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Abstract

Different sets of nickel nanoparticles with confined average diameter in the range: 9.4 - 13.7 

nm are synthesized by varying different parameters of wet chemical method to investigate the 

effects of such parameters on anode catalysis in oxidation of butan-1-ol in aqueous alkali. 

The structure and morphology of the synthesized nanoparticles and the role of Ni and its 

oxides as catalyst in the oxidation of butan-1-ol have been characterized by X-ray 

diffractometry, scanning and transmission electron microscopy, infrared spectroscopy, cyclic 

voltammetry and chronoamperometry. The average particle diameter of each set is controlled 

by the duration of heating of precursor solution of different compositions. The required 

heating time and the attained maximum temperature of the reaction mixture change by 

changing the amount of reducing agent, solvent composition and pH of the solution. In alkali, 

graphite supported Ni nanoparticles form Ni(OH)2 and then on application of potential 

NiOOH which is electro-catalytically active towards the oxidation of butan-1-ol. The 

catalytic activity of the as synthesized material is found to depend on the diameter of the 

nanoparticles, purity of the synthesized Ni nanoparticles and molecular environment around 

catalyst which in turn depends on the production parameters. The study reveals greater 

catalytic activity and increased ratio of carbonate to butanoate in the products using the pure 

nano-catalyst obtained by the least time of heating.

Keywords

Pure Ni nanoparticles, Butanol oxidation, electrocatalysis, study of products
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1. Introduction

Electrochemical oxidation of small organic compounds like aliphatic and aromatic primary 

alcohols has great importance in both research [1-3] and industry [4]. It is useful in a variety 

of fields like energy storage, organic synthesis, fuel cells, waste water treatment, sensors, 

medical and environmental analyses. Although few methods for electro oxidation of alcohol 

to corresponding acids have been reported [5], there exist many problems like cost, yield, 

selectivity, stability, adulteration etc, which need investigation and address.

A large number of metals (Pt, Au, Ru, Co, Ni, Cu, etc) and oxides or hydroxides are 

extensively studied as electrochemical catalysts [6, 8]. Among all the metals Ni is suitable for 

numerous applications because of higher natural abundance, lower cost and lower toxicity. 

Many Ni based materials including Ni+2, Ni, NiO, Ni(OH)2 and NiOOH have been reported 

[9-12], which exhibit excellent electro-catalytic activity toward the oxidation of small organic 

compounds such as methanol, ethanol, glucose, cyclohexanol, ammonia, urea etc [13, 6]. 

Apart from these, surface adhered Ni+2/Ni+3 redox couples have also been used in 

electrosynthetic works and for sensing of alcohols and sugars. Among oxidation of different 

types of alcohols, significant number of studies has been dedicated to methanol and ethanol 

but only a few to propanol [14, 15] and, very few studies are available for butanol [16, 17] 

despite the latter can be obtained from natural resources and different substances. Moreover, 

butanol is less volatile, less toxic and obtained from natural sources, and possesses relatively 

high flash point of 350C which is important for safety reason. In the study, Butan-1-ol is 

investigated because it is the most active isomer among all the C4–alcohols [18] and expected 

to show good performance like C3–alcohols [15]. The reactions of partial and complete 

anodic oxidations of butan-1-ol are given by equation (1) and (2).

CH3CH2CH2CH2OH + 5 OH- = CH3CH2CH2COO-+ 4 H2O + 4e-                                        (1)

And CH3CH2CH2CH2OH + 32 OH- = 4 CO3
2- + 21 H2O + 24 e-                                         (2)
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So, it can be told from the corresponding Nernst equations that the electrode potential would 

be reduced at high pH making the oxidation process favourable. Other advantages in using 

alkali as the medium are less poisoning, easy formation of metal to metal hydroxide which is 

either main or co-catalyst and, wider possibility of using materials as catalysts, etc. So the 

kinetics of alcohol oxidation can be improved significantly in alkali [19, 20]. Pt and Pd are 

the ‘state of the art’ catalysts for alcohol oxidation. Despite Ni occupies the same group of 

the periodic table and much cheaper, it is only tested in relatively few cases. On the other 

hand, Ni can easily form hydroxide and oxy-hydroxide layers when immersed in alkali [21]. 

It also form mono hydroxide at lower potential than these required for Pt and Pd [22]. In 

recent years, Ni and Ni-based materials are found to have attractive activity toward the 

electro-oxidation of some organic and inorganic molecules like ethanol, methanol, ammonia, 

hydrazine hydrate and urea due to their superb catalytic activity, high ductility, good thermal 

conductivity, low cost, high strength, and fair electrical conductivity. Ni materials have 

received enormous attention due to their distinctive properties in magnetic, thermal, electrical 

and chemical fields. It has been proved to have tremendous capability as electrode materials 

in batteries, super capacitors, additives in oil, magnetic carriers for biomedical and others 

[23-26]. 

Many techniques have been used for the synthesis of Ni nanoparticles including micro-

emulsion [27, 28], solvothermal reduction [29], polyol process [30-32], microwave [33], 

sonochemical [34], gas phase condensation [35] and thermal decomposition of organic 

complexes [36-39]. Polyol method is one of the efficient methods used in the past two 

decades by using poly-alcohol as both solvent and reducing agent [40]. The poly-alcohol can 

be either ethylene glycol (EG), diethylene glycol or 1, 2-propanediol. It is also suggested that 

EG may be adsorbed to the surface of particles to prevent undesired surface oxidation [41]. 

Another crucial part in the synthesis of Ni nanoparticles is their tendency to aggregate with 
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each other because of their magnetic behaviour. Under certain environment Ni nanoparticles 

tend to form secondary particles which are the results of van der Waals attractive forces, 

magnetic dipole interactions and thermodynamic driving force [42, 43]. This paper describes 

a facile and rapid synthesis of pure Ni nanoparticles by modified polyol method using N2H4 

as a reducing agent and NaOH for maintaining optimum pH. Our focus was to reduce the 

temperature of the synthesis by changing the constituents of the reaction mixture and to 

observe the effect of such changes to control the average diameter and the change in catalytic 

property of the synthesized particles in reference to oxidation of butanol in alkali. The 

formation of nanoparticles was confirmed using X-ray diffraction (XRD) and different 

microscopic techniques. The catalytic capability of each set of nanoparticles dispersed on a 

graphite substrate was compared in reference to the oxidation of butan-1-ol in alkali and 

promising better kinetic result was obtained with pure Ni nanoparticles synthesized by 

exerting the least time of heating.

2. Experimental

2.1. Chemicals

All chemicals were purchased from Merck (India) and used without further purification. 

Milli-Q water was used to make all solutions. All the glass apparatus were properly cleaned 

with chromic acid and then rinsed with Millipore water.

2.2. Synthesis of Ni Nano-Particles

The nickel nanoparticles were synthesized using polyol method [44] by reduction of Ni+2 in 

an aqueous solution with hydrazine hydrate. Detailed experimental conditions used in the 

syntheses are given in Table 1. In a typical synthetic procedure, 5 mL of 0.1 M solution of 

NiCl2.6H2O (clear green colour) was mixed with 3 mL of pure ethylene glycol by gentle 

stirring. This was followed by addition of hydrazine monohydrate in a single act under well 
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stirring condition of the mixture to form blue Ni-hydrazine complexes. After addition of 

hydrazine to the green nickel chloride solution, the solution turned into blue colour. The 

solution changed to turbid blue violet colour after continuous stirring. Appropriate amount of 

0.5M NaOH was then mixed to maintain the pH of the solution to 12-13. Then the solution 

was heated under strong magnetic stirring in a hot oil bath until the colour of the solution 

changed suddenly to black which indicated the formation of Ni nanoparticles. Then the 

heating was stopped, the solution was kept at the bath for ten minutes and finally cooled to 

room temperature. The time required for the sudden change of colour and the temperature of 

the solution raised at the moment are presented in Table 1. 

Table 1 Experimental parameters describing different environments and condition of 
synthesis of four sets of Ni nanoparticles having diameters confined within 9.4 nm-13.7 nm 

Compositions of reaction mixture and other synthesis 
parameters

Synth
esis 
param
eter 
set 
numb
ers

Metal 
Precurs
or (5 
mL) 
(M)

Hydrazi
ne 
monohy
drate 
(mL)

0.5 
M 
NaO
H 
(mL
)

Ethyle
ne 
glycol 
(mL)

Wate
r 
adde
d 
(mL)

Tempe
rature 
(0C) 
when 
colour 
change
s occur

Heating 
time 
(min) 
when 
colour 
changes 
occur

Average 
size of 
crystallit
es 
obtained 
from 
XRD 
(nm)

Catalyst 
synthesis
ed

1. 0.1 0.5 1.5 3 10 100ºC 120 9.4 Ni(1)

2. 0.1 0.5 1.5 10 3 80ºC 60 9.4 Ni(2)

3. 0.1 0.5 3 10 1.5 70ºC 30 13.7 Ni(3)

4 0.1 2 3 10 0 60ºC 15 10.1 Ni(4)

The black precipitate obtained was separated by centrifugation and washing with water for 

several times and then dried in vacuum desiccators to collect as powder. The stoichiometric 

equation of the reaction can be expressed as:

2Ni2+ + N2H4 + 4OH- = 2Ni + N2+ 4H2O.
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For synthesis of four different sets of Ni nanoparticles (Ni (1-4)), the amount of reducing 

agent (hydrazine) and the capping agent cum co-solvent (EG) are changed according to that 

presented in Table 1, with an aim to reduce the duration of heating and the maximum 

temperature of the reaction mixture, without much varying the average global diameter of the 

synthesized nanoparticles.

2.3. Structural characterization

Powder X-ray diffraction (XRD) study of the synthesised Ni nano-particles was carried out 

using X-ray diffractometer ( XRD, Philips 1710, USA) with CuKα radiation ( λ= 1.541 Å ). 

X-ray photoelectron spectroscopy (XPS) was done using XPS, Omicron, serial no 0571. The 

surface morphology and the microstructures of all the synthesised catalysts were investigated 

with a JEOL JSM-6700F Field Emission Scanning Electron Microscope (FE-SEM). Shape 

and size of the nano-particles were investigated using high resolution transmission electron 

microscope (HRTEM) (JEM-2100 HRTEM, JEOL, Japan). Ex-situ Fourier transform infra-

red study was carried out for semi solid products using perkin Elmer instrument (Spectrum 

RX1, resolution 4cm-1). 

2.4. Electrochemical measurements

All electrochemical measurements were carried out at 27  2°C in a two compartment glass ±

cell fitted with a three electrode assembly by using a computer aided Potentiostat/Galvanostat 

(AEW-2, Munistst, Sycopel Scientific Ltd, UK). The flat end surface of the graphite rod 

(geometrical surface area 0.24 cm2) in which synthesised catalysts were deposited by typical 

drop casting technique [45] was used as working electrode and a Pt foil (1 cm  1 cm) and ×

Hg/HgO/OH- (0 1M) electrode (MMO) having equilibrium electrode potential 0.1 V with 

respect to standard hydrogen electrode (SHE) were used as counter and reference electrode 

respectively. Cyclic voltammetry (CV) and chronoamperometry (CA) were carried out in 0.1 
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M NaOH solution with and without butanol of strength 0.1 M. All cyclic voltammograms 

were recorded after steady profiles were obtained.

2.5. Studies of the products

Following our previous studies [45, 46], a current density of 30µA cm-2 is drawn from 0.1M 

butanol in 0.1M NaOH solution in N2 atmosphere for 72h using constructed electrodes like 

Ni(1)/C, Ni(4)/C as anodes in separate experiments and a large Pt electrode is used as cathode 

in each case. Resulting solution was dried in vacuum and the obtained semi solid product was 

used in ex-situ FTIR study using FTIR spectrophotometer (Perkin Elmer, SN-74514, 

Spectrum RX1, having resolution 4 cm-1). High performance liquid chromatography (HPLC) 

(Shimadzu Corporation, Japan) of products of butanol oxidation was executed by using the 

solution left after drawing current at 0.5 V with respect to MMO for 2h. 

3. Results and discussion

Nickel nanoparticles were synthesized from a nickel hydrazine mixture in a sodium 

hydroxide environment at high pH (12-13) which is favourable to form nickel nanoparticles 

[47, 48]. Figure 1 shows the changes of colour of the solution during the stepwise progress of 

the reaction. The pale green colour of Ni-EG complex changed to blue due to formation of 

[Ni(N2H4)2]2+ which in turn forms violet coloured complex [Ni(N2H4)3]2+ on heating and 

stirring. On further addition of NaOH solution, it turns black due to formation of Ni 

nanoparticles by reduction as evident from Fig. 1a-1d. 

The complexing and reducing agent, hydrazine (N2H4) has a standard reduction potential of 

−1.16V in an alkaline solution, for the reaction: N2 + 4H2O + 4e− = N2H4 + 4OH- [47]. Nickel 

ion, which has a standard reduction potential of −0.25V, is consequently reduced by 

hydrazine following equation: 2Ni2+ + 4e−= 2Ni. Therefore, a chemical reduction process of 

the nickel ion with hydrazine as reducing agent occurs in an alkaline aqueous solution 

according to the following equation: 2Ni2+ + N2H4+ 4OH−→ 2Ni + N2 + 4H2O. Solution pH 
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influences the synthesis of the nickel nanoparticles as can be seen from the Nernst equation 

(3).

𝐸 =  𝐸0 -  
𝑅𝑇
4𝐹ln

1

[𝑂𝐻 - ]4[𝑁𝑖2 + ]2

                                                                                  (3)=  𝐸0 +
2.303 𝑅𝑇

4𝐹 log  { [𝑂𝐻 - ]4[𝑁𝑖2 + ]2}

Fig. 1 Colour changes of the solution at the different stages of synthesis during reduction of 
Ni+2 to Ni.

The increased concentration of OH- i.e., high pH is therefore favourable for such reaction. 

But higher pH also facilitates precipitation of metal hydroxide. This is because the standard 

reduction potential of Ni(OH)2 is −0.72V for the reaction: Ni(OH)2+ 2e−= Ni + 2OH−..So, in 

order to avoid precipitation of hydroxide, an optimum pH range of 12-13 is maintained in the 

study.

3.1. Tuning of Ni nanoparticles

Four sets of Nickel nanoparticle of almost similar crystallite diameter (9.4-13.7 nm) have 

been synthesized by varying at least two of the following reaction parameters like slight 

variation of pH, cosolvent (EG) composition, amount of reducing agent (NH2-NH2) and the 
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duration of heating. In Ni (2), the crystallite size is controlled by increasing the content of EG 

in aqueous reaction mixture causing decrease in time of heating with respect to that used for 

preparation of Ni (1). EG may act as an internal heat reservoir instigating similar crystallite 

size. In Ni (3), the heating time is more reduced by increasing the solution pH with respect to 

that used for preparation of Ni (2). The increased pH of the reaction mixture helps reduction 

of Ni+2 but OH- ion also takes up several water molecules for its solvation affecting less 

number of water molecules left for solvation /stabilization of synthesized nano particles. As a 

result of the two opposing factors, the net effect is only slight increase in the average size of 

crystallites of synthesized Ni nanoparticles marked as Ni (3) with respect to that marked as 

Ni (2). To synthesize Ni (4), the time of heating is still decreased (15 minute) by increasing 

the amount of the reducing agent, hydrazine mono hydrate by four times, keeping all other 

synthesis parameters same with respect to that used for synthesis of Ni (3). The result is the 

crystallites of the synthesized nanoparticle having diameter of 10.1 nm which is very near to 

9.4 nm as that obtained for the first two samples. Notably, the temperature of the observed 

starting of colour change which was also the maximum temperature of the reaction mixture 

(Table. 1) decreased gradually from Ni (1) to Ni (4) with increase of other favourable 

parameters like increased concentration of EG, OH- , hydrazine in the synthesis. Thus one 

can successfully synthesize Ni nano particles of almost same crystallite size by suitably 

adjusting different reaction parameters.

3.2. Size and morphology of synthesized nanoparticles

XRD measurement was conducted to obtain the crystallographic information of the prepared 

nanoparticles. The broadened peaks at 44.56º, 51.84º and 76.21º in the Fig. 2 assign for 

diffraction from the planes (111), (200) and (220) respectively of a face centred cubic (fcc) 

phase of pure Ni nanoparticles as reported in JCPDS, (ICDD) 2003 file numbered 897128. 

The sharp diffraction peaks are found for all synthesized nanoparticles having diameter 
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between 9.4 and 13.7 nm as calculated from Debye-Scherrer's equation (Table 2). For sample 

Ni(1-3) an additional peak arises at 59.7º for (117) plane of orthorhombic primitive nickel 

oxide hydroxide (Ni2O2OH) as reported in JCPDS, (ICDD) 2003 file numbered 841459. This 

compound is electrochemically inactive [49] and not produced at lower temperature. 

Fig. 2 XRD patterns of the synthesized Ni (1-4) nanoparticles.

In fact, the relative intensities of this peak of Ni2O2OH as obtained with respect to peak of 

(111) plane of Ni for different samples follow the order: Ni(4) [0] < Ni(3) [0.43] < Ni(2) 

[0.45] < Ni(1) [0.76], indicating that the production of Ni2O2OH increases with increase of 

temperature (vide Table 1). Moreover, Ni(4) which has been synthesized using the least time 

of heating, does not contain any Ni2O2OH.
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The chemical states of the synthesized Ni nanoparticles have been studied further by XPS 

analysis and the spectra are shown in Fig. 3. The XPS survey spectra of Ni (1) and Ni (4) 

samples (Fig. 3a) exhibit the peaks corresponding to binding energies at about 286.2 and 530 

eV which are assigned to C1s and O1s orbital, respectively. The peaks in the marked portions 

in Fig. 3a represent the binding energies of Ni 2s, 2p and 3p orbital without any other 

impurity. Peak for C is originated from the carbon tape employed for XPS studies. The ratio 

of peak areas of Ni2p and O1s is 1:8.31 for Ni(1) sample, whereas the same ratio for Ni(4) 

sample is 1:6.73. This signifies surface of Ni(1) is relatively more oxidized than that of Ni(4) 

samples. Fig. 3b reveals that a small peak corresponding to binding energy 852.21 eV for 

metallic Ni appears for Ni(4) sample besides the two major peaks centred at 855.27 and 

873.13 eV corresponding to Ni 2p3/2 and Ni 2p1/2 and their satellite peaks at a binding 

energy of 861.04 eV and 879.36 eV respectively. Notably, the peak for metallic Ni is 

negligibly small/absent in the profile (Fig. 3c) for Ni(1) sample indicating complete oxidation 

of metallic Ni at the surface of the sample. These evidences indicate that Ni(1) is more 

susceptible to oxidation than Ni(4). This in turn indirectly supports the formation of Ni2O2OH 

as an added product in Ni(1) unlike Ni(4) sample.

Table 2 Diffraction peaks, crystallite size, and lattice parameter of synthesized 
nanoparticles

Nanoparticles Position of 
2θ (degree)

d spacing 
from XRD 
(Å)

Calculated d 
spacing (Å)

Crystallite 
size (nm) 
from XRD

Cell 
Parameter 
(Å)

44.56 2.03 2.02Ni(1)
51.84 1.76 1.75

9.4 3.51

44.56 2.03 2.02Ni(2)
51.77 1.76 1.75

9.4 3.51

44.56 2.03 2.02Ni(3)
51.73 1.76 1.75

13.7 3.51

44.56 2.03 2.02Ni(4)
51.77 1.76 1.75

10.1 3.51
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Fig. 3 The XPS spectra of Ni nanoparticles (a) Survey spectrum (b) Ni 2p of Ni(4) (c) Ni 2p 

of Ni(1)

To understand the morphology of the electrode surface, analyses of FE-SEM images as 

presented in Fig. 4 are performed. Fig. 4a reveals the spherical granules in the partial 

agglomerated state for Ni(1) sample. In Fig. 4b, spherical particles are agglomerated to form 

compact flake structure. These structures of Fig. 4a and 4b are relatively compact with less 

holes. In Ni(3), as evident in Fig. 4c, agglomerated nanoparticles form layer structures like 

that of Ni(2) but with increased black hole portion. Fig. 4d divulges that particles of Ni(4) 

sample in nm range are closely agglomerated with significant number of black holes giving 

rise increased penetrating sites for the reactants with the benifit in catalysis.
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Fig. 4 FESEM images of (a) Ni(1), (b) Ni(2), (c) Ni(3) and (d) Ni(4).

The transmission electron microscope (TEM) and selected area electron diffraction (SAED) 

images further authenticate the microstructure of synthesized Ni nano-particles. Fig. 5a and 

5b show the microstructure of Ni(4)and Ni(3) having values of diameters, ca. 14 nm and 24 

nm respectively. Fig. 5a represent the HRTEM image of Ni(4), which shows clear lattice 

fringes with lattice spacing of 2.02 Å signifying the dominance of (111) plane. This is in 

good agreement with the XRD results that also explain that the ratio of intensity of (111) 

peak is much larger than that of others. A set of diffraction rings can be clearly seen in the 

corresponding SAED pattern of Ni(4) as presented in the inset of Fig. 5a. The SAED pattern 
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analysis reveals that the lattice spacing obtained from the first ring is 2.03 Å, which is well 

consistent with the data obtained from XRD measurements. In combination with the XRD 

results, the fringes can be indexed as (111) and the other rings as reflections from different 

planes of the face centered cubic (fcc) lattice of Ni(4).

Fig. 5 TEM image of Ni (4) (a) Ni (3) (b). Inset of (a) presents SAED pattern of Ni (4)

3.3. Electrochemical studies

Electrocatalytic activity of graphite-supported nickel nanoparticles was done by cyclic 

voltammetry (CV) study in 0.1 M NaOH solution within a Potential range of -0.9V to +0.6V 

vs MMO at a scan rate 50 mV s-1. Figure 6a shows that no peak appears for nafion coated 

graphite electrode indicating base materials are inactive in alkali throughout the potential 

range studied. It is well established [50, 52] that oxidation of Ni to Ni(OH)2 in alkali gives a 

peak at around –0.5V just after hydrogen evolution reaction on Ni during anodic scan of 

potential in CV. Since it is not obtained here, it indicates that the surface of Ni nanoparticles 

is primarily covered by Ni(OH)2 formed during exposition of the thin film electrode in air 
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and/or immersion in alkali for CV measurement. The corresponding reverse peak is also not 

found due to possible complexation of Ni2+ with oxidation products of ethylene glycol or 

destabilization of NiOH+ as suggested by others [53-55]. The conversion of Ni+2 to Ni+3 

[Ni(OH)2/NiOOH] and vice versa occur according to the reaction (4) with a peak at ~0.51 V 

in anodic and at ~0.35 V in cathodic directions, as usual [56]

                                                          (4)Ni(OH)2 + OH- NiO(OH) + H2O +e-

In presence of butanol, NiOOH oxidises it, itself being reduced to Ni(OH)2 by chemical 

reaction: 2NiOOH + C4H10O = C4H8O + 2Ni(OH)2                                                                 (5)

followed by 2NiOOH + C4H8O + OH- = C4H7O2
- +2 Ni(OH)2                                              (6)

and part or full of the complete electrochemical reaction: 

2NiOOH+C4H7O2
2-+25OH- = 4CO3

2-+2 Ni(OH)2+15H2O+19 e-                                           (7)

in various steps as presented in CV profiles of Fig. 6b

 

Fig. 6 Cyclic voltammograms of different Ni/C and bare graphite electrodes in (a) 0.1 M 

NaOH solution and (b) 0.1 M BuOH in 0.1 M NaOH solution at a scan rate of 50 mV s-1.

Thus the peak current is increased in presence of butanol in comparison to that in blank 

NaOH in absence of butanol.
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The cyclic voltammetric study of the different Ni electrodes has been performed for alkaline 

oxidation of butanol using different scan rates. The plots of anodic peak current density 

(forward scan) versus square root of scan rate (v1/2) for different electrodes (Fig. 7a), reveal 

that the forward peak current densities are linearly varied with the square root of scan rate at 

the lower scan rates indicating that the butanol oxidation reaction on carbon supported Ni 

electrodes in alkaline media is initially a diffusion controlled process as also found in our 

earlier study [45, 46]. From these straight lines, the diffusion coefficients of OH- is 

determined at the lower scan rates, using the relation 

iP = 2.72 × 105 n3/2 D1/2 cº v1/2                                                       (8)

where D is in cm2 s-1, cº in mole cm-3 and v in V s-1. For different electrodes the order of 107 

times diffusion co-efficient (presented within parenthesis) of OH- ion in cm2 s-1on the surface 

of thin film is given by Ni(3) (0.032 ) < Ni(2) (0.042) < Ni(1) (2.24) < Ni(4) (9.80).

The low values of diffusion co-efficient signify the presence of protecting agent and also 

nafion membrane which prohibits the approach of reactant molecules toward the electrodes 

and limited active zones (molecules of Ni(OH)2) at the surface for fruitful reaction following 

equation (4).

The straight line plot of EF versus log v (Fig. 7b), helps determining the standard rate 

constant, Ks in cm s-1 of the reaction (1) from the slope and intercepts of the plot following 

equation (9)

EF = E1/2 – b [0.52 – log  ] -  log v                                                       (9)
𝑏

1
2𝐾𝑠

𝐷1/2

𝑏
2

The half wave potential E1/2 is given by using the relation

 EF = E1/2 -                                                                       (10)
1.1𝑅𝑇

𝑛𝐹
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Fig. 7 (a) Plots of peak current density versus square root of scan rate and (b) Plots of peak 

potential versus log of scan rate for different Ni / C electrodes in 0.1 M BuOH in 0.1 M 

NaOH solution obtained from cyclic voltammetric studies at different scan rates.

The kS found (represented in cm s-1 within the parenthesis) for different electrodes are in the 

orders Ni(4) (10.47×106) > Ni(3) (312.86) > Ni(2) (85.12) > Ni(1) (0.107). Moreover, the 

onset potentials of BOR on the electrodes follow the same order in reverse sequence: Ni(4) < 

Ni(3) < Ni(2) < Ni(1) as evidenced from Table 3. 

Table 3 Cyclic voltammetric studies of synthesized nanoparticles for the oxidation of 

0.1 M BuOH in 0.1 M NaOH solution at room temperature at a scan rate of 50 mV s-1

Electrodes Onset 
Potential/V

Loading/mg 
of Ni cm-2

Ef/V Eb/V If/mA 
cm-2

Ib/mA 
cm-2

If'/mA mg-1 
of Ni

Ni(1) 0.492 0.2982 0.735 0.408 12.72 -0.9314 42.65

Ni(2) 0.492 0.3284 0.733 0.408 9.42 -0.5937 28.68

Ni(3) 0.489 0.3184 0.703 0.409 8.09 -0.588 25.40

Ni(4) 0.482 0.3148 0.724 0.422 17.01 -1.4807 54.03
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These two experimental facts indicate the decreasing order of the apparent catalytic activity 

as guided by both the Gibbs energy of activation of the reaction using the synthesized 

materials and the relative amount of the purest state or the activity of the catalyst material 

present at the surface of the electrodes. The order reflects that the standard rate constant is 

increased as the inactive Ni2O2(OH) is less or not produced with the synthesis of different 

sets of Ni nanoparticle. Notably, the average diameters of the sets of Ni nanoparticle are not 

much different (9.4 to 13.7 nm). So the effect of change of average diameter of the particles 

is very small in comparison to other effects like purity of the as synthesized samples. Greater 

the purity of the Ni catalyst, as revealed by the XRD studies, greater is the rate constant 

obtained in the different synthesis processes. The peak current densities, (If, If′ and Ib) 

however follow the order Ni(4) > Ni(1) > Ni(2) > Ni(3), which indicates that not only the 

purest state but also the factor of surface area/diameter of the synthesized nanoparticles and 

molecular environment around the nanoparticle surface are important in influencing the 

overall rate of reaction. Notably, the If value for the electrode containing Ni(4) material is 

greater for reaction presented by equation (4), in alkali in presence of butanol in comparison 

to that in absence of it whereas the reverse peak current density Ib shows the opposite 

behaviour. This can be corroborated by the reduction of NiOOH by methods other than 

electrochemical one i.e. oxidation of butanol by NiOOH following reactions (5) and (6).

3.4. Potentiodynamic polarization (PDP) study

For comparing the kinetic activities of Ni / C electrodes towards BOR, Tafel polarization 

analysis of the catalysts were executed following linear Tafel relation according to

                                                                          (11)𝐸 = 𝐸𝑒 -
2.303𝑅𝑇

𝛼𝐹 𝑙𝑜𝑔𝑖0 + 
2.303𝑅𝑇

𝛼𝐹 log 𝑖

Where the terms bear usual significance [17] and the parameters are provided in Table 4.
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To calculate the exchange current density, equilibrium potential is set to 0.55 V versus. NHE, 

which represents the equilibrium potential of oxidation of Ni+2 to Ni+3. Considering the 

potential shift of Hg/HgO in 0.1M NaOH (0.1638 V) the calculated Etheory becomes 0.3912 V. 

Tafel slopes were obtained from potentio-dynamic current measurements of 0.1M butanol in 

0.1M NaOH solution in the potential range -0.9V to +0.6V at a scan rate of 2 mV s-1 (Fig. 8) 

like other [45].

Fig. 8 Tafel plots for various Ni/C catalysts obtained from CV studies of 0.1 M BuOH in 0.1 

M NaOH solution at a scan rate of 2 mV s-1

Table 4 Data obtained from chronoamperometry, cyclic voltammetric study (scan 
rate 2 mV s-1

Electrode
s

Chronoamperometry at 0.5 V 
current density (mA mg-1 of Ni)

Tafel slope (V 
dec-1) (scan rate 
2 mV s-1)

Exchange current 
density, I0 (mA cm-2)

Ni(1) 0.96 0.181 0.36

Ni(2) 0.85 0.180 0.28
Ni(3) 0.62 0.196 0.31
Ni(4) 1.25 0.181 0.55
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The exchange current density obtained by extrapolating the linear fitted Tafel line to where 

over potential equals to zero. The results are presented in Table 4 which shows that the 

exchange current density of Ni / C electrodes varies in the order Ni(4) > Ni(1) > Ni(3) > 

Ni(2), revealing the overall catalytic activity in the near equilibrium region.

3.5. Chronoamperometric (CA) study

The relative catalytic activity and stability of the electrodes are also tested using 

chronoamperometry in a solution of 0.1 M butanol in 0.1 M NaOH with a fixed potential of 

0.5 V (vs Hg/HgO) for 300s. Figure 9 illustrates the profiles which show that the catalytic 

activity as measured by the constant current densities (presented within the parenthesis in 

mAmg-1 of Ni) of the electrodes varies in the order: Ni(3) (0.62)< Ni(2) (0.85) < Ni(1) 

(0.96)< Ni(4) (1.25), which is same as the peak current density values obtained from CVs. 

The initial rapid decrement in current density was observed due to double layer formation and 

generation of the reactive intermediates which block the surface during oxidation of butanol. 

Subsequently, the current decreases slowly and reached a pseudo steady state.

Fig.9 Chronoamperometric profiles for different Ni/C electrodes for 0.1 M BuOH in 0.1 M 

NaOH solution at a potential of 0.5 V up to 300 sec.
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In all electrochemical measurements of CV, CA and PDP studies, the change in overall 

catalytic activity for the 4 sets of Ni nanoparticles is small due to similar crystallite size of 

these particles. However the change in catalytic capabilities of different sets of particles is 

definite because these are found to be the same from different studies (CV, CA, PDP). The 

electrocatalytic capability of particles of Ni(2) is less than that of Ni(1) is seemingly due to 

the greater presence of adsorbed EG around Ni nanoparticles, which opposes the butanol 

molecules to approach to the Ni catalyst. The electrocatalytic capability of particles of Ni(3) 

is lower than that of Ni(2), because of lower particle size of Ni(2) than that of Ni(3). The 

electrocatalytic property of Ni(4) is the best among all the sample. This is possibly because of 

the fact that only this sample contains greater amount of pure Ni nanoparticles at the surface 

of the electrodes. In all other samples electro-inactive Ni2O2OH is formed in association with 

Ni nanoparticles. For this the current density obtained with this sample is the largest.

Table 5 reveals that the peak current per unit geometrical area, i.e. peak current density of the 

presently synthesized Ni electrodes are much better than that of the bulk Pt and Pd electrodes 

found in the literature. The best electrode (Ni(4)) found in the study shows 2.3 and 13.9 times 

more peak current density with respect to bulk Pd and Pt for BOR at a scan rate of 50 mV s-1 

at 25°C. Therefore, considering cost effectiveness of Ni, in comparison to noble metals, the 

present electrodes and particularly that made with Ni(4) can be recommended for effective 

anodes for butanol fuel cell.

Table 5 Literature review of Butanol oxidation on various 
catalysts immersed in 0.1M butanol in 0.1M NaOH at 25° 
C and at 50 mV s-1.

Electro-catalyst Current density 
(mA cm-2)

References

Pt 0.4 [48]
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3.6. Study of the products

Main FTIR bands observed for the products of butanol oxidation in alkaline medium are 

presented in Table 6. Figure 10 and Table 6 reveal that the peak (P3) at ca 872 cm-1, that 

arises due to CO3
2- ions, is less sharp for Ni(1) than that of Ni(4) electrode. For each 

electrode, the most intense broad peak (P2) appears at ca 1468 cm-1 due to both carbonate and 

butanoate ions. There are weak peaks at ca 1763 cm-1and 1759 cm-1 for Ni(4) and Ni(1) 

electrodes respectively, which indicate the presence of aldehyde (-CHO) group and confirms 

that oxidation of butanol occurs through the formation of butanal as intermediate. Moreover 

the ratio of absorbance corresponding to (P3) and (P1) is much greater for Ni(4) (1.14) than 

Ni(1) (1.02). It indicates formation of both butanoate and carbonate and that the formation of 

carbonate is relatively greater for Ni(4) through C-C bond breaking of butanol. Since the 

peaks for carbonate are found among the products of BOR, the CV studies of possible 

intermediates of BOR like butanal and butanoate are thought to be beneficial.

Au 3.4 [48]

Pd 0.5 [48]

Pd (bulk) 7.31 [10]
Pt (bulk) 1.22 [10]

Ni(4) (nano) 17.01 This paper
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Fig. 10 Ex-situ FTIR profiles of the products of BOR for Ni/C (1) and Ni/C (4) catalysts.

Table 6 Assignments of main FTIR bands observed from spectra of the products of 
butanol oxidation in alkaline medium.

Sample-1 Sample-4
Wave number
(cm-1)

Possible 
assignments

Wave number 
(cm-1)

Possible 
assignments

2955 -CH symmetrical 
stretching 2972 -CH symmetrical 

stretching

1759 Carbonyl (C=O) 
stretching 1763 Carbonyl (C=O) 

stretching
1642 butanoate 1642 butanoate
1468 butanoate/carbonate  1468 Butanoate/carbonate
872 carbonate  872 carbonate
697 carbonate  697 carbonate
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HPLC study of the solution after BOR on the electrodes constructed with Ni(1) (solution 1) 

and Ni(4) samples (solution 2), reveals the formation of at least 4 compounds marked, as 

evident from the 4 peaks depicted in Fig. 11. The compounds produced are sodium butyrate 

(10.65), butyraldehyde (5.69), sodium carbonate (6.59), and butyl butyrate (3.03) for both the 

electrodes. It is evident from the peak areas that all the compounds are produced more with 

electrodes constructed with Ni(4) than that with Ni(1) which indicates Ni(4) is better catalyst 

than Ni(1). The ratio of the peak areas for butyrate: carbonate: butyraldehyde : butyl butyrate 

is 1:1.97:3.68:24.62 on Ni(4) electrodes. The same ratio for Ni(1) electrode is 

1:1.57:2.14:10.70. This indicates that the formations of butyraldehyde and butyl butyrate are 

facilitated on Ni(4) based electrode in conformation with the results of electrochemical 

studies.

Fig. 11 HPLC study of the product solutions of butanol on Ni(1) and Ni(4) samples
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Figure 12 illustrates the CV profiles of NaOH (0.1M) without any fuel (blank) or in presence 

of 18mM of either of the fuels butanol, butanal, butanoate. The blank profile shows a single 

peak at 0.52 V due to reaction (1). 

Fig. 12 Cyclic voltammograms (CVs) on nano Ni on Butanol, Butanal, Butanoate each at 

concentration of 18mM in 0.1 M NaOH solution.

In presence of butanol, butanal and butanoate, the corresponding peaks are shifted to 0.529 V, 

0.546 V, and 0.595 V respectively. This indicates that the initial oxidation of butanol (by 

NiOOH) is easier than oxidation of butanal which on turn is easier than oxidation of 

butanoate. In case of oxidation of butanol two peaks are formed, among which the last peak 

appears at almost the same potential (0.607 V) as that of pure butanoate. Moreover, the 

related portion of CV of oxidation of butanol is almost similar in nature to that for pure 

butanal and butanoate, despite the current values are less. The greater surface coverage and 

low kinetics of the latter molecules than these of methanol are seemingly responsible for the 
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lower peak current values It appears that oxidation of butanol becomes difficult as it 

progresses through butanal and butanoate

4. Conclusion

Ni nanoparticles of almost same average diameter of crystallites (9.4-13.7 nm) can be 

successfully synthesized by simultaneous change of reaction parameters including the 

lowering of reaction temperature and duration of heating. It is found that the Ni nanoparticles 

synthesized by using the least time (15 minutes) of heating, for which a maximum 

temperature of the reaction mixture (4) is reached to 600 C, is obtained in the purest form 

which is also the best catalyst among all the synthesized nanoparticles in reference to the 

electrochemical oxidation of butanol in alkali. Formation of electrochemically inactive nickel 

oxide hydroxide at higher temperatures observed during syntheses might be the cause of 

lower current density with the other catalysts. The peak current density obtained with the 

drop-coated synthesized Ni nanoparticle in CV study of BOR reveals that it is at least 14 and 

2.3 times greater than that with bulk Pt and Pd electrodes respectively. The electrode 

constructed with Ni(4) can also oxidise butanal and butanoate in addition to butanol .Since 

FTIR and HPLC studies support the formation of butyl butanoate, butanal, sodium butanoate 

and sodium carbonate, the electrode seems to be capable of oxidising butanol to carbonate at 

least to a little extent. The steady state chronoamperometric and equilibrium exchange current 

density obtained with the synthesized catalysts are found to be enough high for use of these 

anode-materials in cost-effective butanol oxidation in alkali. The study also signifies that the 

simultaneous change of reaction parameters may be effective to control the average diameter 

of the synthesized particles. Moreover, the purity and the catalytic activity of such Ni 

nanoparticles with confined diameter, synthesized from different molecular environment, are 

quite different.
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Highlights

 Ni nanoparticles of same average size are synthesized by modified polyol process.

 The maximum peak current density Ip (54.03 mAmg-1) for BOR is obtained for Ni(4).

 Ip is 14 and 2.3 times more than bulk Pt and Pd electrodes respectively.

 The best electrode can also oxidise butanal and butanoate in addition to butanol.
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