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Abstract
In the field of determination of vitamin B9 (folic acid, FA), we have described the
development of a sensitive electrochemical sensor through promoting the screen-printed
electrode (SPE) and taking the advantage of zinc ferrite magnetic nanoparticles
(ZnFe2O4MNPs). Cyclic voltammetry (CV) experiments demonstrated the powerful activity
of ZnFe2O4MNPs/SPE for electrooxidation of FA by showing the prominent oxidation peak
at 600 mV vs. Ag/AgCl. By differential pulse voltammetry (DPV) measurements, a linear
relation between current response and concentration of vitamin B9 was determined in the
range of 1.0–100.0 µM, and detection limit is found to be 0.3 µM (S/N=3). Except high
sensitivity, the developed sensor demonstrated high stability, reproducibility and
repeatability, and was also successfully applied to specify FA in real samples of vitamin B9
tablets and human urine.
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Introduction
Vitamin B9 is folic acid (FA), N-[4-[[(2-amino-4-oxo-1,4-dihydropteridin-6-yl)methyl]amino]
benzoyl]-L-glutamic acid, which can be dissolved in water and commonly found in fresh fruits,
vegetables, liver, and yolk [1,2]. FA is necessary in many biological functions and is a significant
compound in the process of repair of DNA, synthesis and methylation of DNA, and synthesis of red
blood cells in human’s body [3-5]. The deficiency of FA in human’s body can cause many disorders
such as higher risk of neural tube defects, hypomethylation, colorectal cancer and, it can induce
proto-oncogene expression causing cancer [6-8]. Hence, the specification of FA is considered
necessary in pharmaceutical, food, and clinical samples.
Most of literature investigations on determination and quantification of FA are using
fluorimetry [9], capillary electrophoresis [10], spectrophotometry [11], flow injection analysis [12],
http://dx.doi.org/10.5599/jese.878

1

J. Electrochem. Sci. Eng. 11(1) (2021) 1-9

VITAMIN B9 SENSOR BASED ON SCREEN-PRINTED ELECTRODE

high performance liquid chromatography [13] and chemiluminescence analysis [14]. All these
techniques are commonly expensive, show low sensitivity, take long time for each testing, and
require sample pretreatment by organic solvent extraction. Therefore, using new alternative
techniques is supposed to be very useful.
In recent years, electrochemical methods and particularly voltammetry, have attracted
significant attention due to their benefits like sensitivity, simplicity, low cost, accuracy and selective
specification of electroactive species [15-28]. In addition, the usage of electrochemical approach
towards detection of FA is generally promising because FA is the electrochemically active compound
[29,30].
Among many potentially useful electrodes, screen-printed electrodes (SPEs) provide many
benefits for electrochemical sensors, such as low cost, portability, ease of chemical modification,
rapid response, and flexible design [31-36]. For determining the trace level of FA, however, the
signal to noise ratio of the bare, i.e. unmodified SPE is not high enough. Therefore, the scientists
tried to modify bare SPE surfaces by different sorts of modifiers. Among modifiers, nano-materials
can be a good choice due to their high surface-to-volume ratio which will significantly increase the
voltammetric response. Also, presence of nanomaterials leads to faster electron transfer between
the electrode and analyte [37-48].
In order to construct electrochemical sensors and biosensors, many nanomaterials like metal oxides, metals, semiconductor NPs, and carbon-based materials have already been employed [49-51].
Among them, ZnFe2O4 magnetic NPs showed promising electronic and magnetic characteristics and
thermal stability, which are commonly appropriate to a broad range of usage like drug delivery
technology, magnetic resonance imaging (MRI), and gas sensing [52-55].
The main goal of the present work is to take advantages of both SPE and ZnFe2O4 magnetic NPs
and combine them in a sensor for specifying the amounts of vitamin B9 (FA) in various real samples.
Experimental
Chemicals and apparatus
Autolab potentiostat/galvanostat (PGSTAT 302N, Eco Chemie, the Netherlands) was utilized for
electrochemical measurements. General Purpose Electrochemical System (GPES) software was used
for controlling experimental conditions. SPE (DropSens; DRP-110: Spain) possessed three
electrodes, i.e. an unmodified graphite working electrode, graphite counter electrode and Ag/AgCl
reference electrode. Metrohm 710 pH meter was utilized in order to determine pH.
FA and all the remaining reagents were of analytical grade and provided by Merck (Darmstadt,
Germany). Orthophosphoric acid and the related salts were utilized to prepare the buffer solutions
of pH in the range of 2.0–9.0. ZnFe2O4 nanoparticles were synthesized according to the literature [56].
Preparation of real samples
Drug-free human urine specimens were stored in a refrigerator immediately after collection.
Firstly, 10 ml of each sample was used and centrifuged at 2000 rpm for 15 minutes and the
supernatant passed through 0.45 µm filter. Next, various quantities of the treated urine samples
were taken and transferred to a flask and diluted by utilizing a phosphate buffer solution (PBS) with
pH of 7.0. For these samples, various quantities of FA were spiked. The standard addition approach
was utilized to determine FA concentrations.
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Five FA tablets labelled as 100 mg per tablet, Tehran Chemie Pharmaceutical Co., Iran) were firstly
grounded to a powder. Afterwards, the tablet solution was prepared via dissolving 500 mg of the
powder in 25 ml water through ultra-sonication. Various volumes of the diluted solution have been
transported to 25 ml volumetric flasks and diluted to the marks with PBS, pH 7.0. FA contents were
analysed by the recommended technique via the standard addition method.
Results and discussion
Electrochemical profile of FA at ZnFe2O4 MNPs/SPE
The mechanism of FA oxidation is schematically drawn in Figure 1 where electrochemical
oxidation of FA has been proposed as 2e-/2H+ reaction, what suggests pH dependent electrochemical response 57. Therefore, finding of the optimum pH value would be required for achieving
precise outputs. The modified electrodes were tested at pH values ranging between 2.0 and 9.0. The
most acceptable output for FA electrooxidation was observed at pH 7.0.

Figure 1. Electrochemical mechanism for oxidation of folic acid [57].

Figure 2 represents cyclic voltammograms (CV) of bare SPE (curve a) and ZnFe2O4 MNPs modified
SPE (curve b) in 0.1 M PBS (pH 7.0) containing 60.0 μM of FA. Based on CV outcomes, it may be
stated that much higher oxidation peak current of FA was recorded for ZnFe2O4 MNPs/SPE, proving
thus higher sensitivity of modified electrode than bare SPE. Also, peak potential for modified SPE
occurred at 590 mV, what is about 70 mV more negative in comparison to the unmodified SPE. This
suggests that modifying SPE with ZnFe2O4 MNPs improved the catalytic activity of the electrode
towards FA.

http://dx.doi.org/10.5599/jese.878
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Figure 2. CVs (50 mV s-1) of a) SPE and b) ZnFe2O4 MNPs/SPE in presence of 60.0 µM of FA in
0.1 M PBS (pH 7.0).

Effect of scan rate
Figure 3 presents the effect of potential scan rate changes on the oxidation currents of vitamin
B9 (FA), recorded by linear sweep voltammetry (LSV). The results show increase of anodic currents
with potential scan rate, and only minor shifts of peak potential values. It can be observed in the
inset of Figure 3 that the peak current (Ip) and the square root of the potential scan rate (ν1/2) are
linearly associated, what demonstrates that the oxidation process of FA is fast and almost diffusioncontrolled process.

Figure 3. LSVs of ZnFe2O4 MNPs/SPE in 0.1 M PBS (pH 7.0) containing 40.0 μM FA at different
scan rates (1-10 correspond to ν = 5, 10, 20, 40, 60, 80, 100, 200, 300 and 400 mV s-1). Inset:
variation of anodic peak current vs. ν1/2.

4

M. Zare and H. Sarhadi

J. Electrochem. Sci. Eng. 11(1) (2021) 1-9

Chronoamperometric analysis
For chronoamperometric analysis, the working electrode potential was set at 0.64 V for each
sample solution containing different concentration of vitamin B9 in 0.1 M PBS (pH 7.0), and the
outputs are shown in Figure 4. Generally, the current for an electroactive material such as vitamin
B9 at the mass transport limited condition, could be illustrated by Cottrell's equation:
I =nFAD1/2Cbπ-1/2t-1/2
(1)
In eq. (1), n, Cb, D and A refer to the number of electrons in redox reaction, bulk concentration of
analyte (mol cm−3), diffusion coefficient (cm2s−1) and surface area of the electrode (cm2),
respectively. The optimized fitting results of I vs. t−1/2 linear plots based on the experiments are, for
different vitamin B9 samples, presented in Figure 4A. The slopes of the obtained straight lines vs.
concentration of vitamin B9 are shown in Figure 4B.

Figure 4. Chronoamperograms of ZnFe2O4 MNPs/SPE in 0.1 M PBS (pH 7.0) for various
concentrations of vitamin B9 (1 to 4 correspond to 0.1, 0.5, 1.0, and 1.5 mM of FA).
Inset (A): current vs. t-1/2 plots achieved from chronoamperograms 1 to 4. Inset
(B): slopes of straight lines in Fig. 4B vs. vitamin B9 concentrations.

Considering Cottrell equation (1), the resulting slopes in Figure 4, n=2 (Figure 1), and geometric
surface area of WE of 0.0341 cm2, D value for FA in PBS solution was calculated equal to 6.3×10-5 cm2
s−1.
Calibration plot and limit of detection
Vitamin B9 (FA) was quantitatively analyzed using differential pulse voltammetry (DPV), because
DPV technique offers several benefits, like better sensitivity for the analytical utilization. DPVs of
the modified electrode (ZnFe2O4 MNPs/SPE) for different concentrations of vitamin B9 (1.0 to 100.0
μM) in 0.1 M PBS (pH 7.0) are shown in Figure 5. It is obvious from the inset of Figure 5 that the
oxidation peak current and concentration of vitamin B9 are linearly correlated in the concentration
range between 1.0 to 100.0 μM, with the correlation coefficient 0.9994. Limit of detection (LOD) is
found equal to 0.3 μM.
http://dx.doi.org/10.5599/jese.878
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Figure 5. DPVs of ZnFe2O4 MNPs /SPE in 0.1 M PBS (pH 7.0) containing diverse concentrations
of vitamin B9 (1 to 8 correspond to 1.0, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 µM) Inset:
peak current plot vs. vitamin B9 concentrations from 1.0-100.0 µM.

Stability and repeatability of ZnFe2O4 MNPs/SPE
Stability of ZnFe2O4MNPs/SPE was tested by maintaining the proposed sensor electrode for
15 days in PBS solution of pH 7.0. Prior and after immersion, cyclic voltammograms were recorded
in the solution containing 30.0 µM of FA to obtain information on the stability of the prepared sensor
electrode. A slight decrease in voltammetric response equal to 2.1 % was observed comparing with
the initial response. This confirms that ZnFe2O4MNPs/SPE is highly stable sensor electrode.
The anti-fouling characteristic for the oxidation of FA were tested by cyclic voltammetry of the
modified SPE before and after its use in the presence of FA. Cyclic voltammograms were recorded
after 15 potential cycles performed at 50 mV s−1 in the presence of FA. It was found that the current
values were reduced less than 2.3 %, while the peak potential is not changed. These experimental
results approved high electrode repeatability.
Analysis of real samples
For assessing the usefulness of here proposed ZnFe2O4 MNPs/SPE sensor for FA determination,
the analyses in some real samples were performed. Quantifications of FA in vitamin B9 tablets and
human urine samples were performed using the standard addition method, and the obtained
analytical results are presented in Table 1. It must be added here that the recovery of FA was found
satisfactory, as well as reproducibility which was demonstrated on the basis of mean relative
standard deviation (RSD) (1.7-3.5).
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Table 1. Analytical results of ZnFe2O4 MNPs/SPE for determination of FA in vitamin B9 tablet and urine
samples (n=5).

Sample

Vitamin B9 tablet

Urine

Concentrations, µM
Spiked
Found
0
6.0
2.5
8.6
5.0
10.8
7.5
14.0
10.0
15.9
0
5.0
4.9

Recovery, %

RSD, %

101.2
98.2
103.7
99.4
98.0

2.9
3.4
1.8
2.2
3.0
1.7

10.0

10.3

103.0

2.2

15.0

15.2

101.3

3.5

20.0

19.8

99.0

2.6

Conclusions
A disposable electrochemical sensor for detection of vitamin B9 (folic acid, FA) was developed
using a screen-printed electrode (SPE) modified by ZnFe2O4 magnetic nanoparticles (NPs). Based on
the advantages of SPE technology in combination with excellent electrocatalytic properties of
magnetic ZnFe2O4NPs, a highly suitable sensor for FA was developed. Modified SPE showed
significantly improved oxidation peak current in comparison with unmodified SPE. The
electrochemical efficiency of the modified sensor was assessed using DPV, showing a wide linear
range (1.0-100.0 µM) and low detection limit of 0.3 µM FA. Testing performed with the developed
ZnFe2O4 MNPs/SPE showed appropriate sensitivity, reproducibility, stability and repeatability of
sensor electrode for exact determination of FA. Determination of vitamin B9 in some real samples
(vitamin B9 pharmaceutical tablets and human urine) performed using the developed sensor and
standard addition method, showed very acceptable results.
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Abstract
Interaction of metal surfaces with organic molecules has significant role in corrosion
inhibition of metals and alloys. More clarification, from both experimental and computational view is needed in describing the application of inhibitors for protection of metal
surfaces. In this study, the surface adsorption and corrosion inhibition behavior of
metolazone, a quinazoline derivative, on mild steel in 0.02, 0.04, 0.06, and 0.08 M HCl
solutions were investigated. Weight loss, potentiodynamic polarization and electrochemical
impedance spectroscopy techniques were used. The optimum inhibition efficiencies of 75,
82 and 83 % were found by these three techniques at the optimum inhibitor concentration
of 500 mg/L and 303 K. Scanning electron microscopy (SEM) was used to confirm adsorption
of quinazoline derivative on the surface of the mild steel. Computational simulations were
additionally used to give insights into the interaction between quinazoline inhibitor and mild
steel surface. Thermodynamic parameters of mild steel corrosion showed that quinazoline
derivative functions as the effective anti-corrosive agent that slows down corrosion process.
Potentiodynamic polarization results revealed a mixed-type inhibitor, while the result of the
adsorption study suggests that adsorption of the inhibitor on the mild steel surface obeys
the physical adsorption mechanism and follows Langmuir adsorption isotherm model.
Keywords
Molecular modeling; acid corrosion; adsorption, mild steel surface characterization;
thermodynamics
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Introduction
The extensive use of mild steel in the construction of petroleum refineries tanks, flow lines and
transmission pipelines is as a result of ease of its fabrication and low cost [1]. At the other side, acid
media are widely applied in the metallurgical industry for pickling and descaling of metals, chemical
or electrochemical processes in oil refinery, and deactivation of equipment in atomic power establishment [2]. For solving the resulting corrosion problems for mild steel in acid environment in oil and gas
industries, use of corrosion inhibitors is the best practical and cost-effective way. When added to an
acidic environment in small amounts, inhibitors can appreciably reduce corrosion rates [1-3]. It has
already been found that organic compounds which contain either lone pair-donating heteroatoms like
N, O, S and P, or structural moieties with -electrons that interact with metal, demonstrate good
inhibitive properties [2,4]. Use of these compounds, however, has recently been restricted due to their
high cost and toxicity to the environment [5]. Therefore, the researchers practicing in the field of
metallurgical and material industry, usually release fresh or new corrosion inhibitors, particularly
those which are cheap and show highly mitigated competence and less amount of toxicity [6,7].
The present investigation aims to study the corrosion protection potential of metolazone drug, i.e.
quinazoline derivative (chloro-2-methyl-4-oxo-3-O-tolyl-1,2,3,4-tetrahydroquinazoline-6-sulfonamide), for mild steel in hydrochloric acid. In general, metolazone is a pharmaceutical compound applied
as diuretic, for preventing high blood pressure, and for other purposes. This compound, however,
contains heterocyclic molecules, 𝜋-electrons, high molecular weight and functional groups which are
all indicators of good corrosion inhibitors. Many quinazoline derivatives were already investigated as
corrosion inhibitors in different aggressive environments. Thus, some chlorophenyl and nitrophenyl
quinazoline derivatives were used as corrosion inhibitors for carbon steel in 2 M HCl solution by Fouda
et al. [8]. Al-Tamimy and Al-Majidi [9] have recognized corrosion inhibition property of 2-pentadecylquinazolinylthiourea as corrosion inhibitor for carbon steel in acidic medium. Hashim et al. [10]
synthesized three new quinazoline derivatives and studied their corrosion inhibition behavior on mild
steel in H2SO4 medium. Recently, Rbaa et al. [11] synthesized hydroxyl based quinazoline derivatives
and proved excellent inhibition of corrosion at mild steel in HCl. Chaouiki et al. [12] explored
3-cyclopropyl-3,4-dihydroquinoline-2(1H)-one as a new corrosion inhibitor for mild steel in hydrochloric acid solutions. Corrosion inhibition behavior of 2-methyl quinazoline derivative has also been
investigated by Kadhim et al. [13]. Ozturk [14] synthesized and studied corrosion inhibition behavior
of two quinazoline derivatives di-cationic surfactants in acidic solutions. Pradeep et al. [15] synthesized three new quinazoline derivatives and studied them as corrosion inhibitors for mild steel surface
protection in HCl solution, using experimental and DFT methods. Fouda et al. [16] also documented
quinazoline derivatives as green corrosion inhibitors for carbon steel in hydrochloric acid, employing
weight loss, potentiodynamic polarization, electrochemical impedance spectroscopy and scanning
electron microscopy. The results of their investigation were similar to those obtained in the present
study. In the view of above findings, the present study aims to investigate metolazone drug, that is a
compound derived from quinazoline substituent, as the corrosion inhibitor for mild steel in
hydrochloric acid solution by means of weight loss and electrochemical techniques. In addition, some
density functional theoretical (DFT) calculations are performed to locate the actual sites where
inhibitor adsorption occurs on the mild steel surface.
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Experimental
Materials
Chemicals and reagents used for this study were supplied by Vickam Chemical Co Ltd, CalabarNigeria, and were of analytical grade. The commercially available mild steel sheets (Q235 steel) with
purity of 98 % iron and thickness of 0.008 cm were used for the study. The sheets were mechanically
press cut into various coupons of 540.008 cm for corrosion measurement. Emery paper of
different grades was used to smooth the surface of each coupon that was subsequently washed in
ethanol and acetone for purification and allowed to be desiccated in air.
Preparation of HCl solution/inhibitor stock solution
The concentration of corrosive medium used includes 0.02, 0.04, 0.06 and 0.08 M hydrochloric acid
solution. These concentrations of hydrochloric acid were prepared by diluting the appropriate
volumes of analytical grade concentrated hydrochloric acid (37 wt.%) with doubly distilled water using
the standard solution formula. The inhibitor used in this study was metolazone drug of quinazoline
derivative obtained from the local pharmacy (G & I Pharmaceutical Company, Ikot Ansa CalabarNigeria) and was used without further purification. It is chemically designated as (chloro-2-methyl-4-oxo-3-O-tolyl-1,2,3,4-tetrahydroquinazoline-6-sulfonamide). The molecular formula of the
studied quinazoline derivative is C16H16Cl N3O3S with molecular weight of 365.84 g mol-1. Appropriate
concentrations from 50 mg/L to 500 mg/L of the drug were diluted into already prepared hydrochloric
acid solutions [17-19].
Methods
The methods employed in this study include the weight loss, electrochemical techniques,
computational simulations and scanning electron microscope, SEM.
Weight loss experiments
The mild steel coupons of known weights were suspended in 200 cm3 solution of HCl in 250 cm3
beakers using a Pyrex glass hook. The experiments were carried out in various concentrations of HCl
(0.02 M, 0.04 M, 0.06 M and 0.08 M), in the absence and presence of studied inhibitor, at different
temperatures (303, 313 and 333K). The test solutions were maintained in a thermostatic water bath
for 12 hours, after which each coupon was washed, desiccated and reweighed. The weight loss (W)
results were calculated from differences in two weights, that is the initial (W1) and final (W2) weight
according to the eq. (1). Thereafter the corrosion rate (CR) and inhibition efficiency (IE) were
evaluated using eqs. (2) and (3) [20-22].
Δw = w1- w2
CR = (Δw / At) 1000
CR -CR
IE = blank Inh 100
CRblank

(1)
(2)
(3)

Electrochemical measurements
All electrochemical measurements were performed with the aid of a potentiostat/galvanostat.
Platinum wire, saturated calomel electrode (SCE) and mild steel coupon of exposed surface area of
1 cm2, were used as counter, reference and working electrode, respectively. The electrochemical
experiments were performed in 0.02 M HCl solution, after 30 minutes immersion in the test solution
at room temperature. Polarization measurements were carried out from +250 to -250 mV vs.
http://dx.doi.org/10.5599/jese.887
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corrosion potential (Ecorr) at the scan rate of 0.5 mV s-1. EIS measurement was performed using
potentiostat/galvanostat in the frequency range of 100 kHz to 0.05 Hz with the signal amplitude of
5 mV [23-25].
Scanning electron microscopy (SEM)
The morphological analysis of the corroded coupons was carried out at Chemical Engineering
Department Ahmadu Bello University, Zaria, using the scanning electron microscopy SEM (Model
MVE016477830, Manufactured by Phenom-world Eindhoven, The Netherlands). SEM images were
taken after one day immersion of mild steel coupons in 0.02 M HCl solution in the absence and
presence of the inhibitor at room temperature.
Computational chemistry study
Density functional theory (DFT) methods of 4.0 material studio software were used in performing
the quantum chemical modeling of the present study. This is because DFT method is less time
consuming and less expensive from computational point of view. The calculations were done using
the Becke’s Three Parameter Hybrid method (B3) applying the correlation functional of Lee Yang
and Parr (LYP) (DFT/B3LYP).
Results and discussion
Weight loss
Corrosion rates of mild steel in different concentrations of hydrochloric acid, based on weight
loss measurements are presented in Table 1.
Table 1. Corrosion rates and inhibition efficiencies for mild steel in various concentrations of HCl with and
without inhibitor, obtained from weight loss measurements.

cinh/ mg L-1
Blank
50
100
200
300
500
Blank
50
100
200
300
500
Blank
50
100
200
300
500
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cHCl / M
0.02
0.04
0.06
0.08
Corrosion rate, ×10-4 mg cm-2 h-1
303 K
9.3
13.4
15.8
18.7
7.0
10.6
12.4
16.2
6.0
9.3
10.3
13.7
5.1
8.1
9.7
12.9
4.2
6.3
7.4
10.4
2.3
4.7
5.5
8.5
313 K
13.2
20.3
25.8
28.6
10.1
16.1
20.9
24.2
8.5
14.0
18.3
22.3
6.1
10.3
13.2
17.4
3.9
8.0
10.9
14.1
1.9
5.2
7.0
11.4
333K
17.0
23.2
27.0
32.1
13.2
18.1
22.6
27.4
10.1
15.0
18.4
23.1
9.2
14.7
18.0
21.9
6.1
12.4
15.2
19.6
4.4
8.3
11.8
15.3

0.02
0.04
0.06
0.08
Inhibition efficiency, %
24.8
35.2
44.7
54.6
75.2

20.9
30.4
39.4
52.7
64.9

16.4
30.1
33.7
48.0
59.9

13.2
26.6
31.2
44.4
54.8

23.3
35.5
53.7
70.4
85.8

20.6
31.0
49.2
60.4
74.5

19.0
29.1
48.8
57.8
72.8

15.4
22.0
39.2
50.7
60.1

22.4
40.6
45.7
64.0
73.9

22.0
35.3
36.6
46.6
64.1

16.3
31.9
33.3
43.7
56.3

14.3
27.7
31.5
38.6
52.0
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It is clearly seen that corrosion rate of mild steel increases with increase in the concentration of
hydrochloric acid solution and decreases as the concentration of inhibitor increases. These results
indicate an inhibitive potential of quinazoline derivative on mild steel corrosion. The inhibition
efficiencies at various concentrations of HCl with concentrations of quinazoline derivative as
inhibitor, were measured at different temperatures (303, 313 and 323K) and listed in Table 1.
Results from Table 1 show that the corrosion inhibition efficiency of quinazoline derivative on mild
steel in hydrochloric acid increases with increased concentration of the studied inhibitor. Also,
inhibition efficiency decreases with a decrease in the concentration of the acid. This is because at
higher concentrations of the corrodent, the inhibitor is attacked by the acid leading to reduction of
the inhibitor effectiveness [26-28].
Effect of temperature- thermodynamic/adsorption study
The assessment of thermodynamic parameters is of great importance in the analysis of inhibitors
adsorption on the metal surface. The thermodynamic parameters for the studied system were
estimated using the following equations:

CR = Ke(-Ea / RT )
CR =

(4)

 ΔSa   ΔHa 
 

R   RT 

RT 
e
Nh

(5)

e

In eq. (4), Ea is activation energy of corrosion reaction, K is Arrhenius constant, R is gas constant
and T is absolute temperature. In eq. (5), N, h, ΔSa and ΔHa are Avogadro number, Planck constant,
activation entropy change, and activation enthalpy change, respectively. The plots of log CR and
log (CR/T) as functions of the inverse of temperature are illustrated in Figure 1, showing straight
lines with linear regression coefficients close to unity for all inhibitor concentrations studied. The
values of thermodynamic parameters for mild steel corrosion (Ea, Ha and Sa) are calculated from
the slopes and intercepts of linear relationships in Figure 1 and are presented in Table 2.
a
Blank
100 mg/L
300 mg/L

Blank
100 mg/L
300 mg/L

log (CRT-1/mg cm-2 h-1)

log (CR / mg cm-2 h-1)

3.5

b
50 mg/L
200 mg/L
500 mg/L

3
2.5
2
1.5
1

50 mg/L
200 mg/L
500 mg/L

-0.8
-1
-1.2
-1.4
-1.6
-1.8

3.05

3.1

3.15
3.2
3.25
(103 / T) / K-1

3.3

3.35

2.9

3

3.1
3.2
(103 / T) / K-1

3.3

3.4

Figure 1. (a) Arrhenius plots and (b) transition state plots for mild steel in 0.02 M HCl without
and with different concentrations of quinazoline derivative inhibitor.

Data in Table 2 revealed that the apparent Ea value for corrosion in the blank solution is
60.2 kJ mol−1, while in the presence of the quinazoline derivative, Ea values range from 62 to
75 kJ mol−1. It is evident that Ea is higher in the solution with inhibitor than in the blank one.
According to Fouda et al. [8], higher Ea value in presence of inhibitor indicates the physical
adsorption mechanism of inhibitor on the mild steel surface. The increase in Ea value can also be
http://dx.doi.org/10.5599/jese.887
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attributed to a noticeable decrease in the adsorption of the inhibiting molecules on the metallic
surface with an increase in temperature [8]. This suggests that the energy barrier of the corrosion
reaction rises in the presence of the quinazoline derivative [28]. The positive sign of enthalpy (Ha)
values is principally associated with endothermic nature of corrosion of mild steel, indicating slow
dissolution of mild steel in the presence of the quinazoline derivative [8,28]. Increase of Ha values
with increase of inhibitor concentration suggests slower dissolution of mild steel, or higher
protective ability of inhibitor. As reported in Table 2, the increase of negative values of ΔSa reflects
an association rather than a dissociation step. This implies that a decrease in disorder occurs when
reactants are transferred to the activated complex [28].
Table 2. Thermodynamic parameters for mild steel corrosion in 0.02 M HCl at different concentrations of
quinazoline derivative inhibitor.

cinh / mgL-1
Blank
50
100
200
300
500

Ea / kJ mol-1
60.2
59
56
62
75
70

R2
0.966
0.802
0.651
0.941
0.979
0.970

ΔHa / kJ mol-1
49
47
45
50
64
59

R2
0.699
0.722
0.542
0.913
0.971
0.958

ΔSa / Jmol-1k-1
-0.769
-0.642
-0.490
-0.652
-1.076
-0.786

Potentiodynamic polarization
Figure 2 presents anodic and cathodic polarization curves of mild steel corrosion in 0.02 M HCl in
the absence and presence of quinazoline derivative inhibitor. The polarization plots indicate that
anodic and cathodic reactions in the blank acid solution and in solutions containing inhibitor follow
Tafel’s law. The inhibited solution, however, produced a pronounced effect by shifting Ecorr into anodic
direction, and decreasing anodic and cathodic current density values. This indicates that quinazoline
derivative is a mixed-type inhibitor with predominant anodic effect. The corresponding polarization
parameters namely, corrosion current density (jcorr) corrosion potential (Ecorr), anodic and cathodic
Tafel slopes (a and c) were determined from Figure 2 and listed in Table 3. The increase in the
inhibitor concentration decreases jcorr and Ecorr values due to adsorption of inhibitor molecules on the
mild steel surface, which slows down corrosion reaction.
0.00
-0.10

Ecorr / V vs. SCE

-0.20
Blank
50 mg/L
100 mg/L
200 mg/L
300 mg/L
500 mg/L

-0.30
-0.40
-0.50
-0.60
-0.70
-0.80
-0.90
1.0E-08

1.0E-06

1.0E-04
1.0E-02
jcorr / mA cm-2

1.0E+00

Figure 2. Potentiodynamic polarization plots of mild steel in 0.02 M HCl in absence and
presence of various concentrations of quinazoline derivative inhibitor.

The Tafel constants (a and c) decreased with the increasing quinazoline derivative concentration,
showing that quinazoline derivative controls both the anodic and cathodic reaction, but it is clearly seen
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in Fig. 2 that the Tafel plots are been sweep into the direction of the positive sites (anodic sites). The
inhibition efficiency was calculated from polarization data by the equation [19,29-31]:
j

−j
IE =  corr(blank) corr(inh)  100


jcorr(blank)



(6)

where jcorr(blank) and jcorr(inh) are the corrosion current density in the absence and presence of the
inhibitor, respectively.
Table 3. Polarization and Tafel parameters for mild steel in 0.02 M HCl in the absence and presence of
various concentrations of quinazoline derivative inhibitor.

cinh / mg L-1
Blank
50
100
200
300
500

-Ecorr/ mV
466
424
419
410
409
403

jcorr / μA cm-2
580
453
280
253
222
100

c / mV dec-1

a/ mV dec-1

IE/ %

113
105
100
89
84
79

97
85
78
80
82
73

21.9
51.7
56.4
61.7
82.8

Electrochemical impedance spectroscopy
Impedance spectra exemplified by Nyquist plots obtained for mild steel in 0.02 M HCl solution in
the absence and presence of various concentrations of quinazoline derivative are illustrated in
Figure 3a. Depressed semicircles are generally seen in 0.02 M HCl solution over the frequency range
studied, becoming smaller with increase of the inhibitor concentration. The electrochemical
equivalent circuit (EEC) employed to evaluate impedance parameter values is shown in Figure 3b.
This EEC is composed from few elements due to the solution resistance (Rs), charge transfer
resistance of the interfacial corrosion reaction (Rct) and the constant phase element (CPE) due to
double-layer impedance. Impedance of CPE (ZCPE) is defined as [19,20,32-34]:
ZCPE = Qdl-1(j𝜔)-n
(7)
a
120

Blank
50 mg/L
100 mg/L
200 mg/L
300 mg/L
500 mg/L

100

-Zimaginary / ῼ cm2

b

80
60
40
20
0
0

50
100
Zreal / ῼ cm2

150

Figure 3. (a) Nyquist impedance spectra of mild steel corrosion in 0.02 M HCl in absence and presence of
quinazoline derivative; (b) EEC used for EIS data fittings.

ZCPE is described by two frequency independent parameters Qdl and n, j2 = -1 while 𝜔 is angular
frequency of measurement (𝜔 = 2 πf, where f represents frequency in Hz). Qdl is related to doublelayer capacitance (Cdl), and n is the shifting parameter from ideal capacitive response due to the
nature of the solid (mild steel) surface. The electrode impedance parameter values (Rct, Qdl, n),
obtained by fitting EEC (Figure 3b) to measured impedance data (Figure 3a) are listed in Table 4.
http://dx.doi.org/10.5599/jese.887
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Data in Table 4 show that Rct values, determined by the diameters of semicircles in Figure 3a,
increase with increase in the concentration of inhibitor, with a corresponding decrease of Qdl (Cdl)
values. These observations are attributed to adsorption of quinazoline derivative molecules directly
onto the metal surface, preventing thus metal dissolution [32,33].
Table 4. Electrochemical impedance parameter values of mild steel in 0.02 M HCl in absence and presence
of different concentrations of quinazoline derivative inhibitor.

Rct /  cm2
20.10
25.56
30.02
34.52
68.20
120.40

cinh / mg L-1
Blank
50
100
200
300
500

Qdl / 10-3 -1 sn cm-2
219
170
150
130
66
40

n
0.89
0.87
0.85
0.86
0.86
0.87

IE / %
-21.4
33.0
41.7
70.5
83.3

The values of n are in the range of 0.85 to 0.89, signifying non ideal capacitive character which
can be attributed to heterogeneity of the metal surface. If n values are reduced gradually with
increase in the inhibitor concentration, this would be due to adsorption of the studied molecule on
the steel surface [6,35]. In EIS measurements, the inhibition efficiency of quinazoline derivative is
usually calculated using the following equation:
R
IE = 1 − ct(blank) 100
(8)
Rct(inh)
where Rct(blank) and Rct(inh) are charge transfer resistances for blank and inhibitor solution, respectively.
Adsorption considerations
The mode of adsorption of quinazoline derivative inhibitor molecules on the mild steel surface
was examined by different adsorption isotherm models. The model that best fitted adsorption
behavior of the studied inhibitor was Langmuir adsorption isotherm, evaluated using the following
equation:
c/ = 1/Kads + c

(9)

(c/ ) / mg L-1

In eq. (9), c is inhibitor concentration in the bulk electrolyte,  is degree of surface coverage equal
to IE/100, while Kads is the equilibrium constant of adsorption-desorption process obtained from the
reciprocal intercepts of straight lines in Figure 4 [36].
1000
900
800
700
600
500
400
300
200
100
0

0.02 M
0.04 M
0.06 M
0.08 M

0

200

c / mg L-1

400

600

Figure 4. Langmuir adsorption isotherm for quinazoline derivative inhibitor on mild steel
surface in different concentrations of HCl solution.
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The change of Gibbs free energy of adsorption (Gads) of the studied inhibitor molecules on mild
steel surface was evaluated using the equation [6,22]:
ΔGads═ -2.303 RT log (55.5 Kads)
(10)
The values of Gads calculated by eq. (10) are listed in Table 5 for each concentration of the acid
used, at different temperature values (303, 313, 323 K). Negative signs of Gads are obtained, and
the values of -ΔGads are less than -20 kJ mol-1, which are within the range of values that supports the
mechanism of physical adsorption [37-39].
Table 5. ΔGads values for adsorption of the studied inhibitor on mild steel in different concentrations of HCl
solution and temperature range of 303 -333K.

cHCl / M
T/K

0.02

0.04

303
313
333

-14.1
-16.8
-16.2

-15.2
-17.2
-15.0

ΔGads / kJ mol-1

0.06

0.08

-16.8
-18.0
-17.5

-18.6
-19.7
-18.5

Computational chemistry study
The molecular properties of the studied inhibitor, i.e. quinazoline derivative compound were
examined by quantum chemical calculations in order to provide a theoretical background for the
experimental results [40,41]. Figure 5 shows the optimized molecular structure, the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), of the
studied molecule. The mechanism of adsorption on the metal surface involves donation and
acceptance of electrons between the molecule and metal surface. HOMO orbital is associated with
donation of electrons, while LUMO orbital is associated with acceptance of electrons [15,26,42].
a

b

c

d

Figure 5. (a) Optimized structure, (b) HOMO, (c) LUMO, and (d) molecular dynamic simulation
of the inhibitor molecule on Fe surface. Atom legend: white = H; gray = C; red = O; blue = N.

The results of important quantum chemical parameters of the studied molecule are presented in
Table 6. These parameters are of primarily importance because they relate molecular species
http://dx.doi.org/10.5599/jese.887
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toward adsorption [4,6,35,36]. The energy barrier that must be overcome before an electron moves
from HOMO to LUMO level is described by the energy gap (ΔE = ELUMO-EHOMO). Usually, lower energy
gap (ΔE) indicates good adsorption ability and hence good inhibition efficiency, because lower
activation energy will be required to move an electron from the lowest occupied orbital [43,44].
Calculations of the quantum chemical parameters like ionization potential (IP) and electron affinity
(EA) were done by following equations:
IP = -EHOMO
(11)
EA = -ELUMO
(12)
Electronegativity () and the absolute hardness (η) values according to the theory of Pearson are
given by the equations:
IE+EA
2
IE-EA
=
2

=

(13)
(14)

Table 6. Calculated values of quantum chemical parameters of the studied inhibitor.

EHOMO / eV
-5.377

ELUMO / eV
-2.605

ΔE / eV
2.772

IP / eV EA / eV  / eV  / eV σ / eV-1 ΔN ω / eV  / D
5.377 2.605 3.991 1.386 0.721 1.085 5.746 10.823

The inverse of global hardness gives global softness (σ):
1
2
 = =−

EHOMO − ELUMO

(15)

The fraction of electrons transfer (ΔN) from the inhibitor molecule to the metal surface is
estimated using the equation:
 −
(16)
ΔN = M inh
2 (M + inh )
where M and inh represent electro-negativity of metal and inhibitor, while ηM and ηinh are the
absolute hardness of metal (Fe atoms) and inhibitor, respectively. The theoretical value of M for
bulk metal is given as 7 eV, while ηM = 0 eV. Note also, that the electrophilicity index (𝜔) has recently
been defined as [15,43,45]:
2
(17)
=
2
When ΔN> 0, electron transfer takes place from inhibitor molecule to the metal surface. Also, the
electron donating ability of an inhibitor molecule is increased when ΔN < 3.6 [42-44,46]. Dipole
moment (μ) is mostly used for the prediction of corrosion inhibition efficiency, because it measures
the polarity of a bond and is related to the electron distribution in a molecule. The higher is the
dipole moment of an inhibitor, the stronger is the dipole-dipole interaction of the inhibitor with
metal surface. This also indicates that the dipole moment reflects in higher inhibition efficiency [46].
This discussion is in line with the present study, because all calculated quantum chemical parameter
values of this study given in Table 6, are within the acceptable range of values already reported for
some excellent corrosion inhibitors [6,43-45].
Quantum chemical parameters presented in Table 6 are global reactivity descriptors that
describe the system as a whole. For analyzing local selectivity of inhibitor molecule, other
descriptors should be used. In principle, Fukui function shows the regions that gain or lose electron
upon nucleophilic or electrophilic attacks. Fukui function itself is based on the fact that if N-electron
20
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system gains electron, it becomes N+1 electron system, while N-1 electron system means electron
loss. Based on this concept, three types of Fukui function are known, i.e. electrophilic Fukui function
(f -) when it loses electron, nucleophilic Fukui function (f +) when it gains electron and Fukui function
for radical attack (f o) [6,46,47]. Calculated values of condensed electrophilic, nucleophilic Fukui
functions and bond lengths calculated by DFT method are listed in Table 7.
a

b

Figure 6. Fukui function of quinazoline derivative: (a) f-, (b) f +.

The highest negative values of (f -) show the preferred site for electrophilic attack and this occurs
in the nitro group of studied heteroatom compound shown in Figure 6, while the preferred site for
nucleophilic attack is in alkenes carbon atom C7 of the studied molecule shown in Figure 6. During
adsorption or bond formation, the electrons are expected to transfer from HOMO to LUMO [46,47.
Generally, shorter bond length is less reactive than longer bond length and also, multiple bond length
is more reactive than the single bond length. Based on this principle the bond lengths of the studied
quinazoline derivative are seen as their degree of reactivity and are bolded in Table 7 [43,44].
Table 7. DFT calculated values of bond lengths, and Fukui (f -) and Fukui (f +) indices for the studied
heterocyclic inhibitor compound.

Atom
C1
C2
C3
C4
C5
C6
C7
N8
C9
C10
C11
C12
C13
N14
C15
C16
C17
C18
S19
N20
O21
O22
O23
C24

Bond
C1-C2
C2=C3
C3-C4
C4=C5
C5-C6
C5-C7
C7-N8
N8-C9
C9-C10
N8-C11
C11-C12
C12-C13
C13-N14
C12=C15
C1=C7
C15-C16
C16=C17
C17-C18
C18=C13
C16-S19
S19-N20
S19=O21
S19=O22
C11=O23
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Length, Å
1.398
1.396
1.398
1.404
1.506
1.420
1.441
1.475
1.520
1.375
1.469
1.392
1.429
1.408
1.401
1.401
1.409
1.397
1.399
1.814
1.758
1.546
1.546
1.220

f-0.001
0.004
0.007
0.004
-0.002
-0.001
-0.014
0.045
-0.02
-0.007
0.007
0.023
0.011
0.042
0.005
0.001
0.007
0.023
0.065
0.063
0.181
0.17
0.027
0.04

f+
-0.001
0.005
0.009
0.005
-0.003
-0.002
-0.023
0.055
-0.021
-0.01
0.043
0.019
0.025
0.049
0.019
0.002
0.077
0.046
-0.007
0.018
0.053
0.051
0.077
0.122
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Mechanism of corrosion inhibition
The actual corrosion inhibition mechanism in acidic (HCl) medium by an inhibitor molecule occurs
through the following modes: (a) electrostatic attraction between the charged molecules and
charged metal, (b) interaction of uncharged electron pairs of the molecule with metal, (c) Interaction
of  electrons with metal, (d) combination of (a) and (c) [48]. The inhibitor molecule may block
anodic, cathodic, or both sites through the process of adsorption, preventing anodic metal
dissolution and corresponding cathodic reaction (such as hydrogen evolution reaction produced
when a metal is immersed in HCl solution). A small degree of hydration present in chloride ions
might draw excess negative charges around the metal interface and promote more positively
charged molecules of the inhibitor. The synergy between adsorbed chloride ions and quinazoline is
lead to the adsorption process; quinazoline can be adsorbed on the metal surface, requiring the
displacement of water molecules from the mild steel surface and the exchange of electrons between
the atoms of nitrogen or oxygen and iron. The adsorption of the inhibitor molecule on the mild steel
surface is due to the donor-acceptor interactions between π-electrons of the aromatic ring and the
vacant d orbital of iron, Figure 7 shows a schematic diagram of the proposed inhibition adsorption
mechanism of quinazoline on mild steel in the solution of HCl.
Generally, corrosion of mild steel in the blank HCl solution is initially slowed down due to HCl
ionization and formation of chloride ions which adsorb on the surface. The corrosion mechanism that
has already been suggested for anodic iron dissolution in HCl solution can be described as 49,50:

Figure 7. Schematic representation of adsorption
modes of quinazoline derivative molecule at mild
steel surface.

Fe + Cl- → (FeCl-)ads
(FeCl-) ads → (FeCl)ads + e(FeCl)ads + e- → FeCl+ + eFeCl+ + e- → Fe2+ + Cl-

(18)
(19)
(20)
(21)

Anodic dissolution in HCl solution is accompanied by cathodic hydrogen evolution reaction
according to the following reaction pathway [49,50]:
Fe + H+ → (FeH+)ads
(22)
(FeH+)ads + e- → (FeH)ads
(23)
+
(FeH)ads + H + e → Fe + H2
(24)
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In acidic solution, inhibitor molecules can be protonated easily. Physical adsorption may take
place due to electrostatic interaction between protonated inhibitor molecule and negatively
charged chloride species already present at the metal surface, while chemical adsorption is related
to donor-acceptor interactions between inhibitor and low energy d-orbital of metal (Fe).
Comparison of inhibition efficiency obtained by different methods
Inhibition efficiencies (IE) obtained from weight loss (WL), potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy (EIS) measurements are compared in Figure 8,
showing good correlation of the obtained results.
90
WL
PDP
EIS

80
70

IE, %

60
50
40
30
20
10
0
50

100
200
300
Concentration, mg L-1

500

Figure 8. Comparison of inhibition efficiencies (IE) obtained by different methods for mild steel in 0.02 M HCl
at different concentrations of quinazoline derivative.

The results obtained by all three techniques showed the same trends in the variation of corrosion
rate and inhibition efficiency with increase of inhibitor concentration. Certain differences observed in
the results obtained from weight loss and electrochemical techniques may be attributed to the
specificity of each particular technique. Thus, weight loss measurements give average corrosion rates,
while electrochemical measurements give instantaneous corrosion rates [51]. In Table 8, corrosion
inhibition performance of some other drugs already applied for mild steel corrosion protection [2631,52], are compared. It can be observed from data in Table 8 that quinazoline, which is a derivative
of metolazone drug, provides a reasonable corrosion inhibition efficiency behavior, compared to other
drugs tested for corrosion inhibition of mild steel.
Table 8. Comparative chart listing performances of some other drugs acting
as corrosion inhibitors of mild steel.
Drug name

Electrolyte

Norfloxacin

0.1 M H2SO4

Metronidazole

0.5 M HCl

Cephalexin
Chloroquine
diphosphate

0.1 M HCl

Optimum IE at
inhibitor concentration
Langmuir adsorption isotherm
95.8 % at 0.5 g/L
Mixed-type inhibitor /
80.0 % at 400 ppm
Langmuir adsorption isotherm
Langmuir adsorption isotherm 80 % at 13.0×10-3 M

0.1 M HCl

Langmuir adsorption isotherm

Tramadol

0.5 M HCl

Dapsone
Quinazoline derivative
(Metolazone)

1 M HCl
0.02 M HCl
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Mode of adsorption

80 % at 4.65×10-4 M

Ref.
[26]
[27]
[28]
[29]

Mixed-type inhibitor /
82.6 % at 2.16×10-3 M
[30]
Langmuir adsorption isotherm
Langmuir adsorption isotherm 93.3 % at 400 ppm
[31]
Mixed-type inhibitor/
Present
83.3% at 500 mg/L
Langmuir adsorption isotherm
study
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Scanning electron microscopy (SEM)
The level of mild steel degradation was scrutinized using scanning electron microscopy (SEM)
test. As shown in Figure 9, mild steel in the blank HCl solution exhibits visible and dark pits due the
corrosive nature of acid (Figure 9a), while the surface nature of the steel in the inhibited media
shows a smooth and bright surface compared to the blank sample (Figure 9b). This phenomenon of
improved smoothness is attributed to adsorption of the active molecules of quinazoline derivative
on the metal surface [50-53].
a

b

Figure 9. SEM images of mild steel surface after immersion period of 24 hours in: (a)
uninhibited HCl solution and (b) inhibited HCl solution.

Conclusions
A new insight into corrosion inhibition of mild steel in HCl solution by a novel drug molecule
metolazone, a quinazoline derivative (chloro-2-methyl-4-oxo-3-O-tolyl-1,2,3,4-tetrahydroquinazoline-6-sulfonamide), was provided using weight loss, electrochemical and theoretical studies. The
results obtained using different experimental techniques were found to be in good mutual
agreement, and comparable with literature data on different drug molecules already tested for
mitigation of mild steel corrosion. It was found that the studied quinazoline derivative behaves as a
mixed type inhibitor, while its inhibition efficiency increases with increased concentration of the
inhibitor. Corrosion inhibition is realized by adsorption of quinazoline derivative on mild steel
surface obeying Langmuir adsorption isotherm. The negative sign of the free energy change of
adsorption indicated that adsorption of the studied compound on mild steel surface is a
spontaneous process proceeding by the physical adsorption mechanism. This was supported by the
values of other thermodynamic corrosion parameters (activation energy, activation enthalpy and
activation entropy) that suggest slowing down of corrosion by spontaneous adsorption of inhibitor.
The computational quantum chemistry studies confirmed that the studied molecule is adsorbed on
the metal surface through nitro functional groups. Also, a pronounced effect of inhibitor adsorption
on the mild steel surface in HCl solution was confirmed by SEM images, showing surface smoothness
being much improved by presence of quinazoline derivative inhibitor.
References
[1]
[2]

24

R. S. Al-Moghrabi, A. M. Abdel-Gaber, H. T. Rahal, International Journal of Industrial Chemistry 9
(2018) 255-263.
Z. Sanaei, M. Ramezanzadel, G. Bahlakeh, B. Ramezanzadel, Journal of Industrial and Engineering
Chemistry 69 (2019) 18-31.

F. E. Abeng et al.

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

J. Electrochem. Sci. Eng. 11(1) (2021) 11-26

A. A. Khadom, A. N. Abd, N. A. Ahmed., South African Journal of Chemical Engineering 25 (2018) 13-21.
T. He, W. Emori, R.-H. Zhang, P. Okafor, M. Yang, C. R. Cheng, Bioelectrochemistry 130 (2019) 107332
https://doi.org/10.1016/j.bioelechem.2019.107332 .
H. Yang, M. Zhang, A. Singh, International Journal of Electrochemical Science 13 (2018) 91 9144.
N. O. Eddy, P. O. Ameh, N. B. Essien, Journal of Taibah University for Science 12(5) (2018) 545-556.
E. Ogoko, A. Ogunsipe, Chemical Science Transactions 4(2) (2015) 503-515.
A. S. Fouda, G. Y. Elewady, H. A. Mostafa, S. Habbouba, African Journal of Pure and Applied Chemistry 7(5)
(2013) 198-207.
H. M. M. Al-tamimy, S. M. H. Al-Majidi. IOSR-Journal of Applied Chemistry 9(8) (2016) 36-44.
N. M. Hashim, A. A. Rahim, H. Osman, P. B. Raja, Chemical Engineering Communications 199 (2012) 751-766.
M. Rbaa, M. Galai, A. S. Abousalem, B. Lakhrissi, M. EbnTouhami, I. Warad, A. Zarrouk. Ionics 26 (2019)
503-522. https://doi.org/10.1007/s11581-019-03160-9 .
A. Chaouiki, H. Lgaz, S. Zehra, R. Salghi, I. M. Chung, Y. El Aoufir, K. S. Bhat, I. H. Ali, S. L. Gaonkar, M. I.
Khan, H. Oudda, Journal of Adhesion Science and Technology 33(9) (2019) 921-944.
A. Kadhim, A. K. Al-Okbi, D. M. Jamil, A. Qussay, A. A. Al-Amiery, T. S. Gaaz, A. A. H. Kadhum, A. B.
Mohamad, M. H. Nassir, Results in Physics 7 (2017) 4013-4019.
S. Öztürk, Russian Journal of Organic Chemistry 55 (2019) 245-249.
A. S. Fouda, A. M. El-Desoky, H. M. Hassan, International Journal Electrochemical Science 8 (2013) 58665885.
C. B. Pradeep Kumar, M. K. Prashanth, K. N. Mohana, M. B. Jagadeesha, M. S. Raghu, N. K. Lokanath,
Mahesha, M. K. Yogesh Kumar, Surfaces and Interfaces 18 (2020) 100446 https://doi.org/10.1016/j.surfin.2020.100446.
S. Karthikeyan, P. A. Jeeva, K. Raja, Journal of Chemical and Pharmaceutical Research 7(1) (2015) 906-912.
F. E. Abeng, M. E. Ikpi, K. Uwakwe, G. Ikpi, International Research Journal of Pure and Applied Chemistry
15(3) (2017) 37782 https://doi.org/10.9734/IRJPAC/2017/37782.
I. A. Akpan, N. O. Offiong, International Journal of Chemistry and Material Research 2(3) (2014) 23-29.
P. O. Ameh, P. Ukoha, P. Ejikema, N. O. Eddy, Industrial Chemistry 2(2) (2016) 119 https://doi.org/10.4172/2469-9764.1000119.
E. M. Attia, Journal of Basic and Applied Chemistry 5 (1) (2015) 1-15.
S. A. Umoren, I. B. Obot, E. E. Ebenso, P. C. Okafor, O. Ogbobe, E. E. Oguzie, Anti-Corrosion Methods and
Materials 53(5) (2006) 277-282.
O. O. Fadare, A. E. Okoronkwo, E. F. Olasehinde, African Journal of Pure and Applied Chemistry 10(1) (2016)
8-22.
I. Naqvi, A. R. Saleemi, S. Naveed, International Journal of Electrochemical Science 6(1) (2011) 146-161.
M. Ramezanzadeh, G. Bahlakeh, B. Ramezanzadeh, M. Rostami, Journal of Industrial and Engineering
Chemistry 72 (2019) 474-490.
N. O. Eddy, S. R. Stoyanov, E. E. Ebenso, International Journal of Electrochemical Science 5 (2010) 1127-1150.
I. B. Obot, E. E. Ebenso, M. M. Kabanda, Journal of Environmental Chemical Engineering 1(3) (2013) 431-439.
A. Akpan, N. O. Offiong, American Journal of Chemistry and Materials Science 1(1) (2014) 1-6.
S. U. Ofoegbu, P. U. Ofoegbu, ARPN Journal of Engineering and Applied Science 7(3) (2012) 272-276.
R. A. Prabhu, A. V. Shanbhag , T. V. Venkatesha, Journal of Applied Electrochemistry 37 (2007) 491-497 .
A. Singh, A. K. Singh, M. A. Quraishi, Open Electrochemical Journal 2 (2010) 43-51.
I. B. Obot, N. O. Obi-Egbedi, S. A. Umoren, E. E. Ebenso, Chemical Engineering Communications 198(5)
(2011) 711-725.
V. C. Anadebe, O. D. Onukwuli, M. Omotioma, N. A. Okafor, South African Journal of Chemistry 71 (2018)
51-61.
R. Idouhli, A. N‘AitOusidi, Y. Koumya, A. Abouelfida, A. Benyaich, A. Auhmani, M. Y. AitItto, International
Journal of Corrosion (2018) 9212705 https://doi.org/10.1155/2018/9212705.
G. Y. Elewady, International Journal of Electrochemical Science 3 (10) (2008) 1149-1161.
M. M. Kabanda, L. C. Murulana, M. F. Ozcan, I. D. Karadag, B. I. Obot, E. E. Ebenso, International Journal
of Electrochemical Science 7(6) (2012) 5035-5056.
G. Gao, C. Liang, Electrochimica Acta 52(13) (2007) 4554-4559.
P. O. Ameh, P. U. Koha, N. O. Eddy, Chemical Science Journal 6 (2015) 100 https://doi.org/10.4172/21503494.1000100.
A. Ansari, M. Znini, I. Hamdani, L. Majidi, A. Bouyanzer, B. Hammouti, Journal of Material and
Environmental Science 5(1) (2014) 81-94.

http://dx.doi.org/10.5599/jese.887

25

J. Electrochem. Sci. Eng. 11(1) (2021) 11-26

[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]

CORROSION INHIBITOR POTENTIAL OF QUINAZOLINE DERIVATIVE

C. Arunagiri, A. Subashini, M. Saranya, P. T. Muthiah. Indian Journal of Applied Research 3 (2013) 78-81.
S. Chen, S. Scheiner, T. Kar, U. Adhikari, International Journal of Electrochemical Science 7(8) (2012) 71287139.
E. E. Ebenso, D. A. Isabirye, N. O. Eddy, International Journal of Molecular Science 11 (2010) 2473-2498.
N. O. Eddy, E. E. Ebenso, U. J. Ibok. Journal of Applied Electrochemistry 40 (2010) 445-456.
G. Raja, K. Saravanan, S. Sivakumar, Rasayan Journal of Chemistry 8(1) (2015) 8-12.
F. E. Abeng, M. E. Ikpi, V. E. Okpashi, O. A. Ushie, M. E. Obeten, Journal of Electrochemical Science and
Engineering 10(3) (2020) 235-244.
A. A. Siaka, N. O. Eddy, S. O. Idris, L. Magaji, Z. N. Garba, I. S. Shabanda, International Journal of Modern
Chemistry 4(1) (2013) 1-10.
S. Shahabi, P. Norouzi, M.R. Ganjali. International Journal of Electrochemical Science 10(3) (2015) 26462662.
M. R. Vinutha, T. V. Venkatesha, Portugaliae Electrochimica Acta 34(3) (2016) 157-184.
S. Chen, B. Zhu, X. Liang, International Journal of Electrochemical Science 15(1) (2020) 1-15.
N. Shet, R. Nazareth, P. A. Suchetan, Chemical Data Collection 20 (2019) 100209 https://doi.org/10.1016/j.cdc.2019.100209.
A. M. Guruprasad, H. P. Sachin, G. A. Swetha, B. M. Prasanna, Surface and Interface 19 (2020) 100478
https://doi.org/10.1016/j.surfin.2020.100478.
A. Samide, Journal of Environmental Science and Health Part A 48(2) (2013) 159-165.
F. E. Abeng, V. C. Anadebe, V. D. Idim, M. M. Edim, South African Journal of Chemistry 73 (2020) 125-130.

©2021 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(https://creativecommons.org/licenses/by/4.0/)

26

J. Electrochem. Sci. Eng. 11(1) (2021) 27-38; http://dx.doi.org/10.5599/jese.934

Open Access: ISSN 1847-9286

www.jESE-online.org
Original scientific paper

Poly (DL-valine) electro-polymerized carbon nanotube paste
sensor for determination of antihistamine drug cetirizine
Tigari Girish1, Jamballi G. Manjunatha1,, Pemmatte A. Pushpanjali1, Nambudumada
S. Prinith1, Doddarasinakere K. Ravishankar2 and Gurumallappa Siddaraju3
1

Department of Chemistry, FMKMC College, Madikeri, Mangalore University Constituent College,
Karnataka, India
2
Department of Chemistry, Sri. Mahadeshwara Government First Grade College, Kollegal,
Chamarajanagar, Karnataka, India
3
Department of Chemistry, JSS College for Women, Chamarajanagar, Karnataka, India
Corresponding author: manju1853@gmail.com; Tel: +91-0827222833
Received: November 18, 2020; Revised: December 11, 2020; Accepted: December 12, 2020

Abstract
Poly (DL-valine) modified multiwalled carbon nanotube paste sensor (PVLMCNTPS) was
prepared by electro-polymerization route. PVLMCNTPS and bare multiwalled carbon
nanotube paste sensor (BMCNTPS) morphologies and sensing properties for cetirizine (CTZ)
were confirmed through a field emission scanning electron microscope (FE-SEM) and
electrochemical studies, respectively. In contrast to BMCNTPS, PVLMCNTPS surface
composite creates an electrocatalytic impact on the oxidation of CTZ. PVLMCNTPS
properties were optimized using parameters such as accumulation time, number of
polymerization cycles, solution pH, and scan rate. The optimized PVLMCNTPS was applied
for the determination of cetirizine in 0.1 M phosphate buffer solution (PBS) of pH 7.0, using
cyclic voltammetry (CV). It is shown that PVLMCNTPS provides analytical linearity from 2.0
to 80 µM, with detection limit of 0.11 µM for CTZ determination. PVLMCNTPS was found
highly selective for CTZ in presence of some interfering organic molecules. The stable and
selective PVLMCNTPS was applied for CTZ determination in pharmaceutical pills with
satisfactory results.
Keywords
Polymer modified sensor; drug analysis; cyclic voltammetry
Introduction
Cetirizine (CTZ) is an antihistamine drug which is usually prescribed for allergic symptoms like
running nose, itching, hives, watery eyes, body ache, etc. It acts as an allergy reliever by blocking
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histamine which is produced during allergic reactions in the human body. The overdose of CTZ can
trigger many adverse effects such as stomach pain, tiredness, vomiting, diarrhea, drowsiness, etc.,
while in serious conditions, one may experience breathlessness [1-5]. Therefore, it is significant to
develop the analytical tool for determination of CTZ drug. Drug testing and analysis are important
in the quality and quantity control of pharmaceutical utilities, and therefore, fast, simple and
effective analytical methods are required for the analysis of drug molecules [6]. There are many
methods previously used for CTZ determination such as electrophoresis [7], high performance liquid
chromatography [8], spectrophotometry [9], HPLC/MS [10], spectrofluorimetry [11], and
electrochemical methods [12,13]. All these methods, except electrochemical methods, have some
drawbacks like time consuming, requirements for more organic solvents and reagents, and experts
for handling, and also inclusion of complicated and expensive procedures [14]. Nowadays, the field
of interest has been focused on electrochemical devices and their applications, almost due to their
benefits like low cost, simple sample preparations, low consumption of reagents and analytes, fast
testing time, and portability with high sensitivity [15-20].
Looking from the aspect of materials for electrochemical sensors, one must mention multiwalled
carbon nanotubes (MWCNTs). MWCNT is the widely used allotropy of carbon material for different
applications including sensors, supercapacitors, drug delivery platforms, electronic chips, fuel cells,
energy storage devices, additives in polymers, flat panel display, charge-discharge tubes, etc. [21-24].
To further improve their usefulness, MWCNTs are frequently modified. The high utility of modified
MWCNTs is due to their enhanced electrical, thermal, mechanical, electronic, and stability
properties [25-27]. Different modification techniques such as surfactant immobilization, electropolymerization, etc. have already been reported. Modification of a sensing electrode is usually
performed to improve the sensing properties of electrodes [28-35].
In the present work, bare multiwalled carbon nanotube paste sensor (BMCNTPS) is coated with
poly (DL-valine) through electro-polymerization. The formed poly (DL-valine) multiwalled carbon nanotube sensor (PVLMCNTPS) is used as a sensing surface for the determination of CTZ in real samples.
Experimental
Instruments
Model CHI-6038 potentiostat (procured from USA) connected with three-electrode arrangement
and a computer was used for all voltammetric measurements. The three-electrode system included
a working electrode (PVLMCNTPS/BMCNTPS), a counter electrode (platinum wire) and a reference
electrode (Hg/Hg2Cl2). All measurements were performed at laboratory temperature (27 ± 2 °C).
Chemicals and preparations
Riboflavin (RF), paracetamol (PC), and DL-valine (VL) were procured from Molychem, India.
Cetirizine (CTZ) is procured from TCI Japan. Multiwalled carbon nanotubes were received from Sisco
Laboratories LTD, Mumbai, India. The remaining chemicals were of AR grade. CTZ, RF, PC (10-4 M)
standard solutions were prepared using distilled water. Phosphate buffers standards of different pH
were prepared by mixing Na2HPO4 (0.1 M) and NaH2PO4 (0.1 M).
Sensors preparation
BMCNTPS material was prepared by physical mixing of multiwalled carbon nanotubes and
silicone oil in a proportion of 60:40 for 20 min. The obtained uniform paste was filled into the cavity
of Teflon rod pre-inserted with copper wire for electrical connection. Surface of electrode was
28
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polished with a tissue to provide uniform surface and to avoid disturbance in electrochemical
measurements.
Results and discussion
Preparation of PVLMCNTPS through electro-polymerization
Electrochemical polymerization on BMCNTPS was performed by the potential scanning in PBS (pH
5.5, 0.1 M) containing 1.0 mM DL-valine in the potential window -0.2 to 1.7 V with a scan rate of 0.1
V/s (Figure 1a). As the number of scanning cycles passed, CV curves sloped down at positive potentials.
This shows the formation of a polymer layer on electrode surface. The number of polymerization scans
can affect the electrode properties, and so it was optimized by varying cycles from 5-20 as shown in
Figure 1b. Five CV cycles were fine-tuned for CTZ sensing, while after 5 cycles the CV shape and peak
current values declined. The structure of electro-generated poly (DL-valine) is shown in Figure 1c.
a

b

c

Figure 1. (a) Electrochemical polymerization of VL (1.0 mM) at BMCNTP surface in 0.1 PBS, pH 5.5 with scan
rate 0.1 V/s; (b) peak current values of CTZ response against the number of polymerization cycles; (c)
structure of electro-generated poly (DL-valine) film on BMCNTP electrode surface.

Surface characterization of sensors
Figure 2 presents FESEM images of BMCNTPS and PVLMCNTPS surfaces, where rather different
surface textures can be clearly seen. Whereas BMCNTPS shows arrangement of carbon layers with
nanotubes on the surface, PVLMCNTPS provides a porous and fibrous morphology due to poly
(DL-valine) layer growth on BMCNTPS.
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Figure 2. FESEM images of (a) BMCNTPS and (b) PVLMCNTPS.

Electrochemical characterization and calculation of effective surface area
Electrochemical characterizations of BMCNTPS and PVLMCNTPS were performed in 0.1 M KCl
containing 2.0 mM [Fe(CN)6]3-/4- redox system using CV at 0.1 V s-1 scan rate, as depicted in Figure 3.
BMCNTPS surface interaction with [Fe(CN)6]3-/4- gives poor current signals with higher separation of
peak potential values (ΔEp). At the other side, PVLMCNTPS gives higher current response with lower
ΔEp upon interaction with Fe(CN)6]3-/4-. The surface area of BMCNTPS and PVLMCNTPS was
determined using Randles-Ševčik formula [36]:
Ip = Kn3/2AD1/2C0 1/2

(1)

Here, K is the constant equal to 2.69×105 (C mol-1 V-1/2), Ip is peak current (A), n is the number of
transferred electrons, A is effective surface area (cm2), D is diffusion coefficient (cm2 s-1),  is voltage
sweep rate (Vs-1), and C0 is concentration of [Fe(CN)6]3-/4- in mol cm-3. Using n = 1 and
D = 7.6×10-6 cm2/s for [Fe(CN)6]3-/4-, the calculated effective surface area of BMCNTPS and
PVLMCNTPS was 0.034 and 0.13 cm2, respectively for 2 mol cm-3 [Fe(CN)6]3-/4-.

Figure 3. CV responses (0.1 V/s) of BMCNTPS (curve a) and PVLMCNTPS (curve b) in
0.1 M KCl containing 2 mM [Fe(CN)6]3-/4-.

Electrochemical oxidation of CTZ
CV behavior of CTZ (0.1 mM) was tested at BMCNTPS and PVLMCNTPS in PBS (0.1 M, pH 7.0) at
the sweep rate 0.1 V s-1, as exhibited in Figure 4. The curve a in Figure 4 represents CV of PVLMCNTPS
for blank solution. Both BMCNTPS (curve b) and PVLMCNTPS (curve c) detect CTZ oxidation.
BMCNTPS recognizes CTZ at the oxidation potential of 0.89 V with poor current response, while
30

T. Girish et al.

J. Electrochem. Sci. Eng. 11(1) (2021) 27-38

PVLMCNTPS gives two superior signals at 0.765 V and 0.888 V. At PVLMCNTPS, the current signal is
five times higher and over-potential is reduced by 15.1 % compared to BMCNTPS. Since CV of CTZ
does not show a peak in the reverse scan, the CTZ process is considered irreversible.

Figure 4. CV responses (0.1 V/s) of CTZ (0.1 mM) in 0.1 M PBS of pH 7.0 at PVLMCNTPS (curve c) and
BMCNTPS (curve b) against blank solution at PVLMCNTPS (curve a).

Effect of accumulation time
Accumulation of analyte on electrode surface influences the electrode performance. The effect
of accumulation time (0-60 s) on CTZ (0.1 mM) detection at PVLMCNTPS was analyzed in 0.1 M PBS,
pH 7.0, as shown in Figure 5. The maximum current signal is achieved at 10 s, whereas for further
increases of accumulation time, peak currents were decreased. This is probably due saturation in
accumulation of analyte on the sensor surface. Hence, 10 s of accumulation was optimized for
further measurements.

Time, s
Figure 5. Effect of accumulation of time on CTZ (0.1 mM) detection at PVLMCNTPS in
0.1 M PBS, pH 7.0 at 0.1 V/s scan rate.
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Sweep rate effect
Influence of the potential scan rate was carried out in order to elucidate the kinetics of the
process at the electrode-analyte interface. CVs as functions of sweep rate (0.100-0.250 V/s) were
recorded for CTZ oxidation in 0.1 M PBS, pH 7.0, as shown in Figure 6a. The peak current values of
CTZ oxidation are increased with the change in the scan rate, while peak potential values are shifted
towards more positive side. The plots of peak current vs. square root of the scan rate (Figure 6b),
and log Ipa against log scan rate (Figure 6c) give clear evidence for diffusion process as per following
equations:
Ip = 4.47×10-6 +1.3467×10-4 1/2 R=0.99

(2)

log Ip=0.56 log  + 2.12
R=0.99
(3)
The number of electrons involved in the electrochemical oxidation of CTZ is calculated using the
following equation [37]:
Epa = E 0 +

RT
ln
( 1 −  )nF

(4)

where n is number of electrons involved, R is gas constant (8.314 J K−1mol−1), T is temperature, F is
Faraday’s constant (96,485 C mol-1) and  is coefficient of charge transfer, assumed to be 0.5 for
irreversible behaviour [38]. The number of electrons transferred for CTZ electro-oxidation was
found to be 1.027 ≈ 1. The electron transfer mechanism of CTZ oxidation is sketched in Scheme 1.
a

b

c

Figure 6. (a) CV responses at different sweep rates (0.100-0.250 V/s) for CTZ (0.1 mM) at
PVLMCNTPS in 0.1 M PBS, pH 7.0; (b) plot of peak current vs. 1/2; (c) plot of log Ipa vs. log v.
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Scheme 1. Electron transfer mechanism of CTZ oxidation.

Selection of pH
According to the given mechanism of CTZ oxidation, the electrochemical sensing is strongly
affected by pH of the supporting electrolyte. The effect of pH changes from 5.5 to 7.5 on the sensing
of CTZ (0.1 mM) in 0.1 M PBS at PVLMCNTPS is represented in Figure 7a. Obviously, the maximum
anodic peak current (Ipa) of CTZ oxidation was obtained at pH 7.0. Hence, PBS with pH 7.0 was chosen
for further experimentation. As shown in Figure 7b, the plot of peak potential (Epa) against buffer
pH is found linear according to the following equation:
Epa = 1.126 +0.051 pH (R = 0.99)
(5)
a

b

Figure 7. (a) CV responses (0.1 V/s) of CTZ (0.1 mM) at PVLMCNTPS in 0.1 M PBS of different pH (5.5-7.5);
(b) graphical plot of peak potential vs. pH.
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From the linear plot in Figure 7b, the slope was estimated to be 0.051, which is near the
theoretical slope of 0.059. This strongly suggests that the electrochemical oxidation of CTZ at
PVLMCNTPS involves equal number of electrons and protons.
Construction of calibration plot
In order to determine the analytical performance of sensor, the effect of different concentrations
of CTZ were studied by CV and shown in Figure 8a. As presented in Figure 8b, peak currents
increased linearly with increase of the concentration of CTZ in the range 2.0-80 µM. The linearity of
curve is described as: Ip / A = 9.68×10-6 + 0.223 M with R = 0.99. The detection limit (LOD) and limit
of quantification (LOQ) values were found to be 0.11 µM (3 S/N) and 0.372 µM (10 S/N) [39], with
sensitivity of 0.223 A/M.
a

b

Figure 8. (a) CV responses (0.1 V/s) for CTZ concentrations from 2.0-80 µM at PVLMCNTPS in
0.1 M PBS, pH 7.0; (b) calibration plot of CTZ.

Table 1 presents a comparison of detection limit (LOD) values for CTZ determination of here
proposed PVLMCNTPS with already existing sensors described in the literature [40-44]. It is clear
that the obtained result for PVLMCNTPS is comparable with previous literature results.
Table 1. Comparison of obtained LOD values for CTZ determination at PVLMCNTPS with literature data on
other electrochemical sensors.
Electrochemical sensor
Glassy carbon electrode modified with
multiwalled carbon nanotubes
Glassy carbon electrode

LOD, µM

Method of analysis

Reference

0.071

Cyclic voltammetry

[40]

4.5

[41]

Carbon black / Glassy carbon electrode

0.4

Pre-treated graphite pencil
Multi-walled carbon nanotube and
platinum nanoparticles nanocomposite
modified carbon paste electrode
PVLMCNTPS

0.16

Differential pulse voltammetry
Square-wave adsorptive anodic
stripping voltammetry
Square wave voltammetry

[42]
[43]

0.058

Adsorptive stripping differential
pulse voltammetry

[44]

0.118

Cyclic voltammetry

Present work

Resolution of CTZ in presence of riboflavin (RF) and paracetamol (PC)
CV responses showing resolution of oxidation peaks for 0.1 mM of CTZ, RF and PC at BMCNTPS
(dashed line) and PVLMCNTPS (solid line) are depicted in Figure 9. The BMCNTPS shows oxidation
34

T. Girish et al.

J. Electrochem. Sci. Eng. 11(1) (2021) 27-38

peaks for CTZ, RF and PC at 0.913, -0.592 and 0.456 V with low current responses. PVLMCNTPS,
however, exhibits enhanced current signals, showing clear peak separation for CTZ, RF and PC at
0.771, -0.472 and 0.332 V, respectively. This ultimately shows that analysis of CTZ in the mixture is
more feasible at PVLMCNTPS than BMCNTPS.

Figure 9. CV responses (0.1 V/s) showing simultaneous separation of RF, PC and CTZ (0.1 mM)
oxidation peaks at PVLMCNTPS (solid line) and BMCNTPS (dashed line) in 0.1 M PBS, pH 7.0.

Stability and reproducibility
Reproducibility was tested at three newly formed PVLMCNTPS, where the results of CTZ
determination were obtained with relative standard deviation (RSD) of 1.24 %. This RSD result shows
good reproducibility of the prepared sensor. The stability of the proposed sensor was examined by
keeping the sensor in a dry place for 24 hours prior CTZ detection. Even after 1 day of standing, the
sensor provided 93.15 % current retention for CTZ determination. This clarifies good storage stability
of the proposed PVLMCNTPS.
Selectivity
To test reliability of the proposed PVLMCNTPS, the binding selectivity for 0.1 mM CTZ detection
in presence of various organic molecules such as ascorbic acid (AA), glucose (GU), riboflavin (RF),
paracetamol (PC), ciprofloxacin (CF), oxalic acid (OA), anthrone (AN), rhodamine (RH) (0.1 mM) was
tested in 0.1 M PBS using CV technique. Figure 10 shows the change of peak potential (Ep) value of
CTZ oxidation with addition of 0.1 mM of each organic molecule. The results in Figure 10 suggest no
significant interference of these organic molecules for CTZ detection, confirming thus the specificity
of PVLMCNTPS.

Figure 10. Graphical representation of effect of different organic molecules for detection of CTZ at PVLMCNTPS
http://dx.doi.org/10.5599/jese.934
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CTZ tablet sample analysis
To examine the practicability of the proposed strategy, PVLMCNTPS was utilized to detect CTZ
concentration in CTZ tablets. CTZ tablets were firstly powdered uniformly using mortar and then 0.1
mM CTZ solution was prepared using tablet powder. The analysis is performed in 0.1 M PBS, pH 7.0
using the standard addition method. The results are given in Table 2, showing that CTZ recovery in
the pharmaceutical product is obtained between 90-102.4 %.
Table 2. Real sample CTZ analysis and recovery at PVLMCNTPS.
Sample
CTZ tablet

Amount of CTZ Added, µM
8.0
10.0
20.0

Amount of CTZ Found, µM
7.20
9.71
20.48

Recovery, %
90.0
97.1
102.4

Conclusions
A simple and effective sensor for CTZ detection was prepared by electrochemical polymerization
of DL-valine on the surface of multiwalled carbon nanotube paste sensor. The sensor modified by
poly (DL-valine) has strong affinity towards CTZ molecules as compared to the unmodified sensor.
The proposed CTZ sensor provides low detection limit of 0.11 µM with good linear range of
concentrations within 2-80 µM. These results are either similar or even better than those obtained
by already existing methods. Moreover, the proposed sensor is found stable, reusable, and specific
for CTZ detection in presence of other interfering organic molecules, and also, very efficient for
routine pharmaceutical analysis.
Acknowledgement: We gratefully acknowledge the financial support from VGST, Bangalore under
Research project. No. KSTePS/VGST-KFIST (L1)2016-2017/GRD-559/2017-18/126/333, 21/11/2017.
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Abstract
The process of co-deposition of Ni with Mo from alkaline electrolytes was studied by taking
linear and cyclic polarization curves of Pt electrode at various concentrations of initial
components and potential scan rates. Solutions of Na2MoO4∙2H2O and NiSO4∙7H2O were
used as sources of ions of the main components in NH4OH electrolyte. It was found that codeposition of nickel with molybdenum goes through the oxide formation stage, and a solid
solution of these two metals is deposited on the cathode surface. The film obtained at the
constant current on Ni electrode under optimal conditions was found amorphous, but
additional thermal treatment at 500 °C for one hour made it polycrystalline. This was
confirmed by peaks in X-ray diffraction pattern, corresponding to NiMoO4, Ni, and MoO3.
The proposed electrolyte and electrolysis conditions allow to obtain thin films with
molybdenum content ranging from 17.1 to 50.9 at.%. The co-deposition of Ni with Mo is
limited by diffusion of these ions to the cathode surface. The knowledge of the mechanism
of co-deposition of Ni and Mo will make possible the selection of optimal conditions for
deposition of alloys of the required composition with satisfactory electrocatalytic properties.
Keywords
Ni-Mo co-deposition, electrodeposition, potentiodynamic polarization, ammonium
hydroxide, platinum substrate, nickel substrate
Introduction
Nickel-molybdenum alloys have multifunctional properties, and their catalytic activity in the
hydrogen evolution process is one of the most studied topics in the literature [1-3]. Ni-Mo alloys can
be obtained by several methods among which metallurgical ones are not convenient due to easy
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oxidation and high melting point of molybdenum. Powder metallurgy and mechanical alloying [4],
spark plasma sintering [5], and laser sintering [6] are actual methods, widely used to obtain Ni-Mo
alloys. All these methods, however, are expensive in comparison with the electrochemical synthesis
of Ni-Mo alloys. Obtaining of molybdenum alone by electrodeposition from aqueous solutions is
very difficult, what can be facilitated by its co-deposition with metals of the iron group (Fe, Ni, Co),
i.e. in the presence of one of these components.
When studying the co-deposition of two metals, it would be necessary to study their behavior
separately in the same electrolyte, and record deposition polarization curves of each metal under
the same conditions. The electrodeposition of molybdenum from tartrate electrolytes was studied
in [7], and from alkaline electrolytes in [8]. Deposition of nickel from an alkaline citrate electrolyte
was studied in [9], and from an alkaline electrolyte in [10]. Although nickel possesses electrocatalytic
properties and due to these properties is often used in industry, the overvoltage of hydrogen
evolution (HER) on the nickel electrode is quite high. This causes an increase in the energy
consumption during its use. In order to reduce overvoltage, nickel is often doped with other
elements such as Mo [11], Co [12], P [13], Cu [14], and some others. Besides, the results of water
electrolysis on titanium and molybdenum electrodes from neutral (NaCl) and alkaline (NaOH)
electrolytes showed that addition of Mo (VI) ions into the electrolyte has activated HER [15]. At high
polarization, Mo-containing films were formed at the cathode by electroreduction of Mo (VI) ions.
Presence of Mo-containing film reduces the overvoltage for HER and increases the electrode
activity, what is exclusively due to the catalytical activity of the deposited film [15].
A number of scientific works has already been devoted to the co-electrodeposition of Ni-Mo
alloys. In their study of the mechanism of this process, Landolt and co-workers assumed that codeposition of these two metals proceeds by the induced co-deposition mechanism [11,16]. Several
works were devoted to the study of morphology and phase composition of Ni-Mo films [17-20].
X-ray diffraction analysis revealed that Ni-Mo alloys electrodeposited from citrate electrolyte
(pH 8.5-9.5) contain Ni-Mo solid solution. Clear diffraction peaks were observed for films having
12-30 wt.% of Mo, being more intensive at decreased (down to 12 wt.%) content of molybdenum in
deposits [17]. It was also found that Ni-Mo deposit is a solid solution with grain sizes ranging from 4
to 17 nm (average size of 5 nm), i.e. the electrodeposited Ni-Mo alloy is almost amorphous. A similar
conclusion was given after XRD analysis of Ni-Mo alloys electrodeposited from pyrophosphateammonium chloride electrolyte (pH 8.5) [18]. The results of the energy-dispersive X-ray spectroscopy were firstly demonstrated in [19,20], according to which, electrodeposited Ni-Mo alloys with
high Mo content contain up to 50 at.% of oxygen. A significant atomic percentage of oxygen (3050 at.%) was also found during the co-deposition of nickel and molybdenum in all electrodeposited
samples [21,22]. During calculation of the composition of Ni-Mo alloy, authors usually considered
only the percentage of main components of Ni and Mo, neglecting the oxygen content in deposits.
It was concluded that alloys containing a large amount of Mo are mixtures of Ni and some polyvalent
oxides of Mo (IV) or Mo (VI).
All heretofore presented works devoted to the electrochemical synthesis of Ni-Mo alloys, however,
are unsuccessful about obtaining thin films with molybdenum content higher than 30 at.% and also,
corrosion resistances of the obtained alloys are not high enough. The present contribution is devoted
to the study of the co-deposition process of nickel and molybdenum from alkaline electrolytes, carried
out by taking cyclic and linear polarization curves. Prepared electrolytes and conditions of electrolysis
allowed deposition of films with a molybdenum content up to 50.9 at.%.
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Experimental
In the study of co-deposition of nickel and molybdenum, NiSO4∙7H2O of the Indian Central Drug
House (p) Ltd. company was used as a source of nickel ions, and Na2MoO4∙2H2O of the Indian firm
Qualikems Fine Chem Pvt. Ltd. was applied as a source of molybdenum ions. Both salts were
dissolved in NH4OH of the Indian firm Qualikems Fine Chem Pvt. Ltd., boric acid (CDH Ltd) was added
to the electrolyte as a buffering agent, and NiCl2∙6H2O (CDH Ltd) was introduced into the electrolyte
to reduce the formation of metal oxides. pH of all electrolyte solutions was 11.2. Except pure
ammonia electrolyte solution containing 0.1M H3BO3 + 7M NH4OH, the following alkaline electrolyte
solutions for individual deposition of Ni, Mo and co-deposition of Ni-Mo were prepared:
1) 0.107 M NiSO4⋅7H2O + 0.13 M NiCl2∙6H2O + 0.1 M H3BO3 + 7 M NH4OH.
2) 0.124 M Na2MoO4⋅2H2O + 0.1 M H3BO3 + 7 M NH4OH.
3) 0.107 M NiSO4⋅7H2O + 0.124 M Na2MoO4⋅2H2O + 0.13 M NiCl2∙6H2O + 0.1 M H3BO3 + 7 M NH4OH.
For some experiments, the concentrations of Na2MoO4⋅2H2O in the alkaline electrolyte solution
3) were changed between 0.057 and 0.138 M.
Cyclic and linear polarization curves were recorded on IVIUMSTAT Electrochemical interface
potentiostat, using a classic three-electrode cell with a capacity of 100 ml, and equipped with a
water jacket. Platinum wires with an area of 0.2 cm2 and 0.4 cm2, were used as working electrodes,
and platinum plate with an area of 4 cm2 as the auxiliary electrode. Silver/silver chloride (Ag/AgCl)
electrode was applied as the reference electrode and all potentials were given relative to this
electrode.
To study the properties of deposited films by scanning electron microscopy (SEM) and energy –
dispersive X –ray analysis (EDS) methods on a D2 Phaser from Bruker (Cu Кα; Ni filter) were used.
For these experiments, deposition of Ni-Mo film from the corresponding electrolyte solution was
carried out on Ni cathode by the galvanostatic method at 25 °C. The current density of 25 mA/cm2
for 15 hours was applied to the cell, where platinum plate served as the anode. The deposited NiMo film was annealed in air at 500 °C for 1 hour.
Results and discussion
Open circuit potential value of the platinum electrode in ammonia electrolyte containing
complex nickel compounds was, depending on the concentration of NiSO4∙7H2O in the electrolyte,
recorded between 0.2 V and 0.4 V vs. Ag/AgCl. The first traces of nickel on platinum electrode appear
at the potential of -0.08 V. At the other side, the open circuit potential value of molybdenum in
ammonia solution fluctuates, depending on the concentration of Na2MoO4∙2H2O, between 0.50 and
0.56 V. The deposition of molybdenum oxide occurs at small polarization of 0.04 V, while its first
traces appear on the surface of the electrode at the potential of -0.06 V. The peak of the polarization
curve during the deposition of Mo corresponds to the potential of -0.25 V. It can be stated that in
the ammonia electrolyte, deposition potentials of nickel and molybdenum are quite close each to
other. Polarization curves of the deposition of nickel, molybdenum, and co-deposition of nickel with
molybdenum on Pt electrode from corresponding alkaline electrolytes are presented in Figure 1(a).
For the comparison purpose, the polarization curve of Pt electrode in pure ammonia electrolyte is
presented in Figure 1(b).
It can be seen from Figure 1(a) that the co-deposition of nickel with molybdenum occurs at a potential remarkably close to both, nickel and molybdenum deposition potential values. Also, the
cathodic polarization curve of co-deposition of Ni-Mo alloy (curve 3) is placed between polarization
curve of nickel (curve 1) and molybdenum (curve 2) deposition. As already known, such an arranhttp://dx.doi.org/10.5599/jese.912
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gement of polarization curves indicates formation of a solid solution between alloy components [23].
At the potentials -0.75 and -0.79 V on curves 3 and 2, respectively, hydrogen evolution occurs in two
stages. The presence of both metals in the composition of the deposited film was confirmed by
chemical analysis and data obtained by scanning electron microscope (SEM) discussed below.

Figure 1. Linear polarization curves (40 mV/s) of Pt electrode for: a) Ni2+ reduction from electrolyte
solution 1) (curve 1), Mo6+ reduction from electrolyte solution 2) (curve 2), co-deposition of Ni2+ with Mo6+
from electrolyte solution 3) (curve 3), and b) pure ammonia electrolyte.

Cyclic voltammetry (CV) curve of co-deposition of nickel and molybdenum from the alkaline electrolyte solution 3) is, together with CV response of Pt electrode in pure ammonia electrolyte, presented in Figure 2. It is obvious that CV of co-deposition has two main sections. The first section corresponds to the co-deposition of nickel and molybdenum, which occurs at the potential of -0.28 V. When
the potential reaches -0.8 to -0.9 V, hydrogen evolution occurs in two stages, which is indicated by
formation of peaks on the cathodic polarization curve at -0.81 and -0.87 V, respectively. On the anodic
sweeping curve, two small plateaus appear on the anodic curve at potentials -0.11 and 0.22 V,
respectively. The first plateau corresponds most likely to the anodic dissolution of the deposited film,
while the second plateau can be associated with the dissolution of nickel, present as a separate phase
in Ni-Mo thin film. Presence of Ni was confirmed by X-ray phase analysis.

Figure 2. Cyclic voltammetry curve (100 mV/s) of Pt electrode for co-deposition of Ni and Mo
from electrolyte solution 3) (curve 1) and pure ammonia electrolyte (curve 2).

In order to accurately determine processes occurring on the cathodic surface during co-deposition
of nickel and molybdenum, the potential of inversion from cathodic to anodic direction was set at
either -0.28 V or -0.8 V. Firstly, the cathodic polarization curve was scanned down to the potential
value of -0.28 V, then the process was stopped and after 5 minutes the anodic curve was taken. Figure
3(a) shows that at the potential of 0.26 V, a plateau appears on the anodic curve, which corresponds
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to the dissolution of thin Ni-Mo film. If, however, the cathodic scan was stopped at -0.87 V, CV
presented in Figure 3(b) shows that no peaks are displayed on the anodic curve before oxygen
evolution emerged at 0.7 V. This suggests that at -0.81 and -0.87 V mainly hydrogen is released.

Figure 3. Anodic polarization curves (100 mV/s) of Pt electrode in electrolyte solution 3), after
being kept for 5 minutes at negative potential limit of: (a) -0.28 V, (b) -0.8 V.

As already known, at metals (Me) in alkaline solutions, hydrogen evolution occurs in two steps
according to the following reactions [24,25]:
Me(H2O) + e- → Me(H) + OH(1)
Me(H) + Me(H) → 2Me +H2
(2)
The first step (1) describes formation of adsorbed hydrogen, Me(H), at a metal surface. The
second step (2) of the hydrogen evolution reaction can alternatively proceed according to another
mechanism:
Me(H) + H2O + e- → Me + H2 + OH(3)
In Figure 4, cathodic potentiodynamic polarization curves of co-deposition of nickel and
molybdenum are given for various concentrations of molybdenum ions and concentrations of
remaining ions kept constant. An increase in the concentration of Na2MoO4∙2H2O leads to a rise in the
peak height corresponding to the alloy formation. Deposition of elements to the alloy film occurs at
the potential of  -0.32 V.

Figure 4. Cathodic polarization curves (100 mV/s) of Pt electrode for co-deposition of Ni and Mo at various
concentrations of Na2MoO4∙2H2O in electrolyte solution 3): 0.057 M (curve 1), 0.069 M (curve 2), 0.092 M
(curve 3), 0.138 M (curve 4).

The mechanism of the release of molybdenum is reported in [26], according to which, a thin film
composed of a mixture of trivalent molybdenum and bivalent nickel hydroxides is formed on the
http://dx.doi.org/10.5599/jese.912
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cathode. Presence of metal-hydroxide depositor provides the necessary permeability of the film, so that
molybdenum ions can penetrate to the cathode and can be deposited on it. At the same time, the film
protects released molybdenum atoms from reverse oxidation with electrolyte. Other researchers
believe that co-deposition of Mo with other metals occurs in two stages. During the first stage (slow),
molybdenum oxide (MoO2) transforms into a mixed oxide (MoO2Ni4) by the following reaction:
4МоО2 + 4Ni2+ + 8e- = 4MoO2Ni4
(4)
During this slow reaction, the mixed oxide forms a compound on the surface that inhibits
hydrogen evolution [27]. Then, the mixed oxide is electrochemically reduced with the participation
of nickel ions to form Ni3Mo alloy:
МоО42- + 3Ni2+ + 8е- + (4+n)H = Ni3Mo +4OH- + nHаds
(5)
Reaction (4), proceeding slowly in combination with a relatively fast reaction (5) can be the main
reaction in the co-deposition of nickel with molybdenum to form Ni3Mo alloy.
Ernest and Holt 28 proposed a two-stage mechanism of the co-deposition of Mo with other
metals (M), the mechanism of which can be depicted as follows:
MoO42- + 4H2O + ne- = Mo(OH)(6-n) + (2+n) OH(6)
Mo(OH)(6-n) + (6-n) H + M = M⋅ Mo + (6-n) H2O
(7)
It is known that in strongly alkaline solutions, molybdenum is in the form of monomolybdate ions
[MoO4]2- and at high concentrations of molybdenum, only a small part of molybdate ions reaching
the cathode surface is reduced to the metallic Mo. The rest is deposited in the form of multivalent
oxides, most of which is MoO2 [29]. In the co-deposition of Ni with Mo, molybdate ions are
electrochemically reduced to MoO2 according to the following reaction:
MoO42- + 2H2O + 2e- = MoO2 + 4OH(8)
Due to the fact that MoO2 has catalytic properties in the reaction of hydrogen evolution, the
chemical reduction of molybdenum by atomic hydrogen occurs at the cathode, followed by
adsorption of Mo on nickel electrode with the formation of induced Ni-Mo alloy [30].
Figure 5 shows the results of X-ray phase analysis of thin Ni-Mo films deposited on Ni substrate
by the galvanostatic method at ik = 25 mA/cm2 for 15 hours. Whereas fresh deposit didn’t show
resolvable diffraction pattern, after annealing in air at 500 °C for 1 hour, the X-ray diffraction pattern
shows clear peaks corresponding to Ni, MoO3, and NiMoO4. The appearance of peaks corresponding
to NiMoO4 phase further confirms that NiMoO4 phase is formed due to presence of already formed
MoO2 phase. Apparently, the co-deposition of nickel with molybdenum occurs through the stage of
formation of oxides of these metals, as a result of which a solid solution is formed. When the films
are annealed at 500 °C for 1 hour, a solid-phase reaction occurs between nickel oxides and
molybdenum oxides, resulting in the formation of NiMoO4 phase, seen in the X-ray diffractogram
shown in Figure 5. The MoO3 phase, however, is most likely formed as a result of induced deposition
from molybdate ions according to the following reaction:
MoO42- + Ni2+ + H2O + 2e- → MoO3 + Ni + 2OH(9)
It should be noted that formation of NiMoO4 phase which contributes to high catalytic activity of
Ni-Mo alloys, was already obtained as a result of double annealing for the first time for 5 hours at 300
and again at 600 °C for another 5 hours [22]. In our study, this compound appears in the diffraction
pattern upon annealing for 1 hour at 500 °C. Induced co-deposition is accompanied by the evolution of
hydrogen, but part of the current consumed in this process is so small that can be neglected.
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Figure 5. X-ray diffraction pattern of Ni-Mo deposit annealed at 500 °C for 1 hour. Co-deposition of Ni with
Mo was performed on Ni electrode from electrolyte solution 3) at ik = 25 mA/cm2 for 15 hours.

Figure 6 shows cyclic voltammograms of co-deposition of Ni with Mo as a function of the
potential scan rate. These curves can be divided into two groups. The first group, represents the
curves recorded at potential scan rates from 10 to 20 mV/s (curves 5 and 6), while the second group
consists of curves recorded at scan rates of 40 mV/s and higher (curves 1-4).

Figure 6. Cyclic voltammograms of Pt electrode for co-deposition of Ni with Mo from alkaline electrolyte
solution 3) at various potential scan rates (mV/s): 100 (curve 1), 80 (curve 2), 60 (curve 3), 40 (curve 4),
20 (curve 5), 10 (curve 6).
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On the curves belonging to the first group, only one peak followed by a plateau appears on the
anode component at the potential of -0.13 V, corresponding to the dissolution of a thin Ni-Mo film.
At potential scan rates above 40 mV/s, another peak followed by new plateau appears at the
potential of 0.23 V. It is quite probable that at 0.23 V nickel dissolves and enters to the alloy as a
separate phase, which is confirmed by X-ray phase analysis shown in Figure 5.
Morphologies and chemical compositions of fresh and annealed Ni-Mo film deposited on Ni
electrode are presented in Figure 7.

Figure 7. Morphology and composition of thin Ni-Mo film deposited on Ni electrode under
conditions described in Fig. 5: (a) not subjected to annealing, (b) annealed at 500 °C for 1 hour.

According to Figure 7(a), the freshly deposited, i.e. not annealed film consists of 58.39 at.% nickel,
24.45 at.% molybdenum, and 17.16 at.% oxygen. Surface image of the sample shows that Ni-Mo
deposit is amorphous and composed of small particles. This was a reason why the XRD pattern of
this deposit did not yield any consistent results. Comparison of Figure 7(a) and (b) shows that for
the films subjected to annealing, the particle size was increased as a result of sintering at high
temperatures. Also, some nickel peaks disappeared or decreased, the molybdenum content also
decreased, and the oxygen content increased. The composition of the films changes insignificantly
after annealing and consists of 52.31 at.% nickel, 21.08 at.% molybdenum, and 26.61 at.% oxygen.
In all cases, atmospheric oxygen also participates in the reaction, which leads to an increase in the
amount of oxygen after annealing and decrease in the content of molybdenum and nickel in the
deposits, what agrees well with literature data [22,31].
Figure 8 shows linear polarization curves of Pt electrode for co-deposition of Ni with Mo as a
function of the potential scan rate (). Based on the data in Figure 8, the dependence of limiting
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current (iL) on  0.5 was plotted and shown in Figure 9. The rectilinear dependence occurs when the
deposition rate is controlled by diffusion of ions to the cathode surface [32]. These data are in good
agreement with data obtained in [21,22,33,34].

Figure 8. Linear cathodic polarization curves of Pt electrode for co-deposition of Ni with Mo
from electrolyte solution 3) at various scan rates (mV/s): 10 (curve 1), 20 (curve 2), 40 (curve 3),
60 (curve 4), 80 (curve 5), 100 (curve 6).

Figure 9. Dependence of iL on 1/2 for data taken from Fig. 8.

Conclusions
It was found that during co-deposition of nickel with molybdenum, a solid solution of these two
metals is formed, and the deposited alloys are amorphous. Co-deposition passes through the stage of
formation of oxides of these two metals. Annealing at 500 °C for one hour makes sample polycrystalline and NiMoO4 compound appeared in the X-ray diffraction pattern. The process of co-deposition
is controlled by diffusion of ions to the cathodic surface. The knowledge of the mechanism of codeposition of nickel with molybdenum will make it possible to select optimal conditions for the
deposition of alloys of strictly required composition with satisfactory electrocatalytic properties.
The catalytic activity of amorphous Ni-Mo film is higher than film subjected to annealing, what is
due to the large real surface of amorphous films.
http://dx.doi.org/10.5599/jese.912
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Abstract
The work is devoted to the electrochemical deposition of Bi-Se thin films from ethylene
glycol-based electrolytes. The studies have been carried out by potentiodynamic and
galvanostatic methods under various conditions, using Pt and Ni electrodes. By recording
cyclic and linear polarization curves, the potential ranges of deposition of thin Bi-Se films on
Pt (-0.75 to -1.2 V) and Ni (0.2 to -0.85 V) electrodes were determined. A comparison of the
polarization curves of two electrodes showed that co-electrodeposition of Bi and Se occurs
in approximately the same potential range. In order to find the optimal mode and
composition of the electrolyte, the effect of various factors (concentration of initial
components, temperature, etc.) on the process of co-electrodeposition of Bi with Se was
studied. In addition, the samples of Bi-Se thin films obtained on Ni electrodes using the
galvanostatic method were studied by scanning electron microscope (SEM) and X-ray phase
analysis. The results of X-ray phase analysis confirmed the formation of thin Bi2Se3 films with
and without additional heat treatment step. Elemental analysis of obtained films carried
out by EDS shows that films contained 62.79 wt.% Bi and 37.21 wt.% Se.
Keywords
Bismuth (III) selenide; thin films; co-deposition; ethylene glycol; polarization
Introduction
The use of thin semiconductor films is widespread in the modern world [1-5]. They are applied in
various fields of technology, microelectronics, and electronics for the production of photoresistors,
laser materials, optical recording devices, etc., and also in solar cells for energy production and
storage [6-7]. Therefore, finding new promising and optimal methods and conditions for obtaining
of semiconducting thin films is quite important task.
http://dx.doi.org/10.5599/jese.914
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Bismuth selenide (Bi2Se3) is a layered semiconductor with a straight band gap 0.3-0.4 eV in the
monocrystalline form and 0.9-2.3 eV in a thin film [8-10]. Bi2Se3 is important member of A2VB3VI
family of compounds and has high absorption coefficient in the visible and near-infrared regions. As
an important n-type chalcogenide, Bi2Se3 has many important characteristics such as high electrical
conductivity [11], conspicuous thermoelectric property [12], photosensitivity [13], electrochemical
property [8], and photoconductivity [14]. Besides, Bi2Se3 is a popular topological insulator [15-17]
and has unique property of conducting surface states and isolated bulk states.
Up to now, to synthesize Bi2Se3, numerous methods, such as pulsed magnetron sputtering,
molecular beam epitaxy, organometallic chemical vapor deposition, hydrothermal deposition,
sequential ionic layer absorption and reaction, chemical deposition, electrochemical deposition, etc.
have been used [18-25]. Electrochemical obtaining of semiconductor chalcogenide films is enlarging
day by day, mostly due to several advantages of the deposition method. These advantages include
short deposition time periods and reasonable operation temperatures. Moreover, through the
proper selection of electrolyte composition, various types of the alloy may be obtained, allowing
also the covering of large and complex substrates. Also, the parameters that affect electrochemical
deposition process can be easily controlled, carrying out the studied process in the strictly desired
direction. Application of electrochemical deposition does not require complex instruments, devices
and procedures, and is therefore considered economically beneficial.
The present research aims to obtain thin films of semiconductor material Bi2Se3 by the
electrochemical deposition method. Also, this work would be a certain continuation of our previous
work about the electrochemical obtaining of chalcogenide compounds [2,4,26-31].
Experimental
The recording of potentiodynamic polarization curves was carried out using a potentiostat
"IVIUMSTAT Electrochemical Interface", equipped with a computer programmed by the IviumSoftware. During potentiodynamic experiments, a three-electrode electrochemical cell with a volume
of 100 ml was used. As a working electrode, Pt wire with an area of 0.3 cm2 and a Ni-electrode with
an area of 2 cm2 were taken. A saturated silver/silver chloride (Ag/AgCl/KCl) electrode was used as
a reference electrode, and a Pt plate with an area of 4 cm2 was used as an auxiliary electrode.
Experiments were performed at 313-323 K.
The study of the morphology and determination of the elemental composition (energy dispersive
spectroscopy, EDS) of the electrodeposited Bi-Se samples were carried out using the scanning
electron microscope of Carl Zeiss Sigma brand (SEM).
The phase composition of the obtained thin layers was determined using an X-ray phase D2 Phazer
analyzer from a Bruker company, Germany (CuKα filter, Ni). The electrolyte used in the experiments
was composed from 0.1 М Bi(NO3)3·5H2O (supplied by JSC Vekton, Russia) and 0.03 М H2SeO3 (supplied by LLC Reachim, Russia), dissolved in ethylene glycol (supplied by PJSC Sibur-Neftechim, Russia).
Since Pt electrodes require periodic cleaning, before the experiments they were cleaned in
concentrated nitric acid, and then rinsed with bi-distilled water. After each experiment, Pt electrode
was kept for 30 minutes in the boiling nitric acid that contains a small amount of ferric chloride.
After that, it was thoroughly washed with tap water, and then with distilled water. At the end, Pt
electrode surface was rinsed with alcohol or acetone [32].
Ni electrodes were firstly polished electrochemically in the concentrated HNO3 acid, and then
reduced in a solution consisting of H2SO4, H3PO4, and citric acids (T = 293-303K, i = 500 mA/cm2,
τ = 180 s). At the end, they were thoroughly washed with distilled water [32].
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Results and discussion
Electrodeposition of two components is more complex than deposition of individual components, because co-deposition requires stricter control of the electrolyte composition and deposition conditions. Therefore, prior to co-deposition experiments, it would be necessary to study
deposition of initial components separately.
Figure 1 shows cyclic polarization curves of Pt electrode in the pure electrolyte (ethylene glycol),
electroreduction of individual components (Bi and Se), and co-electrodeposition of Bi with Se. In
comparison with an aqueous electrolyte, reduction processes in non-aqueous media occur at more
negative potentials and with lower currents [33,34]. This is due to very low electrical conductivity of
non-aqueous solutions, what prevents rapid arrival of ions to the electrode surface. In pure ethylene
glycol solution (curve 1), Pt electrode is in almost polarizable state, and ions are accumulated at the
surface forming electrical double-layer. The reduction of selenite (SeO32-) ions to Se2- ions (curve 2)
occurs in one stage with the observation of a cathodic plateau at potentials of -0.3 to -0.5 V, which
should be assigned to the reduction of selenite ions. Electrochemical reduction of bismuth (Bi3+) ions
(curve 3) occurs within the potential interval of -0.05 to -0.75 V. At the potential of -0.05 V, Bi3+ ions
are reduced to Bi0, and the first trace of bismuth appears on the Pt surface and with increasing
potential, in a more negative direction the deposition of Bi is accelerated, and Pt surface becomes
covered with a black layer.

Figure 1. Cathodic polarization curves (0.02 V s-1) of Pt electrode in: ethylene glycol (C6H8O7) (curve 1),
0.03 M H2SeO3 +C6H8O7 (curve 2), 0.07 M Bi(NO3)3×5H2O + C6H8O7 (curve 3) and
0.07 M Bi(NO3)3×5H2O + 0.03 M H2SeO3 + C6H8O7 (curve 4); T = 298 K.

Co-electrodeposition of bismuth with selenium (curve 4) from ethylene glycol on Pt electrode
occurs within the potential range of -0.05 to -1.5 V in two stages. Starting from -0.05 V and down
to -0.6 V, the electroreduction of Bi3+ ions occurs, while at about -0.6 V, co-deposition of Bi and Se
http://dx.doi.org/10.5599/jese.914
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occurs. With further potential decrease down to -1.2 V, electrochemical deposition is accelerated, the
current consumed for the process is increased, and the electrode becomes completely covered with
a black layer. In comparison with deposition potentials of individual Bi (-0.05 V) and Se (-0.3 V), their
co-electrodeposition occurs at more anodic potential of -0.6 V.
The process of co-electrodeposition of bismuth with selenium has also been studied on a porous
nickel electrode. From the comparison of cathodic polarization curves of Pt (Figure 1, curve 4) and Ni
(Figure 2) electrodes in ethylene glycol containing Bi and Se ions, it is clear that co-electrodeposition
of Bi and Se on Ni electrode occurs by forming the cathode plateau at potentials of -0.4 to -0.85 V.
After determining the potential range of co-deposition, the effect of various factors on the
process was studied by the potentiodynamic method to find the optimal electrolysis mode and
electrolyte composition. As is already known, one of the main factors affecting the electrochemical
process is temperature. The effect of temperature on the co-deposition process was studied in the
range of 298-338 K.

Figure 2. Cathodic polarization curve (0.02 V s-1) of Figure 3. Cathodic polarization curves (0.02 V s-1) of
co-deposition of Bi with Se on Ni electrode.
co-deposition of Bi with Se on Pt electrode from
Electrolyte composition (М):
ethylene glycol solution containing
0.07 Bi(NO3)3×5H2O + 0.03 H2SeO3 + C6H8O7; Т = 298К.
(0.07 M Bi(NO3)3×5H2O + 0.03M H2SeO3) at
T/K = 298 (1), 308 (2), 318 (3), 328 (4), 338 (5).

Cathodic polarization curves of the experiments shown in Figure 3 demonstrate that with
increasing of temperature, the beginning of co-electrodeposition of bismuth with selenium is shifted
positively to 0.0 V, while the current spent on the process increased up to -20 mA.
The influence of the concentration of initial components was studied separately. The effect of
the concentration of bismuth ions was investigated in the range of 0.05-0.11 mol/L, keeping the
concentration of selenium ions constant. The research results are presented in Figure 4, showing
that with an increase in the concentration of Bi ions, the potential of electrodeposition moved
towards a positive direction. Also, with an increase in the number of bismuth ions in the electrolyte,
co-deposition was accelerated, and the current consumed on the process increased.
A similar situation is seen in Figure 5 showing cathodic polarization curves of co-electrodeposition
process of Bi and Se for different concentrations of selenite ions at the constant concentration of
bismuth ions. The influence of the concentration of selenite ions was studied in the range 0.018-0.054
mol/L. As is seen from Figure 5, with an increase in the concentration of selenite ions, the process of
co-deposition also accelerates. In this case, however, acceleration affects detrimentally onto
stoichiometric composition and quality of the obtained thin layers. Hence, it has been determined by
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experiments that thin films close to the stoichiometric composition are obtained at 0.07 mol/L
concentration of bismuth ions and 0.03 mol/L concentration of selenite ions.

Figure 4. Cathodic polarization curves (0.02 V s-1) of Figure 5. Cathodic polarization curves (0.02 V s-1) of
co-deposition of Bi with Se on Pt electrode from
co-deposition of Bi with Se on Pt electrode from ethyethylene glycol solution containing 0.03 M H2SeO3 lene glycol solution containing 0.07 M Bi(NO3)3×5H2O
and different concentrations of Bi(NO3)3×5H2O (M):
and different concentrations of H2SeO3 (M):
0.05 (1), 0.07 (2), 0.09 (3), 0.11 (4); Т = 298 К.
0.018 (1), 0.03 (2), 0.042 (3), 0.054 (4); Т = 298 К.

After determining the potential range and studying the influence of some factors on the process
of co-deposition of thin Bi-Se films, the samples were deposited on Ni electrode in the galvanostatic
mode at the current density of 9 - 10 mA/cm2.
Figure 6 shows X-ray diffraction pattern, morphology, and elemental composition of the obtained
Bi-Se film.

Figure 6. (a) X-ray pattern, (b) morphology and (c) EDS spectrum of Bi-Se film formed on Ni electrode by
co-deposition from ethylene glycol containing 0.07 M Bi(NO3)3×5H2O+0.03 M H2SeO3; Т = 298 К.

http://dx.doi.org/10.5599/jese.914
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Using X-ray analysis, it has been established that Bi2Se3 thin films are obtained as a result of these
experiments. The diffraction peaks observed in Figure 6a at 2 angles close to 18, 29, 38 and
58, respectively are proper to rhombohedral Bi2Se3. Clear peaks observed at 2 45 and 52
belong to Ni substrate.
The size of grains is changed within a fraction of 1 to 5 microns that is shown in Figure 6b. The
variation in the size of various grains is due to high porosity of Ni substrate that allows them to grow
freely during deposition. The elemental content presented in Figure 6c indicates that the film mainly
consists of Bi and Se, what demonstrates its chemical purity. EDS data show that film contains
62.79 wt.% Bi and 37.21 wt.% Se. The presence of nickel atoms in the spectrum is due to Ni
substrate. As is commonly seen from Figure 6, the results of freshly deposited film confirm the
deposition of Bi2Se3 films.
Figure 7 presents the results for the deposited film thermally treated at 673 K in argon medium
for 30 minutes. X-ray pattern (Figure 7a), SEM image (Figure 7b) and EDS results (Figure 7c) show
not much changes compared to Figure 6. It seems, however, that after the thermal treatment, Bi2Se3
film becomes more crystalline. Therefore, depending on the field of application, thin semiconductor
films of Bi2Se3 can be obtained by either heat treatment or without it.

Figure 7. (a) X-ray pattern, (b) SEM image and (c) EDS spectrum of Bi2Se3 thin film presented in
Figure 6 after heat treatment at 673 K.

Conclusion
Electrochemical co-deposition of bismuth and selenium on Pt and Ni electrodes from ethylene
glycol was investigated by the potentiodynamic method. Co-deposition of bismuth with selenium
from ethylene glycol on Pt electrode occurs at the potential -0.6 V. On Ni electrode, co-deposition
is carried out with a cathode plateau formed in the potential range of -0.4 to -0.85 V. To find the
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optimal mode and composition of the electrolyte, the influence of various factors (concentration of
initial components, temperature, etc.) on the co-deposition process was studied. According to the
experimental results, the electrolyte with the composition of 0.07 Bi (NO3)3×5H2O +
+ 0.03 H2SeO3 + C6H8O7 and T = 298 K can be used to obtain thin films of Bi2Se3 with a composition
close to the stoichiometric ratio.
The deposits were also exposed to thermal treatment at 673 K in argon atmosphere. For both
fresh and thermally treated samples, formation of thin Bi2Se3 films was confirmed. Films that
undergone thermal treatment, however, was found more crystalline.
Acknowledgement: This work was carried out with the financial support of the National Academy of
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Abstract
This work investigates the effect of rib width, channel width and channel depth on the
performance of a high temperature proton exchange membrane (HT-PEM) fuel cell with
parallel flow field configuration. Simulation results indicate that the rib width has the
maximum impact on the performance of the fuel cell. The lower the rib width, the better is
performance of HT-PEM fuel cell. Changing the channel width seems to have a moderate
effect, while changing the channel depth seems to have very limited impact on the fuel cell
performance. The effect of various rib width and channel dimensions on the pressure drop
across the channel is also studied. The concentration profile of the oxygen across the
cathode gas channel is modeled as a function of the channel width and depth. Modeling
results are found to be in well agreement with experimental data.
Keywords
Fuel cell, modeling, rib width, channel width, pressure drop
Introduction
Improving the performance of a proton exchange membrane fuel cell (PEMFC) through
modification of the flow field design has already been studied in literature for low temperature fuel
cell systems. Yoon et al. [1] have studied the effect of rib width experimentally for 80 cm2 cell at
different operating conditions. Shimpalee and Van Zee [2] have studied the impact of channel path
length on 200 cm2 cells. The authors postulate that the effect of varying the flow channel path length
on the reaction area can affect the performance of the cell. Shimpalee et al. [3] have also developed
a model to study the impact of cross section dimension of channel and rib on the performance of
low temperature PEMFCs. Hsieh and Chu [4] have experimentally investigated the effect of channel
and rib widths with an aspect ratio 0.5 to 2 for the serpentine flow field PEMFC. Manso et al. [5]
analyzed the effect of the channel cross section aspect ratio for serpentine flow fields. The authors
postulate that channel cross section aspect ratio has a direct effect on the performance of PEMFCs.
http://dx.doi.org/10.5599/jese.907
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Wang et al. [6] have investigated the effect of channel to rib width ratio and geometric aspect
ratio on the performance of PEMFC. The authors have shown that for some conditions, the
interdigitated design is superior to the parallel design. In addition, Wang at al. ]7] have investigated
the effect of sub rib convection on PEMFC with serpentine flow channels. They found that at low
operating voltages, the reduced channel aspect ratio improves the cell performance. Chaudary et
al. [8] have predicted that the effect of channel width is more pronounced than the land width. Yu
et al. [9] have mentioned that the land width has little influence on the performance of PEMFC with
interdigitated flow field. Goebel [10] has recommended the minimum land fraction of 50 % for low
contact resistance PEMFCs. Generally, there is a quite body of literature focusing on the effect of rib
width and channel dimensions in low temperature fuel cells. On the other side, very little work has
been done in the area of high temperature fuel cells, and just this will be the focus of the work
presented in this paper.
Modeling procedure
HT-PEMFC schematic
Figure 1 shows the schematic of a parallel flow configuration in HT-PEM fuel cell and cross section
of flow channels. The fuel cell has a polybenzamidazole membrane. Hydrogen and air are sent in the
inlets of anode and cathode electrodes. The fuel cell is considered to operate at 130 oC.
a

b

Figure 1. (a) Schematic of parallel flow configuration in HT-PEM fuel cell, (b) cross section of flow channels.

Model assumptions:
a)
b)
c)
d)
e)
f)
g)

The model assumes steady state operating conditions.
The model assumes isothermal conditions. The temperature is assumed as 130 C.
The model assumes no phase change in a single-phase incompressible flow.
All gases and gas mixture behaviors are considered ideal.
Crossover of reactants and water vapor through the membrane are neglected.
The resistances due to gas diffusion layer (GDL) and catalyst layer are neglected.
Due to high temperature, water is considered as vapor.

Model equations:
Gas flow in flow channel path is governed by Navier-Stokes equations.
Mass and momentum conservation equations are given as follows:
u = 0
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uu = − ( −pI +  )

(2)

2
T
 =   u + ( u )  −  ( u ) I

(3)



 3

where  is density, u is velocity vector, p is pressure,  is viscous stress tensor, I is the identify tensor
and  is dynamic viscosity.
Butler-Volmer equation which describes kinetics of electrochemical reactions at anode and
cathode electrode interfaces is given by

 − F 
 F  
i = io + exp  R   −  exp  0  
 RT  
 RT 


(4)

where i and io are current density and exchange current density, αR and α0 are anodic and cathodic
transfer coefficients,  is overpotential, T denotes the operating temperature, while F and R is
Faraday and gas constant, respectively.
For higher overpotential, Tafel equation can be derived from Butler-Volmer equation in the
following form:
i 
 = A ln  
 i0 

(5)

where A denotes Tafel slope.
Ohm’s law describes the charge transport in anode and cathode porous electrodes and
electrolyte.
(6)
il = Ql
il = − ll

(7)

is = Qs

(8)

is = − s s

(9)

where i, Q, , and  denote current density, source mass term, conductivity, and potential for either
electrolyte (subscript l) or solid electrode (subscript s).
Henry’s law describes hydrogen and oxygen concentrations at the interface of electrode and
membrane:
CH2 =

xHPH
KH

(10)

C O2 =

xOPO
KO

(11)

where xH and xO are hydrogen and oxygen mass fraction, while KH and KO are Henry’s constant.
Brinkman equations (anode)
Brinkman equations are derived from Navier-Stokes equations for modelling of porous region
Maxwell-Stefan equation describes transport of chemical species in ideal gas mixtures.

 
u
Q 


2
T
(ua ) a =  −paI + ua + ( ua ) −
(ua ) I  −   −1 + f ua + m2  ua + F
p
p
p
3 p
p 

 

(12)

ua = Qm

(13)

(

)

Brinkman equations (cathode)
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u
Q 


2
T
(uc  ) c =  −pcI + uc + ( uc ) −
(uc ) I  −   −1 + f uc + m2  uc + F
p
p
p
3 p
p 

 

(14)

uc = Qm

(15)

(

)

where εp is GDL porosity, pc and pa are cathode pressure and anode pressure, uc and ua are cathode
inlet velocity and anode inlet velocity,  denotes porous medium permeability,  denotes density
and Qm is mass source.
Boundary conditions
Applying the no slip boundary condition
uc = ua = 0

(16)

Cathode inlet – laminar inflow



2
T
Lentr t  − pc I +  uc + ( uc ) −
uc ) I   = pentr n
(

 p 
3 p



(17)

Anode inlet – laminar inflow



2
T
Lentr t  − paI +  ua + ( ua ) −
ua ) I   = pentr n
(

 p 
3 p



(18)

where Lentr and pentr are entrance length and entrance pressure. The equations for species transport
are given as follows:
ji +  (u )i = Ri

(19)
(20)

Ni = ji + ui

where ji is flux density, u is velocity vector, 𝜌 is density and  i is mass fraction.
Numerical simulations
Three-dimensional computational domain of high temperature PEM fuel cell (HT-PEMFC) is
shown in Figure 2. All geometrical parameters and properties are listed in Table 1.
a

b

c

Figure 2. Mesh distribution in computational domain of HT-PEM fuel cell: (a) isometric view,
(b) cross section, (c) top view.
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In our optimization, various values (0.5, 1, 1.5 mm) of flow channel width, channel depth and rib
width were considered for analysis. To study the effect of each of these three parameters
individually, other two parameters were considered constant (1 mm). Rib width is considered
equally on both sides of the channel. In our analysis, three different channel lengths (19, 22, 25 mm)
were considered to observe flow properties across the flow channel. Structural hexahedral elements
are used for meshing of computational flow domain. Our computational domain consists of 24200
hexahedral mesh elements, 8486 boundary elements and 1024 edge elements. Average skewness
quality of our mesh elements is 1. Mesh elements of our computational domain are adaptive with
respect to various channel width, rib width and channel depth. A mathematical model is developed
to analyze our computational domain in Comsol 5.3a on viable concerns of HT-PEM fuel cell, fluid
dynamics, species transport and current distribution. Model equations with initial and final
boundary conditions are solved using appropriate solvers.
Results and discussion
Wang et al. [11] has postulated that at low current densities where water accumulates in GDL
(gas diffusion layer), the under-rib convection plays a more important role in water removal than
the pressure drop. Water removal facilitates oxygen transportation and oxygen removal. At high
current densities, when large amount of water accumulates in the channels, the pressure drop
across the channels dominates water removal to facilitate oxygen transportation. This analogy can
be extended to high temperature fuel cells for the removal of water vapor. Liu et al. [12] postulated
that water is mostly accumulated along the rib edges and at the corners by the channel wall and
GDL. The authors postulated that a smaller channel width and smaller rib width enables better
hydration of the membrane and easier discharge of water, leading thus to better fuel cell
performance. A larger channel dimension gives enhanced surface area for reaction. However, a
larger channel/rib dimension while enhancing the electrical and heat conduction in the fuel cell also
reduces the ohmic drop across the cell. Thus, the effects of rib and channel dimensions must be
considered as a combination of these factors.
Figure 3 shows the simulated polarization curves describing the fuel cell performance as a
function of different rib widths (0.5, 1, 1.5, 2 mm). For these simulations, the channel width and
channel depth are kept constant at 1 mm. The graph shows that the fuel cell performance is the
highest at the rib width of 0.5 mm, and the lowest at the rib width of 2.0 mm. The difference in the
fuel cell performance for different rib widths is higher within the high current density zone,
indicating mass transfer limitations and major role of water discharge.

Figure 3. Variation of cell voltage with current density for various rib widths.
http://dx.doi.org/10.5599/jese.907
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The effect of changing rib width is not seen to play significant role at lower current densities.
Also, it seems that the channel width plays a certain role, even at lower current densities
Figure 4 shows the effect of pressure drop for various channel lengths for different rib width
values (0.5, 1, 1.5, 2 mm). The pressure drop is found to increase from 47 kPa when the channel
length is 19 mm to 53 kPa at the channel length of 25 mm when the rib width is maintained at
0.5 mm. When the rib width is increased to 2 mm, the pressure drop is seen to change from 46.5 to
52 kPa for channel lengths changing from 19 to 25 mm. Goebel [10] postulated that for greater
pressure drop across the channel length, the greater is water transport, leading to better removal
of water in a PEMFC. This in turn leads to better oxygen consumption leading to better fuel cell
performance. The pressure drop across the channel lengths when the rib width is changed from 0.5
to 2.0 mm, enables better water transport and hence better oxygen consumption, thus allowing
better PEMFC performance. Smaller ribs also reduce the ohmic drop across the cell, enabling higher
current densities.

Figure 4. Pressure drop as a function of three different channel lengths (19 mm, 22 mm and 25
mm) for various rib widths.

Figure 5 shows the simulated polarization curves for varying channel widths. The figure shows
that increasing values of the channel width plays a certain role in the performance of the fuel cell,
particularly at higher current densities. It seems, however, that the channel width plays some role
even at lower current densities.

Figure 5. Polarization curves showing the variation of cell voltage with cell current density for
various channel widths.
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Figure 6 shows the pressure drop across the length of the channel as a function of changing channel
width. The figure shows that the pressure drop changes from 63 kPa at the channel length of 19 mm
to 70 kPa at the channel length of 25 mm for the channel width of 0.5 mm. At the channel width of
1.5 mm, the pressure drop is found to change from 35 kPa at the channel length of 19 mm to 42 kPa
at the channel length of 25 mm. Thus, there is a significant effect of pressure drop on the water
transport in the cathode gas channels, leading to significant fuel cell performance improvement
particularly at high current densities. However, a wider gas channel also allows enhanced surface
reaction on the cathode side enabling more oxygen consumption. However, the pressure drop seems
to be a dominant effect and hence we see better performance when the channel width is 0.5 mm.

Figure 6. Pressure drop at three different channel length values (19, 22 and 25 mm) for
different channel widths.

Figure 7 shows the simulated polarization curves for varying rib/channel ratios. The graph shows
that if the total channel width and rib width is fixed, with increasing values of the rib width, the fuel
cell performance decreases. The highest performance is seen at the lowest value of the rib width.
This indicates the effect of the electrical resistance of the rib width and the consequent effect on
the ohmic drop in the PEM fuel cell.

Figure 7. Polarization curves for different channel width to rib ratios (channel width+rib width=2).

Figures 8a and 8b show the effect of change in oxygen concentration across the channel length
when the channel width is changed from 0.5 to 1.5 mm. The channel length is this case is fixed at
25 mm. The oxygen consumption is seen to be higher when the channel width is 0.5 mm than
1.5 mm, clearly showing the effect of pressure drop across the cathode channel length.
http://dx.doi.org/10.5599/jese.907
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a

b

Figure 8. Oxygen concentration profile: (a) along the cathode gas channel when the channel width is 0.5
mm, (b) in the cathode gas channel when the channel width is 1.5 mm.

Figure 9 shows the performance of the high temperature PEMFC as a function of various channel
depths. The figure shows that the channel depth plays very little role if any, in the performance of
the PEMFC.
Figures 10a and 10b show the oxygen concentration across the flow channel length as a function
of two different channel depth values (0.5 and 1.5 mm). The channel length in this case is fixed at
25 mm. The figures show that the oxygen consumption is not changed much by changing the
channel depth. Figure 11 shows the effect of cathode channel length on the pressure drop in the
cathode channel for a given current density (for three different channel widths). The graph indicates
that the maximum pressure drop is obtained when the channel length is 25 mm.
Validation of simulation results with experimental data [13] is shown in Figure 12. Simulation
results are well compared with experimental data. The parameters used for fitting experimental
data are shown in Table 1.
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Figure 9. Variation of cell voltage with current density for various cell channel depths.

a

b

Figure 10. Concentration profile of oxygen: (a) in the cathode gas channel for 0.5 mm channel depth,
(b) in the cathode gas channel for 1.5 mm channel depth.
http://dx.doi.org/10.5599/jese.907
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Figure 11. Effect of channel length on current density of the cell for three different channel widths.

Figure 12. Validation of modeling predictions with experimental data.
Table 1. List of parameters and nomenclature
Notation
xO
xH
wr, wch, hc / mm
Vcell / V
uc / m s-1
ua / m s-1
T / oC
l, s / S m-1
Pa, pc / atm
µc / Pa s
µa / Pa s
L / mm
 / m2
F / C mol-1
R / J mol-1 K-1
Hm, Hcl / mm

l
gdl

DO2N2 / m2 s-1
DO2H2O / m2 s-1
DN2H2O / m2 s-1
DH2H2O / m2 s-1
CO2ref / mol m-3
CH2ref / mol m-3
Hgdl, Hch / mm
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Values
0.3
1.00
0.5, 1, 1.5
0.4
0.5
0.2
130
9.825, 222
1
2.46×10-5
1.19×10-5
19, 22, 25
10-12
96487
8.314
0.1, 0.05
0.3
0.4
2.210-5(T/293.2)1.75
2.210-5(T/293.2)1.75
2.210-5(T/293.2)1.75
2.210-5(T/293.2)1.75
40.88
40.88
0.38,1

Description
Inlet oxygen mass fraction (cathode)
Inlet hydrogen mass fraction (anode)
Rib width, channel width, channel depth
Cell voltage
Cathode inlet flow velocity
Anode inlet flow velocity
Cell temperature
Membrane, GDL conductivity
Reference pressure at anode and cathode
Cathode viscosity
Anode viscosity
Cell length
GDL permeability
Faraday’s constant
Universal gas constant
Membrane, electrode thickness
Electrolyte phase volume fraction
GDL porosity
O2-N2 binary diffusion coefficient
O2-H2O binary diffusion coefficient
N2-H2O binary diffusion coefficient
H2-H2O binary diffusion coefficient
Oxygen reference concentration
Hydrogen reference concentration
GDL depth, channel depth
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Conclusions
A three-dimensional numerical model is developed to study the effect of channel and rib
dimensions on HT-PEM fuel cell performance in a parallel flow configuration run at 130 ℃.
Simulation results indicate that changing the rib width (channel width and channel depth are kept
constant) has the maximum effect on the fuel cell performance. Changing the channel width (rib
width and channel depth are kept constant) has a significant effect while changing the channel
depth has negligible effect on the fuel cell performance. The effect of changing rib width, channel
width and channel depth on the pressure drop across the channel is also studied. Increasing
pressure drop across the channel length facilitates water vapor transport and hence increases
oxygen consumption. Model results are found to compare well with experimental data.
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