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Abstract  

Novel Pt/Ni multi-layered nanotubes arrays (MLNTAs) are synthesized by the template-assisted layer-by- 

layer electrodeposition. The unique multi-layered structures in nanotube walls provide a new method to 

study the effects of heterointerfaces and structures on methanol electrooxidation. For the fabricated Pt/Ni 

MLNTAs, especially Ni@Pt@Ni@Pt NTAs, we observe obvious enhancements in the catalytic activity 

and durability compared with the monometallic Pt nanotube arrays (NTAs) and many Pt-based catalysts 

reported in literatures. Our synthesis approach presents a strategy to broaden heterointerfacial and structural 

effects in harnessing the true catalytic potential of Pt-based electrocatalysts and may lead to the wide 

applications for energy conversion and storage.  

Keywords: multi-layered nanotube array, Pt/Ni, heterointerface, electrocatalyst, methanol oxidation 
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Introduction 

Direct methanol fuel cell (DMFC) has been considered as a promising power source for portable 

electronic devices and electric vehicles.1-3 Although great progress has been made towards non-Pt 

electrocatalysts, such as nanocrystalline MxMn3–xO4 (M=divalent metals) spinels and the functionalized 

carbon nanotubes/graphenes, for oxygen reduction reaction (ORR) on cathode,4-6 Pt still is the best 

electrocatalysts for methanol oxidation on anode and there is not yet better choice to replace Pt.7-10 

However, as the high cost and limited reserves of Pt, it is urgent to reduce the dosage of Pt used in the 

application process. 

   To date, one of the most successful techniques has involved partial substitution of Pt by a secondary 

metal. The Pt-based bimetallic catalysts with less consumption of Pt not only can inhere the properties of 

Pt constituent but also can display superior catalytic performance compared with their single metal 

counterparts because of synergistic effects between two metals.11-17 Among various bimetallic catalysts, 

such as PtPd, PtAu, PtAg, PtCu, PtFe, and PtMn, the PtNi systems have received considerable attention 

because of their high catalytic activity and durability.18-20 An alternative approach is to find proper 

nanostructures that can promote the reactivity of Pt-based catalysts. Recently, the Pt-based core/shell 

nanocrystals have been found to be promising catalysts because of much improved catalytic activity and 

durability.21-23 The core/shell structure with Pt thin shell not only maximizes Pt exposure and minimizes 

Pt use for catalysis, but also offers the desired core-shell interactions to tune both electronic and surface 

strain effects for optimal catalysis,21-23 indicating that the heterointerface plays an important role in 

improving the catalytic performance.  

 Our target in this study is the fabrication of multi-walled bimetallic nanotubes with alternating Pt/Ni 

multilayers for advanced electrocatalysts because one dimensional (1D) nanotubes have hollow 
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nanostructures and unique anisotropy and are less vulnerable to Ostwald ripening and aggregation during 

fuel cell operation.24-25 The alternating Pt/Ni multilayer structures in the walls of nanotubes will bring rich 

abundant heterointerfaces. To further enhance catalytic performance of catalysts, forming porous walls for 

Pt/Ni nanotubes is another important goal because of the increase of accessible surface areas. This will let 

inner Pt and Ni layers can effectively take part in catalytic reactions. In this study, the above demands are 

well accomplished via the fabrication of Pt/Ni multi-layered nanotube arrays (MLNTAs) with porous 

structure by template-assisted layer-by-layer electrodeposition method. The heterointerfacial and structural 

effects of Pt/Ni MLNTAs were firstly exploited for methanol electrooxidation for DMFCs. The MLNTAs 

represent a novel prime example of electrocatalysts with well-defined multiple nanostructures, and they will 

provide rich heterointerfaces, high utilization rate, large surface area, and fast penetration/ diffusion of 

electroactive species. The electrochemical measurements demonstrated that the synthesized Pt/Ni MLNTAs 

exhibited much enhanced electrocatalytic activity and durability for methanol oxidation compared with 

monometallic Pt NTAs and many Pt-based catalysts and are promising electrocatalysts for DMFCs.  

Experimental Section 

Fabrication of ZnO nanorod arrays (NRAs) template. All chemical reagents were analytical grade. 

Electrodeposition was carried out in a simple two-electrode electrolytic cell via galvanostatic 

electrodeposition, and the graphite electrode was used as a counter electrode (spectral grade, 1.8 cm2). 

The Ti plate (99.99%, 1.0 cm2) was used as a working electrode, and it was prepared complying the 

following steps before each experiment: firstly polished by SiC abrasive paper from 300 to 800 grits, then 

dipped in HCl solution (5%) for 10 min and rinsed with acetone in ultrasonic bath for 5 min, and finally 

washed by distilled water. In the synthesis of ZnO NRAs, electrodeposition was carried out in 0.01 mol/L 

Zn(NO3)2 +
 0.05 mol/L NH4Cl solution at 0.4 mA/cm2 at 70 0C for 1.5 h. SEM image of ZnO NRAs is 
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shown in Figure S1.  

   Synthesize of Pt/Ni MLNTAs: As illustrated in Scheme S1 and S2 in supporting information, the 

various Pt/Ni MLNTAs, such as Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs, Pt@Ni@Pt NTAs, and 

Pt@Ni@Pt@Ni@Pt NTAs were fabricated by using ZnO NRAs as templates. Electrodeposition of Pt 

layer was carried out in solution of 20 mM H2PtCl6
 + 0.5 M NaCl + 2.5 mM sodium citrate for 20 min at 

0.25 mA/cm2. Electrodeposition of Ni layer was carried out in solution of 0.01 M Ni(Ac)2
 + 0.05 M 

H3BO3
 + 0.05 M NH4Cl for 20 min at 0.25 mA/cm2. ZnO was removed by immersing the samples into 

NH3·H2O solution (10%) for 3 h. Pt NTAs was fabricated by the electrodeposition of Pt layers on ZnO 

NRAs for 1h and its SEM image is shown in Figure S3.     

   Structural characterization: The morphologies of samples were characterized by field emission 

scanning electron microscopy (FE-SEM, JSM-6330F) and transmission electron microscopy (TEM, 

JEM-2010HR). Chemical-state analysis was determined by X-Ray photoelectron spectroscopy (XPS) 

using an ESCAKAB 250 X-Ray photoelectron spectrometer, all peaks corrected by C 1s line at 284.6eV 

as standard, and curve fitting and background subtraction were accomplished. Chemical component 

analysis was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) using 

TJA IRIS(HR) spectrometer.  

    Electrochemical characterization: Electrochemical properties of the prepared electrocatalysts were 

studied in a standard three-electrode electrolytic cell. The Pt NTAs, Ni@Pt NTAs, Pt@Ni@Pt NTAs, 

Ni@Pt@Ni @Pt NTAs and Pt@Ni@Pt@Ni@Pt NTAs grown on Ti substrates served as the working 

electrodes. A Pt foil served as the counter electrode. A saturated calomel electrode (SCE) was used as the 

reference electrode. All potentials were the values vs SCE. Cyclic voltammetry (CV) and 

chronoamperometry were measured by a CHI660D electrochemical workstation (CH instruments, Inc.). 
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CV curves were recorded between -0.20 and 1.00 V vs SCE at 50 mV/s. Chronoamperometry curve for 

methanol oxidation was recorded at 0.65 V. For CV and chronoamperometry measurements of methanol 

oxidation reactions, an aqueous solution of 0.5 M H2SO4+0.5 M CH3OH was utilized. All of the 

electrolyte solutions were purged with high purity N2 for 10 min, and all of the electrochemical 

measurements were carried out at room temperature. 

Results and Discussion 

   The details of the fabrication of Pt/Ni MLNTAs are described in the Experimental Section and 

Supporting Information. SEM images of Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and 

Pt@Ni@Pt@Ni@Pt NTAs are shown in Figure 1a, 1e, 1i, 1m, respectively, which all shows the 

nanotubes have lengths of about 2 µm and are separate from each other. To prove the hollow structures, 

TEM images of the Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt 

NTAs are measured and are shown in Figure 1b, 1f, 1j, 1n, respectively, which show the above different 

NTAs were fabricated and they are porous structures. To prove the multi-layered structures in nanotubes, 

the elemental line-profile analysis was performed. For Ni@Pt NTAs, the elemental line-profile well 

demonstrates the double-layered Ni/Pt layers in the nanotube wall as shown in Figure 1d. The elemental 

line-profile of the Pt@Ni@Pt NTAs well proves three-layered Pt/Ni/Pt layers in the nanotube wall as 

shown in Figure 1h. The elemental line-profiles of Ni@Pt@Ni@Pt NTAs shown in Figure 1l and that of 

Pt@Ni@Pt@Ni@Pt NTAs shown in Figure 1p well prove that the nanotube walls are composed of 

four-layered Ni/Pt/Ni/Pt and five-layered Pt/Ni/Pt/Ni/Pt alternative layers, respectively.  

   To demonstrate the existence of Pt and Ni, the XPS spectra of samples were measured. Considering the 

same deposition conditions of Pt and Ni for various Pt-Ni samples in this study, the Ni@Pt NTAs were 

chosen as a representative to confirm the chemical state of Pt and Ni in the samples. Figure S5 shows the 
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XPS spectra of Ni@Pt NTAs in Pt 4f and Ni 2p regions. Each Pt 4f peak can be deconvoluted into two 

pairs of doublets. A comparison of the relative areas of integrated intensity of Pt0 and PtII shows that 

plentiful Pt exists as Pt0 in the Ni@Pt NTAs, and only a small amount of PtII is observed. For the element 

Ni, each Ni 2p peak is also deconvoluted into two pairs of doublets. The characteristic peaks at 855.9 and 

873.6 eV correspond to Ni 2p3/2 and Ni 2p1/2 peaks of metallic Ni, respectively, confirming the presence of 

Ni0 in the composite. In addition, two small shake-up peaks that are also the characteristic peaks of Ni 

were observed. Therefore, the above analysis suggests that the electrodeposition method used in this study 

can obtain the metallic Pt/Ni hybrid NTAs. 

 The Pt NTAs, Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt 

NTAs were firstly evaluated by the electrochemically active surface area (ECSA) that is an important 

parameter for the assessment of electrochemically active sites of catalysts. Figure 2a shows cyclic 

voltammograms (CVs) of Pt NTAs, Ni@Pt NTAs and Ni@Pt@Ni@Pt NTAs measured in N2-purged 0.5 

M H2SO4 solution at 50 mV/s. By using the charge passed for H-desorption (QH), the ECSA of Pt can be 

calculated using the following equation: ECSA=QH /(0.21×WPt), where WPt represents the Pt loading (mg) 

in the electrode, QH represents the charge for H-desorption (mC/cm2), and 0.21 represents the charge 

required to oxidize a monolayer of H2 on clean Pt. The ECSA of Pt, Ni@Pt and Ni@Pt@Ni@Pt NTAs is 

calculated to be 29.7, 28.2, and 27.4 m2·(g, Pt)-1, respectively. CVs of the Pt@Ni@Pt NTAs and 

Pt@Ni@Pt@Ni@Pt NTAs in N2-purged 0.5 M H2SO4 solution at 50 mV/s are shown in Figure 2b, and 

the ECSA of Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt NTAs is calculated to be 34.6 and 31.6 m2·(g, 

Pt)-1, respectively. The above ECSAs of various catalysts are comparable to that of PtNiP NTAs (28.4 

m2·(g, Pt)-1) reported in literature.26     

  To investigate the effect of heterointerface on catalytic activity, the cyclic voltammetry experiments of 

Pt NTAs, Ni@Pt NTAs and Ni@Pt@Ni@Pt NTAs were carried out in solution of 0.5 M CH3OH +0.5 M 
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H2SO4, and the representative CVs are shown in Figure 3a. It is clearly seen that the mass peak current 

density of the Ni@Pt@Ni@Pt NTAs is 362.7mA/mgpt, which is much higher than those of Ni@Pt NTAs 

(249.3 mA/mgpt) and Pt NTAs (158.2 mA/mgpt) (the current densities all are normalized to the mass of the 

Pt). Therefore, the Ni@Pt@Ni@Pt NTAs show an obviously enhanced mass electrocatalytic activity than 

Ni@Pt NTAs and Pt NTAs. Moreover, the mass peak current density of the Ni@Pt@Ni@Pt NTAs is also 

superior to those of Pt-based electrocatalyst as shown in Table S1. The high electrocatalytic activity of 

Ni@Pt@Ni@Pt NTAs can be attributed to rich Pt/Ni heterointerfaces. In addition, the Pt@Ni@Pt@Ni@Pt 

NTAs also show the much enhanced mass electrocatalytic activity compared with Pt@Ni@Pt NTAs and 

Pt NTAs as shown in Figure 3c. This also can be ascribed to the role of rich Pt/Ni heterointerfaces.    

 Chronoamperometry curves of the Pt NTAs, Ni@Pt NTAs and Ni@Pt@Ni@Pt NTAs were measured 

in solution of 0.5 M H2SO4 +0.5 M CH3OH to evaluate the rate of surface poisoning (The potential was 

held at 0.65 V vs SCE) as shown in Figure 3b. It is obvious that the Ni@Pt@Ni@Pt NTAs exhibit a much 

slower current decay over time in comparison with the Ni@Pt NTAs and Pt NTAs, indicating a higher 

durability of the Ni@Pt@Ni@Pt NTAs. In addition, the Ni@Pt@Ni@Pt NTAs exhibit a higher mass 

current density than Ni@Pt NTAs and Pt NTAs, indicating that the Ni@Pt@Ni@Pt NTAs own a higher 

mass catalytic activity than Ni@Pt NTAs and Pt NTAs for methanol electrooxidation. In addition, the 

Pt@Ni@Pt@Ni@Pt NTAs also show much slower current decay over time and much higher mass current 

densities than Pt@Ni@Pt NTAs and Pt NTAs as shown in Figure 3d. Therefore, the above results 

demonstrate the important role of the Pt/Ni heterointerfaces in the Pt-Ni electrocatalysts for methanol 

oxidation. When the current densities all are normalized to the ECSA for above various Pt-Ni catalysts, the 

similar results were also obtained as shown in Figure S7.  

 In order to illustrate the interactions of heterointerfaces, XPS spectrum of Pt 4f and valence band 

spectrum of Pt were studied. Compared with Pt NTAs, the Ni@Pt NTAs, Pt@Ni@Pt NTAs, 
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Ni@Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt NTAs all show higher binding energy of Pt 4f peak 

(positive shift of ~0.5 eV) as shown in Figure 4a, suggesting the strong interactions between Pt and Ni 

layers.26-28 However, Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt 

NTAs all show the almost same binding energy of Pt 4f peak, and the Pt 4f peaks are difficult to 

distinguish the effects of multiple heterointerfaces. As the limitation of XPS spectrum, the valence band 

spectra of Pt in Pt NTAs, Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and Pt@Ni@Pt@Ni@Pt 

NTAs were measured as shown in Figure 4b. For Pt NTAs that have no heterointerface, there only is a 

constrictive peak locates at the binding energy of ~3 eV. With the increase of heterointerface number, the 

peak gradually becomes broader and broader. When the number of heterointerface increases to five, 

namely for Pt@Ni@Pt@Ni@Pt NTAs, two peaks clearly appear in valence band spectra of Pt as shown in 

Figure 4b(5). The above results well demonstrate electron interactions among the Pt/Ni heterointerfaces 

and well illustrate the change of binding energy of Pt valence electron with the increase of heterointerface 

number. Here the electron interactions among the heterointerfaces and the change of binding energy of Pt 

valence electron well interpret the effect of heterointerfaces on methanol electrooxidation.   

   Here we also find the structure of Pt-Ni MLNTAs is important for the performance of catalysts. The 

Ni@Pt NTAs showed better catalytic activity than Pt@Ni@Pt NTAs, and the Ni@Pt@Ni@Pt NTAs 

showed better catalytic activity than Pt@Ni@Pt@Ni@Pt NTAs as shown in Table S2. To investigate the 

role of interior Ni layers in the MLNTAs, the Ni@Pt NTAs and Pt@Ni@Pt NTAs were utilized as 

examples to study. XPS spectrum of the Ni@Pt NTAs before CV experiment was measured as shown in 

Figure 5a. The metallic Ni peaks were detected. In addition, two small shake-up peaks that are also the 

characteristic peaks of Ni were observed. Notably, after CV experiment, the Ni species almost all convert 

to NiOOH (Ni3+O2-) thoroughly as shown in Figure 5b, which is the stable phase in CH3OH/H2SO4 

solution.29 Therefore, in the case of Ni@Pt NTAs, the Ni3+O2- was produced after catalytic process. This 
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result suggests that the metallic Ni layers as interior walls of nanotubes will create Ni3+O2- during the 

electrocatalytic process. However, for Pt@Ni@Pt NTAs, this phenomenon is not found. Recently, it has 

been reported that the Ni3+O2- could be used as a catalyst for methanol electrooxidation, and Manoharan et 

al proposed the mechanism as follow:30 

2Ni3+O2-+CH3OH→Ni2+OH-+Ni2+O-CH2OH→Ni3+O2-+Ni3+O-C-HO +3H+ + e-        (1)                   

Ni3+O-C-HO→Ni3+O-C-=O+H++e-→Ni3+O2- + CO2↑+ 2H++2e-                      (2)    

Therefore, based on the above electrocatalytic mechanism, the existence of NiOOH (Ni3+O2-) during the 

electrocatalytic process can well account for better electrocatalytic activity of Ni@Pt NTAs than that of 

Pt@Ni@Pt NTAs. In addition, the better electrocatalytic activity of the Ni@Pt@Ni@Pt NTAs than the 

Pt@Ni@Pt@Ni@Pt NTAs also demonstrate the positive role of interior Ni layers in the MLNTAs. 

Therefore, among the various Pt NTAs, Ni@Pt NTAs, Pt@Ni@Pt NTAs, Ni@Pt@Ni@Pt NTAs and 

Pt@Ni@Pt@Ni@Pt NTAs, the Ni@Pt@Ni@Pt NTAs as catalysts show the most favorable structure and 

accordingly show the highest catalytic activity for methanol electrooxidation.  

Conclusions  

  In summary, we have successfully fabricated the various Pt/Ni MLNTAs by template-assisted 

layer-by-layer electrodeposition at room temperature. The XPS results reported in this study well 

demonstrated electron interactions among the Pt/Ni heterointerfaces and well illustrated the change of 

binding energy of valence electron of Pt with the increase of heterointerface number. The bimetallic Pt/Ni 

MLNTAs, especially Ni@Pt@Ni@Pt NTAs, remarkably improved the catalytic activity and durability 

compared with monometallic Pt NTAs, demonstrating their promising potential as effective catalysts. The 

present encouraging findings might open up a new avenue in the development of high-performance 

bimetallic multi-layered nanotube array catalysts.   
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Figure 2. CVs of (a) Pt NTAs, Ni@Pt NTAs and Ni@Pt@Ni@Pt NTAs and CVs of (b) Pt@Ni@Pt NTAs and 

Pt@Ni@Pt@Ni@Pt NTAs in solution of 0.5 M H2SO4 at 50 mV/s.   
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Figure 3. (a) CVs and (b) chronoamperometry curves of Pt NTAs, Ni@Pt NTAs and Ni@Pt@Ni@Pt NTAs in solution of 

0.5 M H2SO4+0.5 M CH3OH at 50 mV/s; (c) CVs and (d) chronoamperometry curves of Pt NTAs, Pt@Ni@Pt NTAs and 

Pt@Ni@Pt@Ni@Pt NTAs in solution of 0.5 M H2SO4+0.5 M CH3OH at 50 mV/s (the current densities all are 

normalized to Pt loading).  
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           Figure 5. XPS spectra of Ni in the Ni@Pt NTAs (a) before and (b) after CV experiments. 
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