved by adjusting the atomic arrangement 

and electronic structure of the catalyst [11, 12]. 

In the past few years, hollow Pt-based nanostructures 

have attracted considerable attention due to their 

favorable characteristics, such as high specific surface 

area, excellent permeability, and good stability [13–16]. 

As reported previously [17], the nanocage effect 

endows the inner surfaces of hollow structures with 

excellent reactivity for heterogeneous catalytic reactions, 

and the template-assisted method is often used to 

achieve these hollow structures. About ten years ago, 

spherical Pt nanocages were successfully assembled 

from dendritic nanocrystals based on either liposomes 

or polystyrene beads containing photocatalyst molecules 

[15, 18]. Furthermore, porous Pt-based nanotubes were 

produced using pre-made anodic aluminum oxide or 

tellurium rods [19, 20]. However, these strategies 

used soft or hard templates, which require relatively 

complicated preliminary or post-synthesis processes. 

Recently, a convenient route has been developed   

to solve this problem using sacrificial templates and 

galvanic replacement reactions, and a series of Pt-based 

hollow structures have been synthesized, including 

porous nanotubes, nanocages, and nanoframes [14, 

21–24]. In addition, a dealloying process has also been 

employed to generate Pt-based nanoframes using 

alloyed nanocrystals as precursors [13, 25, 26]. 

Despite this progress, these catalysts are still far from 

practical use, mainly because these high-performance 

catalysts are usually prepared in organic solution or 

by heating, processes that are neither cost-effective 

nor environmentally friendly. In recent years, Pt-M 

(M = Ni, Co, Fe, etc.) bimetallic nanoparticles with 

hollow interiors have been reported frequently, and 

these are prepared in aqueous solutions and at ambient 

temperature [27–32]. For catalytic applications, bowl- 

like morphologies or open structures are of interest 

to researchers for their optimized packing densities 

and unique structural features [13, 33]. However, for 

Pt-based materials, generation of these morphologies 

has been limited because achieving synthetic control is 

difficult. Herein, a simple method is proposed to achieve 

porous Pt-Ni bowls with double and single layers by 

utilizing sodium citrate and poly(vinylpyrrolidone) 

(PVP) as structure-modifying agents under mild 

synthetic conditions. A detailed investigation was 

conducted to investigate the microstructural features, 

electronic structure, and the formation mechanism of 

the nanobowls. In addition, the methanol oxidation 

reaction (MOR) was used as a model reaction to 

evaluate the catalytic performance of the Pt-Ni 

nanobowls. 

2 Experimental 

Potassium chloroplatinate (K2PtCl6), nickel chloride 

hexahydrate (NiCl26H2O), sodium borohydride 

(NaBH4), sodium citrate (C6H5Na3O72H2O), and PVP 

(MW = 30,000) were purchased from Chinese reagent 

companies. The commercial Pt/C catalyst (40 wt.% Pt) 

was purchased from Alfa Aesar. All reagents were 

analytical grade and used as received. 

To synthesize the double-layered Pt-Ni nanobowls 

(Pt-Ni DLNBs), NiCl26H2O (10 mg), C6H5Na3O72H2O 

(5 mg), and PVP (50 mg) were dissolved in high-purity 

water (40 mL). Then, a freshly prepared solution of 

NaBH4 (4 mg in 2 mL water) was added quickly with 

vigorous magnetic stirring (about 600 rpm). After the 

color changed from transparent to grey, an aqueous 

solution of K2PtCl6 (2 mL, 10 mM) was added dropwise. 

The resultant black solution was stirred for another  

2 h, and the product was collected by centrifugation 

and washed several times with water and ethanol. The 

single-layered Pt-Ni nanobowls (Pt-Ni SLNBs) were 

obtained employing the same process but with 15 mg 

of C6H5Na3O72H2O and 5 mg of PVP. 

The morphologies and structures were characterized 

by scanning electron microscopy (SEM; Hitachi S-4800), 

transmission electron microscopy (TEM; JEOL JEM- 

2100F at 200 kV, and FEI Titan G2 80-300 ST at 300 kV), 

and X-ray diffraction (XRD; Rigaku Ultima IV, Cu Kα, 
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0.154 nm). Elemental composition data were determined 

using an energy-dispersive X-ray spectroscope (EDAX) 

fitted within the JEM-2100F TEM. X-ray photoelectron 

spectroscopy (XPS) spectra were recorded by an 

ESCALAB 250 system (Thermofisher) using AI Kα 

radiation. 

The electrochemical measurements were carried out 

with a CHI660D electrochemical workstation (CH 

Instruments) at 20 ± 1 °C. A glassy carbon disk (φ =  

3 mm), a platinum wire and a saturated calomel 

electrode (SCE) were used as the working, counter, 

and reference electrodes, respectively. To prepare  

the working electrode, the Pt-based catalysts were 

dispersed ultrasonically in ethanol at a concentration 

of 0.566 mgmetalmL–1, and the suspension (2.5 μL) was 

pipetted onto the glassy carbon substrate with a catalyst 

loading of about 20 μgmetalcm–2. After drying in air, a 

Nafion (2.5 μL, 5 wt.%) solution was used to cover  

the surface of the catalyst electrode. Electrocatalytic 

oxidation measurements were carried out in an aqueous 

H2SO4 solution (0.5 M) and methanol (1 M), while 

electrochemical active surface area (ECSA) measure-

ments were conducted in H2SO4 solution (0.5 M), both 

at a sweep rate of 50 mVs–1. 

3 Results and discussion 

3.1 Morphological and structural characterization 

The as-synthesized Pt-Ni DNLBs and SLNBs were 

first characterized by SEM, and typical images are 

shown in Fig. 1. In virtue of the excellent depth of 

field possible in SEM imaging, the bowl-like structures 

were easily identified with good stereo perception for 

both samples. A magnified SEM image is shown in 

Fig. 1(b), and this image shows the hollow interior with 

dark contrast and the double-layered feature of a 

single DLNB. Figure 1(c) shows two nanobowls close 

to each other, confirming the concave surface and the 

unique packing mode. The magnified SEM images 

in Figs. 1(e) and 1(f) show the vertical and side views 

of the Pt-Ni SLNBs, respectively, which reveal that 

the particles are single-layered and assembled of 

nanoparticles. The average sizes of the Pt-Ni DLNBs 

and SLNBs are about 256 and 214 nm, respectively, 

based on the statistical results of 300 nanobowls. 

 

Figure 1 Typical SEM images of ((a)–(c)) Pt-Ni DLNBs and 
((d)–(f)) Pt-Ni SLNBs. The red dotted line in (b) shows the 
outline of the concave surface of the Pt-Ni DLNBs. 

The energy dispersive X-ray spectroscopy (EDS) 

results are shown in Fig. S1 (in the Electronic Supple-

mentary Material (ESM)), and these demonstrate the 

coexistence of Pt and Ni with average composition 

ratios (Pt:Ni) of 76:24 and 77:23 for the DLNBs and 

SLNBs, respectively. Because no Cu-based precursors 

were added, the strong signal of Cu was ascribed to 

the copper sample grids. 

More detailed structural characterization was carried 

out using analytical TEM techniques. Figures 2(a) 

and 2(c) show typical low-magnification TEM images 

of a DLNB and a SLNB, respectively. The inset 

images are their corresponding selected area electron 

diffraction (SAED) patterns, and both structures are 

polycrystalline face-centered cubic (fcc). For the double- 

layered structure, densely packed nanoparticles can 

be clearly distinguished by the dark contrast seen in 

Fig. 2(a). However, the shell was not seamless, which 

can be confirmed by the observation of a pore, which 

is indicated in the lattice-resolved high-resolution 

transmission electron microscopy (HRTEM) image 

(Fig. 2(b)). In contrast, the structure of the SLNBs was 

different, being more network-like and constructed 

of interconnected nanoparticles, as shown in Fig. 2(c). 

This SLNB structure suggests a more accessible surface.  
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Figure 2 Low- and high-resolution TEM images of ((a) and (b)) 
Pt-Ni DLNBs and ((c) and (d)) Pt-Ni SLNBs. The inset images in 
(a) and (c) are the corresponding SAED patterns. The arrows in 
(b) and (d) show the pores on the surfaces. 

For both samples, discrete crystalline grains of about 

3 to 4 nm can be seen in the HRTEM images. In 

addition, the SLNB pore sizes are larger (4 nm) than 

those of the DLNBs (2 nm). Fringe spacings of around 

2.2 and 1.9 Å for both samples correspond to the (111) 

and (200) planes of the fcc structure with lattice con-

stants of about 3.8 Å. The statistical data regarding 

the d-spacings of the (111) planes were gathered by 

measuring 150 randomly selected nanocrystals, and 

the distribution curves are presented in Fig. 3(a). The 

average (111) spacings for DLNBs, SLNBs, and the 

Pt/C catalyst were calculated to be about 2.23, 2.23, 

and 2.28 Å, respectively. The compression of crystal 

lattice indicates the alloy nature of the Pt-Ni nano-

structures. Assuming the composition ratio of alloyed 

Pt and Ni is 77:23 (or 76:24), the (111) spacing is 

calculated to be about 2.21 Å, smaller than the value 

determined from HRTEM. This indicates that some 

Ni atoms did not participate in the alloying processes, 

but instead were possibly oxidized and converted 

into Ni-based oxides or hydroxides. The full half-peak 

width (FWHM) of the d-spacing distribution of the 

Pt-Ni SLNBs was smaller than that of the Pt-Ni DLNBs, 

which suggests that the elemental distribution was 

more uniform in the SLNBs. 

Figure 3(b) shows the XRD patterns of the two 

kinds of Pt-Ni nanobowls and of commercial Pt/C. 

The as-prepared samples are both well-crystallized 

fcc structures, and the diffraction peaks are similar to 

those of Pt/C. Slight shifts to higher angles in the 

diffraction patterns of the Pt-Ni structures indicate 

the compression of the Pt lattice on alloying with  

Ni, in accordance with the HRTEM results. No other 

diffraction peaks are present in the patterns, suggesting 

that the crystallization of Ni-based compounds did not 

occur. Using the Debye–Scherer formula D = 0.89λ/ 

(βcosθB), where λ is the X-ray wavelength (0.154 nm), 

β is the FWHM, and the θB is the Bragg diffraction 

angle, the average sizes of crystalline grains were 

calculated to be 3.7, 3.6, and 3.2 nm based on the 

FWHMs of the (111) reflection of Pt-Ni DLNBS, SLNBs 

and Pt/C catalyst, respectively. 

The XPS results of the as-prepared samples and 

Pt/C catalyst are presented in Figs. 3(c) and 3(d), and 

Fig. S2 (in the ESM). The Pt 4f7/2 core level peak of the 

DLNBs and SLNBs shifted to 70.7 and 70.9 eV, res-

pectively. These negative shifts compared to the peak 

of Pt/C (71.6 eV) can be attributed to the alloying of 

Pt with Ni, which results in partial electron transfer 

from Ni to Pt due to the greater electronegativity   

of Pt [28, 34]. The Ptx+ relative peak intensities of the 

Pt-Ni samples were lower than those of the Pt/C 

catalyst, revealing that the oxidation of Pt was less 

severe on the surface of the Pt-Ni nanobowls. Signals 

for boron at 187.7 and 197.7 eV were not detected in 

either Pt-Ni sample, as shown in Fig. S2 (in the ESM), 

indicating that boron compounds were not present in 

the final products [31]. Furthermore, the electronic 

structure of the Ni component was investigated by 

the Ni 2p spectra shown in Fig. 3(d). Peak fitting was 

carried out using a previously reported method [13, 35]. 

In addition to metallic Ni, both Pt-Ni samples contain 

oxidized Ni, which formed because the synthetic 

process was not carried out under inert conditions 

and Ni on the crystal surfaces was exposed to oxygen 

dissolved in the aqueous synthetic solution. Moreover, 

the Nix+ relative peak intensities of the Pt-Ni DLNBs 

were much higher than those of the Pt-Ni SLNBs, 

indicating that nickel oxides or hydroxides were 

richer on the surface of the DLNBs, possibly because 

of their different structures and formation processes. 
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3.2 Growth mechanism 

Using NaBH4 as a reducing agent is an effective strategy 

to produce hollow Pt-M nanostructures in aqueous 

solution [28, 31, 36]. In this method, PVP, citric acid, or 

sodium citrate usually acts as the surfactant or stabilizer. 

Because the standard reduction potential of the 

PtCl6
2–/Pt pair (E0 = 0.735 eV vs. SHE) is much higher 

than that of the Ni2+/Ni pair (E0 = –0.257 eV vs. SHE), 

the sequential addition of nickel and platinum pre-

cursors led to the formation of hollow, alloyed structures 

by galvanic replacement and Pt-catalyzed reduction. 

The reaction equations are described as follows 

BH4
− + 4Ni2+ + 2H2O → 4Ni↓ + BO2

− + 8H+   (1) 

2PtCl6
2− + BH4

− + 2H2O → 2Pt↓ + BO2
− + 12Cl− + 8H+ (2) 

2Ni + PtCl6
2− → 2Ni2+ + Pt + 6Cl−         (3) 

Our understanding of the Pt-Ni nanobowl formation 

process is limited because these structures are rarely 

synthesized. To investigate the growth mechanism, 

products at different reaction times were extracted 

and characterized by SEM and TEM. Based on our 

most recent work [31], the Ni-based particles reduced 

by NaBH4 in aqueous solution are Ni-B compounds. 

These Ni-B compounds have an amorphous structure 

and contain metallic and oxidized Ni species. 

Furthermore, these Ni-B compounds are easily corroded 

and dissolved by galvanic replacement reactions of 

Ni and PtCl6
2– and the corrosion effects of Ni by Cl 

ions. Based on these results and considering the violent 

reaction in the first several minutes, samples were 

 

Figure 3 (a) Distribution of d-spacings between the (111) lattice planes of the Pt-Ni DLNBs, SLNBs and the commercial Pt/C catalyst. 
(b) XRD patterns and (c) XPS spectra of Pt 4f of the three samples. (d) XPS spectra of Ni 2p3/2 of the Pt-Ni DLNBs and SLNBs. 
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extracted 5, 20, and 60 min after the complete addition 

of the K2PtCl6 solution. Representative SEM images 

are shown in Fig. 4.  

For the Pt-Ni DLNBs, there are no obvious differences 

in the SEM images between the spheres extracted at 5 

and 20 min. However, when characterized by TEM, a 

dark shell was observed in the sample extracted at  

20 min, as shown in Fig. 4(b). This ring is attributed to 

the dissolution of Ni-B compounds and the deposition 

of Pt atoms on the surfaces of the growing particles. 

An important change also occurred at 20 min; that is, 

the concave structure formed, as shown in the SEM 

image (Fig. 4(b)). More details are revealed in the 

TEM image (Fig. 5(c)), where the rough surface and 

residual Ni-B compounds in the cavity can clearly  

be distinguished. This observation is different from 

those of our previous report [29] concerning the for-

mation of bowl-like Pt-Ni structures on the addition 

of sodium citrate. Generally, bowl-like structures are 

produced when bowl-like templates or non-equilibrium 

stress are applied [37, 38]. In this study, spherical 

particles were the templates and thus, non-equilibrium 

stress and unstable shells resulted in the concave shape. 

After 40 min, most spheres had become bowl-like 

structures, and after reaction for another 80 min, nearly 

100% of the structures were nanobowls. Interestingly, 

the morphology change was accompanied by a decrease 

in size from 282 nm at 5 min to 256 nm at 120 min. 

Such a decrease confirms the instability of the spherical 

shells and was attributed to the compression of the 

loose structure, which results in a more stable structure. 

For the Pt-Ni SLNBs, the growth process can be 

clearly monitored in the SEM images. At 5 min, as 

shown in Fig. 4(d), some nanoparticles with bright 

contrast appeared on the surface of the initial Ni-B 

compounds, indicating the co-reduction of Pt and Ni. 

Then, at 20 min, the size of the Ni-B particles decreased 

significantly and the nanoparticles grew into dome-like 

structures (Fig. 4(e)). The consumption of the Ni-B 

compounds and the formation of the dome-like 

structures can be attributed to the galvanic replacement 

between PtCl6
2− and Ni, the steric blocking effect of 

PVP, Ostwald ripening, and the Pt-catalyzed reduction 

of Ni. The change in shape of most particles from 

spherical to bowl-like structures occurred at 60 min, 

as shown in Fig. 4(f). 

Generally, surfactants or capping agents have a 

significant influence on the shape of nanocrystals and 

the growth of three-dimensional nanostructures [39, 40]. 

In our protocol, long-chained PVP and ionic citrate  

Figure 4 SEM characterization of the morphology evolution of the Pt-Ni ((a)–(c)) DLNBs and ((d)–(f)) SLNBs. The products were 
obtained at ((a) and (d)) 5 min, ((b) and (e)) 20 min and ((c) and (f)) 60 min after adding K2PtCl6. The white arrow in (b) indicates a 
bowl-like particle. The inserted image in (d) shows some nanoparticles with bright contrast on the surface of the initial Ni-B 
compounds. The black arrow in (e) indicates a typical intermediate with spherical and dome-like morphology. 
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both played a critical role in forming the bowl-like 

structures. When no PVP or sodium citrate was added, 

a floc-like nanostructure was obtained, and a typical 

SEM image is shown in Fig. S3(a) (in the ESM). 

However, when either sodium citrate (5 mg) or PVP 

(50 mg) was added, some bowl-like structures were 

formed, as shown in Figs. S3(b) and S3(c) (in the ESM). 

In our previous work [29], vigorous stirring at a speed 

of 2,000 rpm was found to be the determining factor for 

achieving double-layered nanobowls, while decreasing 

the speed led to fewer nanobowls and more nano-

spheres. In addition, PVP exhibited an excellent spatial 

steric effect, stabilizing the bowl-like assemblies of 

nanoparticles and achieving well-distributed sizes. In 

this work, the stirring speed was 600 rpm; consequently, 

the products were of poor quality regarding their 

morphologies, even after the addition of a larger 

quantity of PVP (200 mg) (Fig. S3(d) in the ESM). In 

contrast, adding sodium citrate led to the formation 

of well-defined nanobowls, but these were formed  

in low yield, possibly owing to the lack of a proper 

stabilizing agent. This problem could be solved by 

adding a more suitable amount of PVP, resulting   

in the formation of well-defined nanobowls in high 

yield, as shown in Fig. 1. The size distributions were 

controlled by the amount of PVP. For example, on 

adding 5 mg of PVP to prepare the Pt-Ni DLNBs, 

uneven sizes were obtained, as shown in Fig. S4(a) 

(in the ESM). Interestingly, the morphologies of the 

products synthesized by using sodium citrate or PVP 

were quite different, as shown in Fig. S3 (in the ESM). 

Using sodium citrate, the formed bowls have sharp 

brims, whereas, using PVP, they were blunt, demon-

strating the different effects of these agents on the 

bowl-like structures. We found that sodium citrate 

had a greater impact on the final morphologies than 

PVP. Previously, citrate has been used to control the 

growth of Ag and Pt nanostructures because the 

citrate carboxyl group absorbs to specific crystal faces 

or sites [41, 42]. Adding 5 mg of sodium citrate resulted 

in such a blocking effect, leading to the formation of 

a porous and unstable shell in the DLNBs; this unstable 

shell was prone to become concave on application of 

uneven stress, such as that applied in vigorously 

stirred water. Adding more sodium citrate (15 mg) led  

to greater citrate adsorption on the surfaces of the 

nanocrystals, and consequently, these nanocrystals did 

not form an entirely spherical shell. Instead, Pt-catalyzed 

reduction promoted growth from specific sites on the 

surface, forming porous dome-like shells. Meanwhile, 

galvanic replacement reactions consumed the Ni-B 

compounds and produced Pt clusters. Ostwald ripening 

led to the gradual release of Pt from these clusters, 

which was then deposited on the rapidly growing 

dome-like shells. In addition, hydrolysis of sodium 

citrate provided an alkaline environment, which slowed 

the reduction rate and was beneficial for the adsorption 

of citrate during the reaction [43]. The reduction rate 

was determined from the rate of color change of the 

solution after NaBH4 addition. As shown in Fig. S5 

(in the ESM), more sodium citrate led to a slower  

rate and, thus, a slower reduction rate. In addition, 

increasing the amount of reactants or the temperature 

promoted the reaction kinetics, and the solution rapidly 

became black, eventually leading to the hollow spherical 

structures shown in Figs. S4(b) and S4(c) (in the ESM). 

A schematic illustration of these processes is shown 

in Scheme 1. Both samples underwent the generation 

of Ni-B nanospheres due to the reduction effect of 

NaBH4. Then, after the K2PtCl6 solution was injected, 

a complete shell of Pt-Ni alloy was gradually formed 

for the DLNB growth, while growth from specific 

sites on the surface occurred for the SLNBs. During 

co-reduction, the spherical DLNB structures gradually 

turned into bowl-like structure with residual Ni-B 

compounds in the cavities. For the SLNBs, the pre- 

formed Pt-Ni nanocrystals continued to grow, forming  

 

Scheme 1 Schematic illustration of the formation of the Pt-Ni 
DLNBs and SLNBs. 
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Figure 5 TEM characterization of the evolution of the Pt-Ni 
DLNBs. The products were obtained at (a) 5, ((b), (c)) 20, and  
(d) 60 min after adding K2PtCl6. 

porous, dome-like structures. Once the Ni-B compounds 

and NaBH4 had been consumed, porous double- and 

single-layered nanobowls were formed. 

In addition to the Pt-Ni nanobowls, this strategy 

could be modified to prepare other bowl-like metallic 

nanostructures. For example, Au-Ni double-layered 

nanobowls were successfully synthesized, as presented 

in Fig. S4(d) (in the ESM). However, further work is 

required to investigate their structural and optical 

features. 

3.3 Electrocatalytic properties of the Pt-Ni DLNBs 

and SLNBs 

During the past few decades, direct methanol fuel 

cells (DMFCs) have become regarded as promising 

portable power sources because methanol has a high 

energy density (6,100 Whkg–1) and fast anodic oxidation 

rates [44–46]. Here, the electrocatalytic oxidation of 

methanol was conducted using the as-prepared nano-

bowls and a commercial Pt/C catalyst to evaluate their 

catalytic performance for use in DMFCs. The ECSAs 

of the materials were calculated using Eq. (4). 

ECSA = Qm/QH                (4) 

Where Qm is the charge normalized to the loading 

amount of Pt and calculated from the hydrogen 

desorption region in the cyclic voltammograms (CVs) 

in Fig. 6(a) after deduction of the double-layer region, 

and QH is the charge of the monolayer adsorption of 

hydrogen on the Pt surface (QH = 0.21 mCcm–1). The 

ECSAs of Pt-Ni DLNBs and SLNBs were 61.2 and 

65.9 m2gPt
−1, respectively, and that of the commercial 

Pt/C catalyst was 67.9 m2gPt
−1. The as-prepared samples 

exhibited comparable ECSAs relative to that of the 

Pt/C catalyst, which arises from their porous structures 

and alloyed composition. The CVs in methanol solution 

of the three catalysts measured at 20 ± 1 C are shown 

plotted as the mass-specific current density in Fig. 6(b) 

and area-specific current density in Fig. 6(c). In the 

forward scan, the Pt-Ni DLNBs and SLNBs showed 

excellent methanol oxidation mass activities of 646 

and 549 mA·mgPt
–1, respectively, which are about  

2.9 and 2.5 times higher, respectively, than that of  

the Pt/C catalyst (222 mAmgPt
–1). The corresponding 

specific activities are 1.06 mAcm–2 for the DLNBs and 

0.83 mAcm−2 for the SLNBs, 3.2 and 2.5 times higher 

than that of Pt/C (0.33 mAcm–2), respectively. The 

enhanced specific activity for the MOR can be explained 

by electronic effects and a bifunctional mechanism. 

Concerning the electronic effects, the integration of 

other elements into Pt modifies the electronic structure, 

causing a shift in the d-band center, which is beneficial 

in weakening the Pt-CO bond strength and promoting 

the desorption of carbonaceous intermediates [11]. For 

the as-prepared Pt-Ni nanobowls, the modification of 

the electronic structure was confirmed by the negative 

shifts of Pt 4f7/2 biding energies (–0.9 eV for DLNBs 

and –0.7 eV for SLNBs). According to recent work  

[9, 34, 47], these negative shifts improve the elec-

trocatalytic performance of Pt-based nanomaterials 

for methanol oxidation. Meanwhile, in the bifunctional 

mechanism, Ni-based oxides or hydroxides present 

on the surfaces offer oxygen-containing species that 

promote the oxidation of carbonaceous intermediates 

and reproduce the Pt active sites [12]. In this work, 

the superior activity of DLNBs over SLNBs was 

ascribed to their higher oxidized Ni content. The ratio 

of the forward (If) and backward (Ib) peak currents is 

related to the tolerance of a catalyst to the carbonaceous 

intermediates generated during the electrooxidation 

of CH3OH. A higher If/Ib ratio indicates better 
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decomposition of CH3OH to CO2 and H2O and fewer 

residual intermediates absorbed on the surface of 

catalyst. In this work, the value of If/Ib was about 1.34 

for the Pt-Ni DLNBs and 1.29 for the Pt-Ni SLNBs, 

while that of the Pt/C catalyst was about 0.98. The 

results indicate that the PtNi nanobowls are more 

tolerant to poisoning than the commercial Pt/C 

catalyst. The stability of the catalysts was tested by 

chronoamperometry (CA) at 0.6 V for 500 s (Fig. 6(d)). 

Both Pt-Ni nanobowl were more stable than that of the 

commercial Pt/C catalyst, which might be attributed 

to the hollow porous structure that prevents aggregation. 

The electrochemical durabilities of the as-synthesized 

nanobowls were evaluated by prolonged cycling in 

0.5 M H2SO4 at a scan rate of 50 mVs–1. As demon-

strated in Fig. S6 (in the ESM), the CV measurements 

showed a ECSA loss of 24.1% for the Pt-Ni DLNBs, 

66.4% for the Pt-Ni SLNBs, and 68.3% for the Pt/C 

catalyst after 500 potential cycles, demonstrating the 

significantly better durability of the DLNBs and the 

slightly better durability of the SLNBs compared to 

that of the Pt/C catalyst. The morphologies of the three 

samples after durability tests were characterized by 

TEM (Fig. S7 in the ESM). All catalysts underwent 

Ostwald ripening. Aside from having smoother 

surfaces after electrochemical reaction, the Pt-Ni DLNBs 

maintained their hollow and concave structures well, 

as shown in Fig. S7(a) (in the ESM). The Pt-Ni SLNBs 

suffered from some shape changes but retained their 

porous structure well, as shown in Fig. S7(b) (in the 

ESM). As for the Pt/C catalyst, serious aggregation 

and ripening processes can be clearly seen in the 

SEM image (Fig. S7(d) in the ESM) compared with 

images of the catalyst before the reaction shown in 

Fig. S7(c) (in the ESM). These results demonstrate 

that the Pt-Ni nanobowls, especially the DLNBs, are 

more structurally durable than the Pt/C catalyst. In 

summary, the Pt-Ni nanobowls exhibited enhanced 

electrocatalytic performance for methanol oxidation 

and are promising catalysts with applications in 

DMFCs. 

4 Conclusions 

Layer-controlled syntheses of Pt-Ni porous nanobowls 

were carried out in aqueous solutions at ambient 

temperature. Their shells were constructed of alloyed 

Pt-Ni nanocrystals and small amounts of Ni compounds. 

 

Figure 6 Electrochemical measurements of the Pt-Ni DLNBs, SLNBs, and the commercial Pt/C catalyst at 20 ± 1 °C. (a) CV curves in 
0.5 M H2SO4 solution at a scan rate of 50 mVs–1. (b) Mass-normalized and (c) ECSA-normalized CV curves in N2-saturated 0.5 M 
H2SO4 and 1 M methanol solution, scan rate: 50 mVs–1. (d) CA curves at 0.6 V in 0.5 M H2SO4 and 1 M methanol solution. 
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The double-layered nanobowls contained a greater 

amount of oxidized Ni species than the single- layered 

ones. A formation mechanism, based on the adsorption 

of citrate, was proposed to explain the different 

growth patterns. The double- and single-layered Pt-Ni 

nanobowls exhibited 2.9 and 2.5 times higher mass 

activity, respectively, and better stability than those of 

the commercial Pt/C catalyst for catalyzing the methanol 

oxidation reaction. The enhanced catalytic performance 

was attributed to electronic effects, the bifunctional 

mechanism, and the hollow, porous structures of the 

nanobowls. It is expected that these Pt-Ni nanobowls 

will be promising catalysts for DMFCs and other 

sustainable energy technologies. Furthermore, our work 

provides a strategy to prepare other bowl- like metallic 

advanced energy nanomaterials.  
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