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Abstract- In this article, the effect of the electrode surface morphology is investigated in the 

methanol electrooxidation process. For this purpose, a Ni-P layer of fine structure and two 

different Ni-B coatings having granular and cauliflower surface morphologies were plated 

separately on the graphite electrodes (GEs). The surface structure of samples was investigated 

by scanning electron microscopy (SEM) and their elemental analysis was done with electrode 

dispersive energy analysis (EDS). Then these modified electrodes were used as the anode for 

methanol oxidation reaction (MOR) in alkaline solution. Electrochemical studies were 

accomplished with cyclic voltammetry (CV) and chronoamperometry (CA) methods. Studies 

have shown, these different structures make a difference in the electrocatalytic performance of 

the electrodes and the highest methanol oxidation efficiency is related to Ni-B electrode with 

granular morphology. In order to reveal the methanol oxidation mechanism, coordination of 

anodic and cathodic peaks in CV diagrams was studied. Based on the results, we have offered 

the mechanism proposed by Fleischmann et al. 
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1. INTRODUCTION  

In the present era, increased use of fossil fuels, especially in underdeveloped countries is 

the main source of air pollution. As a result, much research is being done on alternative fuels. 

Fuel cells are of great interest to researchers due to the lack of environmental pollution. Also, 

direct methanol fuel cell (DMFC) is a clean, portable and promising source of energy. 
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A large part of the research has been dedicated to the electrocatalytic oxidation of methanol 

as the most vital part of fuel cell development. 

In electrochemical reactions, electrocatalyst plays a vital role. Researchers have used 

various electrocatalysts to oxidize methanol, among them, platinum and its alloys have had the 

best performance, but low platinum resources and its high prices have prevented its widespread 

use. Therefore, researchers have recently tried to use transition metals and their alloys as 

electrocatalysts. Among the transition metals, nickel has been very much considered due to its 

unique features [1]. On the other hand, carbon materials are ideal mechanical support for 

electrocatalytic particles due to high electrical conductivity and high porosity. Likewise, due 

to its unique catalytic properties and low prices, nickel is an appropriate choice as an 

electrocatalyst [2]. Electroless nickel coating technology which is used widely today was 

invented by Brenner and Riddle in 1946 [3]. Nowadays there are many solutions for nickel 

electroless coating containing different nickel sources, reducing agents, complexing agents, 

stabilizers, pH buffers and some additive which leads to pure or alloy nickel coatings with 

different properties [3,4]. Depending on the kind of reducing agent,  nickel electroless coating 

can be categorized into three groups: Ni-P electroless which sodium hypophosphite is utilized 

as a reducing agent in its coating solutions, Ni-B electroless which sodium borohydride or 

dimethylamine borane is utilized as reducing agent and pure nickel that its reducing agent is 

hydrazine-based [3]. Borohydride ions are more powerful reducers than amine-borane 

compounds [3, 5]. Sodium borohydride can prepare 8 electrons for reducing some metal ions, 

but sodium hypophosphite is only able to prepare 2 [6-8]. 

As reported before, electroless Ni-P and Ni-B coatings have phosphorus and boron as an 

alloying element in their structure, respectively. Excellent properties of NiP and NiB alloys 

like high hardness and corrosion resistance have caused to be used as electrocatalysts in the 

oxidation reaction of organic materials [9,10]. The crystallographic structure of the both 

depends on the amount of P or B. By increasing the amount of these two elements toward the 

intermetallic compound in Ni-B and Ni-P phase diagram, the structure of the coatings differ 

from microcrystalline to semi-crystalline and amorphous [11]. 

Two different morphologies have been reported for electroless Ni-B: the first is 

cauliflower-like morphology which is pronounced by so many researchers [7,12-14]. The 

second is a nodular structure which is reported by McComas [15,16]. By investigating the 

origin of these different types of electroless nickel boron, one can conclude that indeed 

ammonia ion in McComas' solution has made the morphology of his electroless coating 

different from the others [16]. 

In this research two electroless Ni-B coatings with different bath solution and structure and 

a Ni-P electroless coating were prepared to compare their ability to electrocatalytically 

oxidation of methanol. 
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2. EXPERIMENTAL 

2.1. Materials and equipment 

Sodium hydroxide, nickel(II) sulfate hexahydrate, nickel(II) chloride hexahydrate, 

methanol, ethylenediamine, EDTA, sodium tungstate, lead(II) nitrate, ammonia (25%), sodium 

borohydride, sodium acetate, trisodiumtartarate, succinic acid, sodium hypophosphite, thiourea 

all with analytical grade were purchased from Merck. All aqueous solutions were prepared with 

deionized (DI) water. 

The electrochemical measurements were done with a potentiostat–galvanostat (SAMA 500, 

Iran). The three-electrode system consisted of the bare or modified graphite rod GE in Sony 

commercial dry cell batteries, (r=2 mm) as working electrode, Ag/AgCl (3 M KCl) as a 

reference electrode and a Pt wire as a counter electrode. For obtaining a reproducible surface, 

the rod was surrounded tightly with a Teflon tube and was polished with fine emery papers to 

obtain a mirror-like surface. The prepared electrodes were investigated by scanning electron 

microscopy (SEM) TESCAN VEGA-XMU model equipped with the energy dispersive 

analysis to reveal the surface morphology and elemental analysis.  

 

2.2. Electroless coating 

Electroless coatings were deposited on GEs by the following sequence. After degreasing 

the electrodes in 1 M NaOH solution and immersion in DI water, nickel was electrodeposited 

on the electrodes using Wood’s solution [13] for 1 min. After that, the electrodes were 

immersed in sulfuric acid 10% solution. Then the electrodes immersed in the electroless 

coating solution and finally, they were immersed in DI water. 

 

Table 1. Ni-B coating bath solution with the regular formula (Bath temperature: 85 °C and 

stirring rate: 200 rpm) 

 

Compound Name Concentration 

NiCl2.6H2O 24 (g. L-1) 

Ethylene diamine 60 (mL. L-1) 

NaOH 40 (g. L-1) 

PbWO4 0.3 (g. L-1) 

NaBH4 1 (g. L-1) 

 

Tables 1-3 show the composition of electroless baths. It should be mentioned that in 

preparing the electroless Ni-B solution as Table 2, stabilizing and reducing solutions were 

utilized which their compositions are shown in Table 4 and 5, respectively. The plating time of 

all coating was 45 min.  
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Table 2. Ni-B coating bath solution similar to McCommas patent (Bath temperature: 85 °C 

and stirring rate: 200 rpm) [12] 

 

Compound name Concentration 

NiCl2.6H2O 30 (g. L-1) 

Ethylenediamine 120 (mL. L-1) 

Ammonia (25%) 9 (mL. L-1) 

NaOH 40 (g. L-1) 

Stabilizing solution 2.7 (mL. L-1) 

NaBH4 1 (g. L-1) 

 

Table 3. Ni-P coating bath solution (Bath temperature: 85 °C and stirring rate: 200 rpm) 

 

Compound Name Concentration 

NiSO4.6H2O 30 (g. L-1) 

Sodium acetate 20 (g. L-1) 

Trisodium tartrate 18 (g. L-1) 

Succinic acid 10 (g. L-1) 

Sodium hypophosphite 25 (g. L-1) 

Thiourea 1 (mg. L-1) 

 

Table 4. The stabilizing solution composition which was used in Ni-B electroless bath 

corresponding to Table 2 

 

Compound Name Concentration 

Lead tungstate 2.64 (g. L-1) 

Sodium hydroxide 13.2 (g. L-1) 

EDTA 13.2 (g. L-1) 

Ethylenediamine 40 (g. L-1) 

 

Table 5. The reducing agent solution composition which was used in Ni-B electroless bath 

corresponding to Table 2 

 

Compound Name Concentration 

Sodium hydroxide 60 (g. L-1) 

Sodium borohydride 50 (g. L-1) 
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3. RESULTS AND DISCUSSION 

3.1. Morphology study of coatings 

The surface structure of the modified GEs was observed with SEM (Fig. 1 and 2). Like 

wise, the EDS analysis was done, the results are presented in Fig. 3. Fig. 1 shows, the Ni-P 

electroless coating has a fine topography with some nodules with respect to the others. Fig. 2 

indicates that there are two different surface structures for electroless Ni-B coatings: 

cauliflower-like morphology and granular morphology. As Fig. 3(a) illustrates only Ni and P 

particles were deposited on the graphite electrode, and Fig. 3(b) and (C) show, Ni-B(D) and 

Ni-B(L) coated graphite electrodes only include Ni particles and a very small amount of B. 

 

 

Fig. 1. SEM image of Ni-P electroless coating on the graphite 

 

    

 

Fig. 2. SEM images of Ni-B electroless coating on the graphite which prepared by bath 

composition according to Table 2 (a) and Table 3 (b) 
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In another experiment, and for further study, the physical structure of the metal particles 

formed on the graphite electrodes was investigated with metallography technique (Fig. 4). As 

the figures show, different baths have created different morphologies on the graphite surface. 

In fact, two different structures of Ni-B (light and dark) have been created on the graphite 

electrodes. These different structures, as will be discussed in sections 3.2 and 3.3, make a 

difference in the electrocatalytic performance of the electrodes. 

 

 

 

 

 

Fig. 3. EDS spectrum of a) a Ni-P coated GE b) a Ni-B(L) coated graphite electrode c) a Ni-

B(D) coated graphite electrode 

 

     

 

Fig. 4. Metallographic images of a) Ni-P electroless coating on GE; b) Ni-B(L) electroless 

coating on GE and c) Ni-B(D) electroless coating on GE 



Anal. Bioanal. Electrochem., Vol. 11, No. 6, 2019, 774-786                                                 780 

 

3.2. Cyclic voltammetry studies 

In order to reveal the electrochemical performance of the proposed electrodes, the response 

of each electrode was obtained with CV technique in alkaline solution. Fig. 5 and 6 present the 

cyclic voltammograms for GE in 0.1 M NaOH solution in the attendance and absence of 1 M 

methanol and voltammograms obtained of Ni-P, Ni-B (D) and Ni-B (L) electrodes in 0.1 M 

NaOH solution, and in the absence and attendance of 1 M methanol at 0.1 V. s-1 As figure 5 

shows there is not any methanol oxidation peak for GE. Also, among modified graphites (Fig. 

6), Ni-B(L) electrode has the best sensitivity and efficiency in methanol electro-oxidation. 

Fig. 7 shows the CV comparison of Ni-P coating with a granular structure in 1 M methanol 

at different scan rates. According to this illustration, every cycle has one anodic and one 

cathodic peak relating to the reaction of methanol on the surface of the electroless Ni-P 

electrode. In fact, it is obvious that some of the anodic current is related to alcohol electro-

oxidation by nickel oxide hydroxide. The redox reaction of nickel is:  

Ni2+            Ni3+ + e-                                                                                                                                                                          (1) 

And the electro-oxidation mechanism of alcohol on the modified electrode is: [2] 

Ni3+ + methanol             Ni2+ + intermediate                                                                              (2) 

Ni3+ + intermediate            Ni2+ + products                                                                                        (3) 

or 

Ni3+ -methanol            Ni3+-intermediate + e-                                                                             (4) 

Ni3+-intermediate             Ni3+-products + e-                                                                              (5) 

 

 

Fig. 5. Cyclic voltammograms on GE in 0.1 M NaOH solution in attendance (dashed line) and 

absence (solid line) of 1 M methanol at 0.1 V. s-1 
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Experiments show, with increasing the scan rate, current density increases. For further 

explore the reaction mechanism of methanol on the surface of the coating, the plots of Ipa vs. 

, Ipc vs.  and Ipa vs. -1/2 were plotted (insets a-c of Fig. 7). As figures show, ions distribution 

controls the kinetic of reaction up to scan rate of 0.02 V/s. 

A similar study was done for Ni-B electroless coating with cauliflower-like morphology 

(Fig. 8) and electroless Ni-B coating with granular morphology (Fig. 9).  

 

 

 

 

Fig. 6. Cyclic voltammograms of a) Ni-P, b) Ni-B(D) and c) Ni-B(L) electrodes in 0.1 M NaOH 

solution and in the absence (dashed line) and attendance (solid line) of 1 M methanol at 0.1  

V. s-1 

 

As figures show, for electroless Ni-B coating with cauliflower-like morphology ions 

distribution controls the kinetic of reaction up to scan rate of 0.06 V/s and for electroless Ni-B 

coating with granular morphology ions distribution controls the kinetic of reaction up to scan 

rate of 0.02 V/s. Also, the oxidation onset potential of both electrodes is similar and about 0.38 

V which is less than the Ni-P electrode (0.41V). 

Various hypotheses have been proposed for oxidation of methanol on a nickel-modified 

electrode in alkaline solution. Based on our results, we offer the mechanism proposed by 

Fleischmann et al [14]:  

Ni(OH)2 + OH-          NiOOH + H2O + e 

NiOOH + methanol         Ni(OH)2 + oxidation product ‘‘slow step’’ 
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Fig. 7. Cyclic voltammograms on Ni-P coating in 1 M NaOH + 1 M methanol at different scan 

rates (0.02, 0.04, 0.06, 0.08, 0.10, 0.12 V. s-1). Insets a: Ipa vs. ; b: Ipc vs.  and c: Ipa vs.  -1/2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Cyclic voltammograms on Ni-B coating with cauliflower-like structure in 1 M NaOH 

+ 1 M methanol at different scan rates (0.02, 0.04, 0.06, 0.08, 0.10, 0.12 V. s-1). Insets a: Ipa 

vs. ; b: Ipc vs.  and c: Ipa vs.  -1/2 

a b 

c 

d 

a b 

c 

d 
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Fig. 9. Cyclic voltammograms on Ni-B coating with granular morphology in 1 M NaOH + 1 

M methanol at different scan rates (0.02, 0.04, 0.06, 0.08, 0.10, 0.12 V. s-1). Insets a: Ipa vs. ; 

b: Ipc vs.  and c: Ipa vs.  -1/2 

 

3.3. Chronoamperometry Studies 

In this study, the chronoamperograms at 0.8 V on Ni-P and Ni-B modified GEs were 

obtained in different concentrations of methanol in alkaline solution (Fig. 10).  As can be seen, 

the response of the electrodes increases with the increase of the methanol concentration. Also, 

as the figures show, Ni-B modified GE with granular morphology generates the most current 

density. 

In another experiment, some successive potential steps were applied to the electrodes in 0.4 

M methanol. In this study, the base potential was 0 V with 10 s duration and the step potential 

was 1 V with 120 s duration (Fig. 11). As the figure shows the response of the electrodes is 

stable. Also, a comparison was done on electrodes in 1 M methanol and 0.1 M NaOH at 0.8 V. 

As can be seen in Fig. 12. The Ni-B electrode with granular morphology has the highest current 

efficiency while the size of the electrocatalyst particles of this electrode is larger than two other 

electrodes. In fact, this electrode has a less surface-to-volume ratio. This indicates the direct 

influence of the electrode morphology in the oxidation process. 

a b 

c 

d 
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Fig. 10. Chronoamperograms of electroless Ni-P, Ni-B with cauliflower-like morphology, Ni-

B with granular morphology coatings in 0.1 M NaOH solution containing different 

concentrations of methanol from 0.2 to 1 M. Step potential: 0.8 V 

 

 

 

Fig. 11. Comparison of chronoamperogram of electroless Ni-B (cauliflower), Ni-B(Granular) 

and Ni-P in 0.4 M methanol and 0.1 NaOH solution with respect to 10 cycles 
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Fig. 12. Comparison of chronoamperograms of electroless Ni-B (cauliflower-like), Ni-B 

(Granular) and Ni-P in 1 M methanol and 0.1 M NaOH. Step potential: 0.8 V 

 

4. CONCLUSION 

In this research, we successfully oxidized methanol on all electrodes. For this purpose, Ni-

P, Ni-B with granular morphology and Ni-B with cauliflower-like electrodes were made. 

Electrochemical behavior of all three electrodes in different conditions by cyclic voltammetry 

and chronoamperometry confirms the good catalytic activity of the prepared electrodes. 

Comparing with Ni-P and Ni-B with cauliflower-like electrodes, Ni-B with granular 

morphology has the highest anodic current density for methanol oxidation. This shows the 

direct effect of the electrode surface structure in the oxidation process. It was also observed 

that the oxidation onset potential of the Ni-B electrodes is less than that of the Ni-P electrode. 

 Due to the simplicity of preparation and high performance, the Ni-B with granular morphology 

electrode is an appropriate anode for electrooxidation of methanol. 
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