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Abstract  

In this study, ionic liquid 1-hexyl-3-methylimidazolium hexafluorophosphate was applied as additives 

to fabricate a novel ionic liquid/carbon nanotube paste electrode (IL/CNPE). This electrode was charac-

terized by electrochemical impedance spectroscopy and cyclic voltammetry. Results showed that the 

electron transfer rate and reversibility of the electrode were increased by the ionic liquid. The morpho-

logy of prepared IL/CNPE was studied by scanning electron microscopy. Nickel/ionic liquid modified 

carbon nanotube paste electrode (Ni/IL/CNPE) was also constructed by immersion of the IL/CNPE in 

nickel sulfate solution. Ionic liquid showed significant effect on the accumulation of nickel species on 

the surface of the electrode. Also, the values of electron transfer coefficient, charge-transfer rate con-

stant and electrode surface coverage for Ni(II)/Ni(III) redox couple of the Ni/IL/CNPE were found to be 

0.32 and 2.37×10-1 s-1 and 2.74×10-8 mol.cm-2, respectively. The Ni/IL/CNPE was applied successfully to 

highly efficient electrocatalytic oxidation of formaldehyde in alkaline medium. The effects of various 

factors on the efficiency of electrocatalytic oxidation of formaldehyde were optimized. Under the opti-

mized condition, cyclic voltammetry of formaldehyde at the modified electrode exhibited two linear dy-

namic ranges in the concentration ranges of 7.00×10-6 to 9.60×10-5 mol.L-1 and 9.60×10-5 to 32.00×10-3 

mol.L-1 with excellent detection limit of 9.50×10-7 mol.L-1 (3σ/slope), respectively. Also, the method was 

successfully applied for formaldehyde measurement in real sample. Copyright © 2018 BCREC Group. 
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1. Introduction 

Formaldehyde is one of the toxic pollutants 

(as a carcinogen) [1]. Also, this material was ap-

plied as an extremely important industrial raw 

material for the production of phenol-, urea-, 

and melamine-formaldehyde resins and manu-

facturing of building plates, plywood, and lac-

quer materials [2,3]. Formaldehyde is also used 

in chemical synthesis as an intermediate for the 

production of consumer goods as detergents, 

soaps, shampoos, and as a sterilizing agent in 
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pharmacology and medicine. On the other 

hand, formaldehyde is a natural metabolite of 

living organisms. It can be found in fruits,   

vegetables, flesh [4] and biological fluids of hu-

man origin [2]. Therefore, simple and sensitive 

methods for determination of formaldehyde are 

needed for specific biotechnological processes, 

environmental control, medicine and even for 

drinking water and food analysis. Compared 

with spectral and chromatographic analysis, 

electroanalytical method has been considered 

as a good alternative for formaldehyde detec-

tion due to its high sensitivity, selectivity and 

its potential for providing real-time measure-

ments.  

Achmann et al. [5] studied on the sensor 

electrode with multi walled carbon nanotube 

films modified with graft percentage of amino-

groups modified electrode to detect the concen-

tration of formaldehyde. The result illustrated 

that the sensor displayed high chemical selec-

tivity, fast response and good reproducibility to 

low concentration formaldehyde. Amperometric 

sensors in the potentiostatic mode using noble 

metals as electrode nanomaterials are also 

used for formaldehyde detection [6]. Metal na-

nomaterials have high effective surface areas 

and extraordinary electron-transport proper-

ties. Their using as electrochemical interface 

provides a rapid current response and high-

detection sensitivity. Consequently, the elec-

tron transfer between the electrode and the 

probe molecules is accelerated. Zhang et al. 

[7]introduced the electrodeposition of a 

nanostructured palladium in aluminum oxide 

membrane coated glassy carbon electrode. The 

proposed sensor not only possesses a broad lin-

ear range, good reproducibility and high sensi-

tivity, but also exhibits a synergistic effect that 

minimizes poison formation. Yi et al. [8] repor-

ted a novel formaldehyde detection method 

based on nanoporous palladium modified TiO2 

electrode in alkaline solutions.  

Ionic liquids are stable salts, composed of an 

organic cation and an organic or inorganic ani-

on, and preserved in liquid state over a wide 

temperature range [9-11]. In the past few 

years, ionic liquids have emerged as a frontier 

and novel area of research because of their ex-

cellent chemical and physical properties, such 

as: good solvating properties, high chemical 

and thermal stability, non-flammability, low 

toxicity, almost negligible vapor pressure, high 

conductivity, and wide electrochemical window 

[12-14]. As green solvents, ionic liquids has 

been proposed to be very interesting and effi-

cient pasting binders in place of non-conductive 

organic binders for the preparation of carbon 

composite electrodes [15,16]. Using ionic liquid 

as a pasting binder, it can be constructed a new 

generation of carbon composite electrodes with 

advantages over carbon paste electrodes, such 

as: high conductivity, fast electron transfer 

rates, and antifouling properties [17].  

There are various known hydrophobic ionic 

liquids that can be used as binders for con-

struction of these classes of electrodes. These 

ionic liquids mainly consist of bis

(trifluoromethylsulfonyl)imide or hexafluoro-

phosphate anions. On the other hand, several 

studies showed that carbon nanotubes present 

strong electrocatalytic activity for a wide range 

of different materials such as 6-thioguanine 

[18], epinephrine [19], glutathione [20], dopa-

mine and uric acid [21], ascorbic acid [22], and 

cytochrome c [23]. Most of the carbon nanotube

-based electrodes for electroanalytical applica-

tions are based on physical adsorption of car-

bon nanotubes onto electrode surfaces, usually 

glassy carbon [24]. However, it is important to 

note that carbon nanotubes dispersed in mine-

ral oil [18-20] or consolidated into Teflon [25] 

have been recently used. Ensafi et al. [26] have 

applied multiwall carbon nanotubes-ionic     

liquid paste electrode for determination of iso-

proterenol. 

In respect of literature survey, no ionic    

liquid 1-hexyl-3-methylimidazolium hexafluor-

ophosphate modified carbon nanotube paste 

electrode was employed towards electrocatalyt-

ic oxidation of formaldehyde. The aim of this 

work presented here is to develop a 1-hexyl-3-

methylimidazolium hexafluorophosphate modi-

fied carbon nanotube paste electrode to form 

complex with Ni2+, which provided a simple, 

sensitive, rapid and low-cost sensor for electro-

catalytic oxidation of formaldehyde in the alka-

line medium. 

 

2. Materials and Methods  

2.1 Materials   

Multiwalled carbon nanotubes (MWCNTs) 

(diameter: 30±15 nm, 95 % purity and length: 

5-20 μm) was purchased from Aldrich.     

Graphite powder and high-purity paraffin oil 

from Fluka were used for fabrication the car-

bon paste electrode (CPE). Sodium hydroxide, 

formaldehyde, NiCl2.6H2O and potassium hex-

acyanoferrate (K4Fe(CN)6) were purchased 

from Merck company that were of analytical 

reagent grade. The 1-hexyl-3-methylimida-

zolium hexafluorophosphate was from Aldrich. 

All materials were used without any further 
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purification. Also, all solutions were prepared 

with double distilled water. All solutions were 

freshly prepared with double distilled water. 

All other reagents were of analytical grade. The 

solvent used in this study was twice distilled 

water. 

 

2.2 Preparation of Working Electrodes   

The IL/CNPE was prepared by thoroughly 

mixing 1.0 g of carbon nanotube powder with 

0.25 g of paraffin oil and about 1.0 g of ionic  

liquid in a mortar to form a homogeneous car-

bon nanotube paste. A portion of the carbon 

nanotube paste was filled firmly into one end of 

a glass tube (internal radius 3 mm), and a cop-

per wire was inserted through the opposite end 

to establish an electrical contact. The surface of 

the IL/CNPE was polished on a piece of weigh-

ing paper to obtain a smooth surface just before 

use. The bare CPE and CNPE were fabricated 

according to same procedure, with adding    

paraffin oil (0.50 g) to graphite (1.0 g) and car-

bon nanotube (1.0 g) powders respectively, for 

comparison purpose. 

 

2.3 Instrumentation  

Voltammetric measurements were per-

formed at a Metrohm Computrace Voltammet-

ric Analyzer Model 797 VA with a conventional 

three-electrode cell. The bare CPE, bare CNPE, 

ionic liquid modified carbon nanotube paste 

electrode (IL/CNPE) and nickel/ionic liquid 

modified carbon nanotube paste electrode 

(Ni/IL/CNPE) were used as working electrodes. 

Also, the auxiliary electrode was a platinum 

rode, and an Ag|AgCl|KCl (3 M) was applied 

as a reference electrode. During the measure-

ments, the solution in the cell was neither 

stirred nor aerated. Measurements of pH were 

made with a Denver Instrument Model 827 pH 

meter equipped with a Metrohm glass elec-

trode. Scanning electron microscopy (SEM) 

(Philips Corp., XL30 model) was used for seeing 

of the surface morphology of the modified elec-

trodes.  

 

2.4. Sample Analysis  

100 μL of formalin were diluted in 10 mL of 

water and then, an aliquot (400 μL) was added 

to 25 mL of 0.1 M NaOH solution and recorded 

by cyclic voltammetry under optimized experi-

mental conditions. The concentration of formal-

dehyde was measured from calibration curve. 

All experiments were performed in triplicate. 

3. Results and Discussion 

3.1 Characterization of the IL/CNPE    

Potassium ferrocyanide was chosen as a 

probe to evaluate the performance of the pro-

posed electrodes. Figure 1 illustrates the cyclic 

voltammograms of the electrochemical oxida-

tion of K4Fe(CN)6 at the surface of the bare 

CPE, bare CNPE and IL/CNPE in the 27.00 

mM of K4Fe(CN)6 solution. As can be seen in 

Figure 1, the anodic and cathodic peak cur-

rents for the bare CNPE is higher than that at 

the bare CPE and peak currents for the 

IL/CNPE is greater than that of the bare 

CNPE. The experimental results show repro-

ducible anodic and cathodic peaks ascribed to 

Fe(CN)6
3-/Fe(CN)6

4- redox couple at slow scan 

rates at the surface of IL/CNPE. This is a qua-

si-reversible system because the peak separa-

tion potential, ΔEp (Epa-Epc), is equal to 288.1 

mV (349-80.9) and is greater than 59 mV that 

expected for a reversible system. The ΔEp of 

Fe(CN)6
3-/Fe(CN)6

4- redox couple at the surface 

of the bare CPE was obtained to be 430 mV (as 

a quasi-reversible system) [27] and is greater 

than that at the bare CNPE and IL/CNPE.  

Electrochemical impedance spectroscopy 

was widely applied to characterize the inter-

face properties of the electrode [28]. Electro-

chemical impedance spectroscopy was em-

Figure 1. The cyclic voltammograms of 27.00 

mM K4Fe(CN)6 at the surface of (a) bare CPE, 

(b) bare CNPE and (c) IL/CNPE in the phos-

phate buffer solution (pH 7.0) at a scan rate of 

20 mV.s-1  
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ployed in order to discriminate between the un-

modified and modified electrodes. Figure 2 

showed the typical Nyquist plots for the un-

modified CNPE (a) and IL/CNPE (b) in phos-

phate buffer solution (pH 7.0) consisting of re-

dox probe [Fe(CN)6]3-/4- (2.0×10-3 M). It is clear, 

considerable differences in the electrochemical 

impedance spectroscopy were observed for 

these two electrodes.  

The unmodified CPE presented a large sem-

icircle in the high frequencies range with a 

large resistance of electron transference,   

showing a low electrochemical activity of 

[Fe(CN)6]3-/4- on the unmodified CPE. This may 

be due to the presence of oil as an insulating 

material, which it decreases the electron trans-

fer rate of the [Fe(CN)6]3-/4- redox couple at the 

electrode surfaces. Notwithstanding, the 

IL/CNPE showed a quasi-semicircle section of 

much smaller diameter in the high frequencies 

range, which was is related to the suitable ionic 

conductivity of ionic liquid and the lower re-

sistance to electron transfer of the IL/CNPE. 

The obtained results about the IL/CNPE exhib-

ited that the Nyquist plot is a straight line with 

a larger slope compared to the unmodified 

CNPE, at low frequencies, which is related to a 

diffusion-limited electrochemical process. 

Based on the results, it was proved that the 

IL/CNPE could successfully increase the elec-

tron transference rate of [Fe(CN)6]3-/4- and ob-

tained very varied features from those of the 

unmodified CNPE. 

 

3.2 Surface Morphology of the IL/CNPE 

   The surface morphology of the fabricated 

electrodes was characterized by SEM.  Figure 3 

shows the SEM images of (a) MWCNTs and (b) 

IL/CNPE.  In the absence of ionic liquid, the 

MWCNTs are heavily entangled, forming a 

typical agglomerative structure. However, the 

SEM recorded for the MWCNTs in the pres-

ence of ionic liquid (Figure 3b) shows the for-

mation of a material with gel aspect with 

MWCNTs wrapped by the ionic liquid architec-

ture. The ionic liquid reduces the agglomera-

tion of the nanotubes, which were more dis-

persed. 

 

3.3 Incorporation of Ni(II) Ions into the Elec-

trode 

 Figure 4 illustrates the (a) Ni/CNPE and 

(b) Ni/IL/CNPE in 0.1 M NaOH solution at the 

potential range from 0.10 to 0.75 V vs. 

Ag|AgCl|KCl (3 M) and potential sweep rate 

of 10 mV.s-1. In order to incorporate Ni(II) ions 

into the surface of the electrode, the freshly 

prepared electrode was placed in a well stirred 

aqueous solution of 0.5 M NiSO4 at an open cir-

cuit for 5 min (accumulation time, 5 min). Af-

terward, the electrode was transferred into a 

cell containing 0.1 M NaOH solution, and po-

tential cycling was performed. It can be de-

Figure 2. Electrochemical impedance spectros-

copy for the (a) unmodified CNPE and (b) 

IL/CNPE in phosphate buffer solution (pH 7.0) 

containing 2.0×10-3 M [Fe(CN)6]3-/4- at the fre-

quency range from 1 Hz to 100 kHz  

Figure 4. The cyclic voltammograms of (a) 

Ni/CNPE and (b) Ni/IL/CNPE in 0.1 M NaOH 

at a scan rate 10 mV.s-1  

Figure 3. SEM images of (a) MWCNTs and (b) 

IL/CNPE  
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duced that the electrochemical behaviour of 

Ni/CNPE and Ni/IL/CNPE as modified elec-

trodes in alkaline solution is similar to that of 

Ni anode [29]. These redox waves are ascribed 

to the formation of Ni(OH)2 and then its oxida-

tion at the electrode surface to NiOOH and re-

duction of NiOOH to Ni(OH)2 with a peak po-

tential of 427 and 267 mV vs. Ag|AgCl|KCl (3 

M), respectively (Eqs. 1 and 2) [30]: 

Ni2+ + 2OH- → Ni(OH)2                                             (1) 

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

By comparing Figure 4(a) and (b), it can be 

indicated that the presence of ionic liquid in 

the electrode construction performed a signifi-

cant effect to accumulation of nickel species on 

the surface of electrode. Because, ionic liquid 

greatly increase the effective surface area and 

consequently, enhance the electron transfer 

rate between the electrode surface and Ni(OH)2 

[31]. The shoulders in the cathodic peak of   

Figure 4(b) can be attributed to different crys-

tallographic forms of Ni(OH)2 (α and β phases), 

as previously reported in other articles [32].  

Several working groups have studied the ex-

traction behaviour of ‘‘classical’’ hydrophobic 

room temperature ionic liquids based on        

imidazolium cations for different metals (e.g. 

alkali metals, Co, Ni, Zn, Mn) from aqueous so-

lutions [33]. The X-ray photoelectron spectros-

copy (XPS) analyses proved that the interaction 

between the metal surface and the IL occurs 

through F-, when the anion is [BF4]- of [PF6]- or 

through O with the triflate, [CF3SO3]- anion 

[34].Consequently, one would assume that the 

ionic multilayer is composed of anions located 

immediately adjacent to the nanoparticle sur-

face (Figure 5) [34,35]. Also, imidazolium cati-

ons through their imidazolium -C–H groups 

can form hydrogen bonds to the fluorine or oxy-

gen atoms of the IL anions [34,35]. Metal nano-

particles can possess hydroxido and/or oxido 

ligands on their surface, which can also hydro-

gen bond with ionic liquids [34]. The IL cation-

anion hydrogen bond and metal nanoparticle 

hydrogen bond compete with each other and 

contribute to metal nanoparticle stabilization 

in ionic liquids, as shown in Figure 6. 

 

3.4 Electrocatalytic Oxidation of Formaldehyde 

at the Ni/IL/CNPE 

In this work, the oxidation of formaldehyde 

was studied at the surface of Ni/IL/CNPE by 

cyclic voltammetric experiments in 0.1 M 

NaOH solution. Typical results obtained for a 

potential range from 0.10 to 0.75 V vs. 

Ag|AgCl|KCl (3 M) at the potential scan rate 

of 10 mV.s-1 were shown in the Figure 7. For 

comparison, cyclic voltammgrams IL/CNPE 

was illustrated in 0.1 M NaOH solution con-

taining 30.00 mM formaldehyde (Figure 7(a)). 

Comparison of curves (a), (b) and (c) in Figure 

7 shows that in the presence of formaldehyde, 

an increase in current was observed at the sur-

face of Ni/IL/CNPE (Figure 7(c)). It can be 

demonstrated that the oxidation of formalde-

Figure 5. Schematic depiction of proposed in-

teractions between immediate IL anions and 

the metal nanoparticle surface with the IL-

cations forming the second shell of the ionic 

double layer around a metal nanoparticle  

Figure 6. Hydrogen bonds formed between the 

surface hydroxyl- groups of nanoparticles and 

ions of ionic liquids, and between cations and 

anions of ionic liquids  
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hyde gives rise to a typical electrocatalytic re-

sponse, with an increase in the anodic peak 

current and a decrease in the cathodic peak 

current. The oxidation potential of Ni(OH)2 in 

the presence of formaldehyde is observed at ca. 

624 mV that is positive than the potential ob-

served for Ni2+ to Ni3+ transition at the surface 

of Ni/IL/CNPE in the absence of formaldehyde 

(i.e. 427 mV).  

It can be specified that the formaldehyde 

molecule is completely hydrated and converted 

to the methylene glycol (CH2(OH)2) with an 

equilibrium constant on the order of 103 in 

aqueous solution [36]. The methylene glycol ex-

ists predominantly in its ionized form 

(CH2(OH)O-) in 0.1 M NaOH solution due to its 

pKa of ca. 12.8. When CH2(OH)O- diffuses from 

the bulk solution to the electrode surface and is 

quickly oxidized to CH2(O)O- by the NiOOH 

species on the surface of Ni/IL/CNPE. There-

fore, the amount of NiOOH species decreases 

due to its chemical reaction with CH2(OH)O-. In 

the overall reaction, formaldehyde can be con-

verted to the CH2(O)O- and generated one elec-

tron (see Figure 8) [37]. Simply, this behaviour 

is a typical observation expected from the medi-

ated oxidation (EC′ mechanism), illustrated in 

the following equations: 

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

NiOOH + CH2(OH)O- → Ni(OH)2 + CH2(O)O-C′

                           (3) 

The electrochemical behaviour of 

Ni/IL/CNPE was investigated in 0.1 M NaOH 

at various scan rates. Figure 9A shows the cy-

clic voltammograms of Ni/IL/CNPE in 0.1 M 

NaOH solution at different potential sweep 

rates. As can be seen, the anodic and cathodic 

currents were enhanced with increasing of 

scan rate and a potential moved to positive  

values. The positive shift may be due to the ki-

netic limitation in diffusion layer which       

created at high current density. The ΔEp was 

increased with scan rate that indicated a limi-

tation in the charge transfer kinetics. Obvious-

ly, the anodic and cathodic peak currents are 

linearly proportional to the potential sweep 

rate at low values from 10 to 50 mV.s-1 (Figure 

9B). The electrode surface coverage (Γ*) can be 

calculated from the linear part of the plot and 

using the following equation which correspond 

to reversible process with adsorbed species 

[38].  

Ip = (n2F2/4RT)νA Γ*                                   (4) 

where, Ip, n, Γ*, and A are the peak current, 

the number of electrons involved in the reac-

tion (n = 1), the surface coverage of the redox 

species and the surface area of the electrode 

(0.28 cm2), respectively. The total surface     

coverage of the immobilized active species 

[Ni(II)] is found to be about 2.74×10-8 mol.cm-2, 

considering the mean of both anodic and ca-

thodic currents. At scan rates larger than 75 

mV.s-1, both the anodic and cathodic peak cur-

rents depend on root mean square of scan rate 

(υ1/2) that express a diffusion controlled process 

dominates with increasing the scan rates (see 

Figure 9C). This limiting-diffusion process can 

be related to the charge neutralization of the 

electrode surface during the oxida-

tion/reduction process [39]. 

The effect of υ on peak potential was also in-

vestigated by voltammetry. With the increase 

Figure 7. The cyclic voltammograms of (a) 

IL/CNPE, (b) Ni/IL/CNPE in 0.1 M NaOH and 

(c) Ni/IL/CNPE in 0.1 M NaOH containing 

30.00 mM formaldehyde at a scan rate of 10 

mV.s-1  

Figure 8. Representative schematic for mecha-

nism of formaldehyde electrooxidation at the 

surface of Ni/IL/CNPE  
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of υ, the oxidation peak potential is positively 

shifted, and the reduction peak potential is 

negatively shifted, indicating that the redox re-

versibility of nickel oxide film was impaired. 

Under the surface controlled redox process, the 

electron transfer kinetics of nickel oxide film on 

the surface of the Ni/IL/CNPE can be obtained 

by using the approach developed by Laviron 

[40]; when peak to peak separation is higher 

than 200 mV/n, the relationship between the 

peak potential, Ep, and the scan rate can be ex-

pressed in Eq. 4: 

Ep = f (logυ)                                 (5) 

Figure 9D provided the variations of peak 

potentials with the logarithm of the scan rate 

in the ranges of 10-500 mV s-1 for both anodic 

and cathodic peaks that data extracted from cy-

clic voltammograms of the Ni/IL/CNPE in 0.1 

M NaOH solution. It can be observed that Ep is 

proportional to logυ at υ > 50 mV s-1. From the 

slope of the oblique asymptotes, where for ca-

thodic peak, the slope value is -2.3RT/αnF, and 

for anodic peak, 2.3RT/(1-α)nF, the electron 

transfer coefficient (α) of nickel oxide film was 

calculated. Furthermore, the standard rate 

constant of reaction, ks, is expressed in Eq. 5 

[40]: 

logks = α log(1-α) + (1-α)logα - log(RT/nFυ) - [α

(1-α)nFΔEp]/(2.3RT)                          (6) 

where, ΔEp is the peak to peak potential sepa-

ration. The resulting values of α and ks were 

obtained 0.32 and 2.37×10-1 cm.s-1, respective-

ly. Figure 10A displays the cyclic voltammo-

grams of Ni/IL/CNPE in 0.1 M NaOH solution 

Figure 9. (A) The cyclic voltammograms of Ni/IL/CNPE in 0.1 M NaOH at some scan rates  

from (a) to (h): 10, 20, 30, 50, 75, 200, 300 and 500 mV.s-1. (B) The dependency of Ipa (a) and Ipc (b) on υ 

at lower values of υ (10-50 mV.s-1), and (C) the plot of Ipa (a) and Ipc (b) on υ1/2 at higher values of υ (υ > 

75 mV.s-1). (D) Plot of Ep vs. log υ for cyclic voltammograms recorded at the surface of Ni/IL/CNPE in 

0.1 M NaOH solution; (a) for anodic peaks and (b) for cathodic peaks  
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containing 4.0 mM formaldehyde at different 

potential sweep rates. Also, Figure 8B presents 

a plot of scan rate normalized current (Ipa/υ1/2) 

vs logarithm scan rate (log υ) obtained based on 

data of Figure 10A. Figure 10B appears the 

characteristic shape of an EC′ process which 

express that the electrode reaction is coupled 

with an irreversible follow up chemical step 

[41,42].  

Comparison of the various parameters ob-

tained here in our study with the literatures 

can be given to further evaluate the present 

electrode, Ni/IL/CNPE. Table 1 lists the values 

of the anodic peak potential, Epa and the cur-

rent density, I, of the formaldehyde electro-

chemical oxidation and the formaldehyde con-

centration used to generate the corresponding 

current density [43-48]. As can be seen from 

the Table, it seems clearly that nickel hydrox-

ide in the Ni/IL/CNPE can act as a comparable 

catalyst in the oxidation of formaldehyde and 

the obtained values here in this work are bet-

ter than in many cases and comparable with 

others. Besides, the surface modification of the 

electrode is simple and reproducible compared 

that some modified electrodes and this novel 

catalyst can be utilized in fuel cell system. 

Electrode Electrolyte 
Formaldehyde 

(mol L-1) 

Epa/V vs 

(Ag/AgCl) 
I/mA cm-2 Ref. 

Ni/P-CPEa 0.1 M NaOH 0.035 0.62 15.0 [43] 

Ni-CoVSB-5/CPEb 0.1 M NaOH 0.05 0.60 2.29 [44] 

Ni/P(1,5-DAN)/MCPEc 0.1 M NaOH 0.17 0.80 7.6 [45] 

Ni(OH)2/POT (TX-

100)/MCNTPEd 

0.1 M NaOH 0.048 0.70 12.70 [46] 

Pt/Carbon-Ceramice 0.1 M H2SO4 0.75 0.85 31.40 [47] 

Cu/P(2ADPA)/ 

MCNTPEf 

0.2 M NaOH 0.17 0.63 25.56 [48] 

Ni/IL/CNPE 0.1 M NaOH 0.03 0.62 29.44 This study 

 aNickel doped P nanozeolite carbon paste electrode  
 bNanoporous cobalt-nickel phosphate VSB-5 molecular sieve modified carbon paste electrode 
 cNi/poly (1, 5-diaminonaphthalene)-modified carbon paste electrode 
 dNi(OH)2/poly (o-toluidine)/Triton X-100 film modified carbon nano-tube paste electrode 
 ePlatinum nanoparticles decorated carbon-ceramic substrate 

 fCopper-poly (2-aminodiphenylamine) composite modified carbon nano-tube paste electrode  

Table 1. Comparison of the electrocatalytic behavior of Ni/IL/CNPE for oxidation of formaldehyde   

with some of the previously reported electrodes  

Figure 10. (A) The cyclic voltammograms of Ni/IL/CNPE in 0.1 M NaOH consisting of 30.00 mM for-

maldehyde at some scan rates from (a) to (i): 10, 15, 40, 75, 100, 200, 300, 400 and 500 mV.s-1. (B) The 

plot of the normalized anodic peak currents (Ipa/υ1/2) of cyclic voltammograms of the (A) vs. scan rate in 

the presence of 30.00 mM formaldehyde at the mentioned scan rates  
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3.5 Effect of Experimental Parameters on the 

Ni/IL/CNPE Performance  

3.5.1 Effect of accumulation time 

In order to study this factor, voltammetric 

responses of the Ni/IL/CNPE at the three      

different accumulation times 1.0, 1.5, and 5.0 

min were performed by cyclic voltammetry 

technique at 0.1 M NaOH solution containing 

30.00 mM formaldehyde. The value of ΔIp in-

creased gradually with increasing of accumula-

tion times. The maximum value was got at 1.0 

min then decreased, so 1.0 min was chosen as 

the optimum time, which indicated that proba-

bly surface active sites of modified electrode get 

saturated at 1.0 min and at the other times, 

this may be due to the fact that based on Eq. 1, 

the excess amount of Ni(OH)2 present on the 

electrode surface, the electrode conductivity de-

creases (Figure 11).  

 

3.5.2 Effect of Ni2+ ions concentration 

The effect of the amount of nickel on          

response of the Ni/IL/CNPE was studied at ac-

cumulation time 1.0 min by varying the concen-

tration of nickel chloride (0.25, 0.50, 1.0, and 

1.5 M) in the deposition bath in 0.1 M NaOH 

solution containing 30.00 mM formaldehyde. It 

was observed that as the concentration of Ni in 

the bath increased, the formaldehyde oxidation 

currents also increased up to 0.5 M; after 

which, it decreased (Figure 12). According to 

Eq. 1, it may be due to the excessive presence 

of Ni(OH)2 on the modified electrode surface re-

duces the electrode conductivity. 

3.5.3 Effect of NaOH concentration 

For this purpose, the experiments were car-

ried out with the Ni/IL/CNPE in different 

NaOH solutions (0.01, 0.1 and 1.0 M). The   

values of ΔIp were measured from the cyclic 

voltammograms of Ni(OH)2/NiOOH oxidation 

the absence and presence of formaldehyde that 

higher anodic current difference was obtained 

in 0.1 M NaOH (Figure 13). It is suggested that 

at low concentration of NaOH, the formed 

amount of Ni(OH)2 is low in the surface of  

modified electrode. Also, with increasing 

NaOH, over than 0.1 M, the anodic peak cur-

rents difference of the Ni/IL/CNPE in the ab-

sence and presence of formaldehyde decreases. 

It may be due to the electrode conductivity de-

creases by the excessive presence of Ni(OH)2 on 

the electrode surface. 

 

3.6 Calibration Curve 

The cyclic voltammograms were recorded 

for calibration graph construction on the 

Ni/IL/CNPE under the optimum conditions   

described above using standard addition    

method as presented in Figure 14A. Under all 

the optimized experiment conditions, the ano-

dic peak current obtained from cyclic voltam-

mograms of formaldehyde on the Ni/IL/CNPE 

was proportional to the concentration of for-

maldehyde in two concentration ranges of 

7.00×10-6  to  9.60×10-5 mol.L-1 (Figure 14B) and 

9.60×10-5 to 32.00×10-3 mol.L-1 (Figure 14C),  

respectively. The proposed method presented 

an excellent detection limit of 9.50×10-7 mol.L-1 

Figure 11. Effect of accumulation time on dif-

ference between anodic peak currents (ΔIpa) of 

the Ni/IL/CNPE (immersed in 0.5 M NiCl2 solu-

tion) in the absence and the presence of 30.00 

mM formaldehyde in 0.1 M NaOH at scan rate 

of 10 mV.s-1  

Figure 12. Effect of nickel concentration on 

difference between anodic peak currents (ΔIpa) 

of the Ni/IL/CNPE (accumulation time 1.0 min) 

in the absence and the presence of 30.00 mM 

formaldehyde in 0.1 M NaOH at scan rate of 10 

mV.s-1 
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(3σ/slope). Since the acceptable detection limit 

according to the standards of Occupation Safe-

ty and Health Administration (OSHA), varies 

from 0.1 to 1 mM formaldehyde [20], therefore, 

this sensor offers very low detection limit the 

quantification of formaldehyde. Also, the sim-

plicity of the electrode preparation is a main 

advantage of this method for determination of 

formaldehyde. The comparison of several pa-

rameters of formaldehyde at some modified 

electrodes is listed in Table 2. It can be seen 

from the table that the detection limit and line-

ar range obtained in this study are comparable 

with values reported by other research groups 

for the electrocatalytic oxidation of formalde-

hyde on the surface of chemically modified elec-

trodes by other mediators [8,49-52]. 

  

3.7 Repeatability and Stability of the Ni/IL/

CNPE  

To evaluation and confirmation the repeata-

bility of Ni/IL/CNPE, five repeatedly cyclic 

voltammetry was performed under the opti-

mized conditions. The anodic peak currents of 

Ni/IL/CNPE to electrocatalytic oxidation of 

30.00 mM formaldehyde were tested and the 

relative standard deviation (RSD) was 6.8 % 

for five measurements. This result showed that 

the repeatability of the electrode is suitable. 

The stability of the electrode was estimated  

using monitoring of the electrode response to 

electrocatalytic oxidation of 30.00 mM formal-

dehyde after being stored at room temperature 

for 15 days. It was observed that, the current 

response preserved almost 91 % of its initial 

amounts. 

 

3.8 Real Sample Analysis 

In order to demonstrate the capability of the 

Ni/IL/CNPE toward determination of formalde-

hyde in a real sample, this modified electrode 

was used in voltammetric determination of for-

maldehyde in formalin. The determination of 

formaldehyde was carried out by the standard 

addition method. The data obtained for analy-

sis formaldehyde by this method have been il-

lustrated for several times in Table 3. Also, in 

order to investigate the proposed method the 

same sample was analyzed using sodium sul-

fite titration method in acidic solution as an of-

ficial method [53]. The results have been sum-

marized in Table 3. As it can be seen, the re-

Figure 14. (A) The cyclic voltammograms for different concentrations of formaldehyde, (a) 0.0 (b)  

0.007, (c) 0.016, (d) 0.034, (e) 0.070, (f) 0.096, (g) 2.10, (h) 3.90, (i) 5.60, (j) 14.00, (k) 21.00, (l) 2800 and 

(m) 32.00 in 0.1 M NaOH on the Ni/IL/CNPE at optimized cyclic voltammetry parameters. (B) and (C) 

Calibration curves for the determination of formaldehyde  

Figure 13. Influence of NaOH concentration 

on difference between anodic peak currents 

(ΔIpa) of the  Ni/IL/CNPE (accumulation time 

1.0 min and immersed in 0.5 M NiCl2 solution) 

in the absence and the presence of 30.00 mM 

formaldehyde at scan rate of 10 mV.s-1  
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sults obtained from the two methods are in 

good agreement and confirm the reliability of 

the proposed method. A statistical test (F-test) 

was used to confirm the precision of the pro-

posed method. As it can be seen, F-test results 

bear a noticeable difference from the critical 

value (19.00 in four degrees of freedom and 95 

% of confidence). Moreover, a statistical t-test 

was performed to evaluate the accuracy of the 

proposed method. The results suggested that 

there is no evidence of systematic difference  

between the results obtained by either of the 

methods. Four degrees of freedom and 95 % of 

confidence as well as the critical t-value (2.78) 

were used to support the conclusions of this 

test.  

 

4. Conclusions 

In this paper, it was firstly described, that 

ionic liquid 1-hexyl-3-methylimidazolium     

hexafluorophosphate has been used for bulk 

modified CNPE fabrication (IL/CNPE). Charac-

terization results of the IL/CNPE using electro-

chemical impedance spectroscopy and cyclic 

voltammetry showed that the ionic liquid in-

creases the electron transfer rate and reversi-

bility of the electrode. Also, scanning electron 

microscopy was used for investigation of the 

surface morphology of IL/CNPE. On the other 

hand, the prepared Ni/IL/CNPE by immersion 

of the IL/CNPE into NiCl2 solution, presented 

reasonable catalytic performance for the elec-

trocatalytic oxidation of formaldehyde. Electro-

catalysis of formaldehyde oxidation is sensitive 

to various parameters such as accumulation 

time, nickel amount and NaOH concentration. 

This new and simple sensor showed promising 

determination of formaldehyde with excellent 

detection limit and comparable with values re-

ported by other research groups. The 

Ni/IL/CNPE can be successfully used as a volt-

ammetric sensor for formaldehyde determina-

tion in real sample with suitable precision and 

accuracy. 
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