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Abstract Cyclic voltammetry (CV), electrochemical imped-

ance spectroscopy (EIS), and chronoamperometry (CA) tech-

niques are essentially used for the study of the electroreduction

of the two isomers maleic and fumaric acid systems in 0.1 M

KCl at 298 K. The measurements are carried out on Pt nano-

particles electrodeposited on glassy carbon electrode (GCE).

The modification of the electrode enables the appearance of

better resolved peaks of the cyclic voltammograms of the two

isomers of the acids in comparison with the poor behavior in

absence of the modification. Two well-separated reversible

cathodic waves at -0.44 and -0.59 V versus Ag/AgCl are

characterizing the electroreduction cyclic voltammogram of

maleic acid. The electroreduction of fumaric acid shows only

one reversible peak at -0.362 V versus Ag/AgCl is observed.

Peak separations and current functions together with other

parameters of the electrochemical behavior of both isomers are

calculated and discussed. Rate parameters of the anion radicals

of both isomers in 0.1 M KCl on immobilized GCE with Pt

nanoparticles are obtained and discussed.
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1 Introduction

Nanosized particles attracted much attention, and are cur-

rently the subjects of considerable researches. Due to their

high specific surface area which makes it having unusual

physical and chemical properties, nano-materials are used

in the potential application and chemical separation [1].

Also, nanoparticles have been found to be used in tech-

nological applications in many different areas, such as

photocatalysis [2], electrocatalysis [3], and biomedical

applications [4, 5]. The electrodeposition of metal nano-

particles onto carbon electrodes has become the interest of

a large number of researches [6–10]. Platinum nanoparti-

cles dispersed onto smooth, non-active surfaces are of

interest for the catalytic activity of Pt toward reactions of

interest in fuel cell. Electrodeposition of platinum deposits

produced during the electroreduction of PtCl6
2- complex

in acid solutions has a much enhanced surface [11]. Cat-

alytic activity is one of the most important properties of Pt

nanoparticles; therefore, it is used to enhance the reaction

efficiency. Pt-based materials are still recognized as the

most effective catalysts [12]. Due to the biological and

industrial importance of maleic and its isomer acid

(fumaric), the electrochemical behavior of them was

studied in this article. Furthermore, little studies covering

the area of the two isomers maleic and fumaric acids have

been carried out [13–16]. Moreover, almost totally rare

studies using GCE immobilized with Pt nanoparticles were

undertaken. Recently, controlled potential electrolysis was

employed to accomplish homopolymerization of maleic

anhydride by direct electron transfer [17]. The transfor-

mation of di-ethylmaleate to di-ethylfumarate has been

studied electrochemically [18]. Another study proved that

the electroreduction of maleic and fumaric acids proceeds

via the cleavage of the carbon–carbon p bond converting to

succinic [14]. In this study, we present an application of the

relatively new trend of modifying electrodes. Accordingly,

in this report, detailed investigations of the electroreduc-

tion behavior of maleic acid and its isomer in 0.1 M KCl
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on Pt-nanoparticle electrodeposits are carried out. Cyclic

voltammetric, electrochemical impedance, and related

techniques were combined to obtain the desired data.

2 Experimental

2.1 Chemicals

Both maleic and fumaric acids were purchased from (BDH).

Solutions of 0.1 M potassium chloride, 0.5 M Na2SO4

(BDH), 0.1 M potassium nitrate, and a stock 0.1 M of

potassium hexacyanoferrate (III) were freshly prepared by

dissolving the appropriate amounts in bidistilled water.

A 0.5 9 10-3 and 1 9 10-3 M solution of di-hydrogen

tetrachloroplatinate (Aldrich) were freshly prepared by

dissolving the appropriate amount in a 0.1 M potassium

chloride.

2.2 Apparatus and equipments

All electrochemical experiments were performed with an

EG&G PARC Potentiostat/Galvanostat model 273 A. The

EIS measurements were performed with a lock-in analyzer

(Model 5208) coupled with a potentiostat/galvanostat (model

273) from EG&G Instruments. The model 378 software was

used for EIS measurements. A conventional three-electrode

cell system was used, consisting of a bare or modified glassy

carbon (3 mm in diameter) as a working electrode, platinum

sheet as an auxiliary electrode, and the Ag/AgCl is the refer-

ence electrode. All experiments were thermostated at

298 ± 0.2 K. Surface analysis of the modified electrodes

were carried out using a JEOL JSM-5500 LV Scanning

Electron Microscope (JOEL, Japan), at an acceleration volt-

age of 5 keV and a working distance of 4–5 mm. Image

analysis were performed visually and with common software

(ImageJ, Wright Cell Imaging Facility, Toronto Western

Research Institute, University Health Network) for particle

counting and particle size.

2.3 Preparation of the modified electrode

Prior to the electrodeposition of Pt nanoparticles, the glassy

carbon electrode surface was polished first with no. 2000

emery paper, then with aqueous slurries of successively finer

alumina powder with the help of polishing microcloth. Then,

it was rinsed with doubly distilled water. The bare GCE was,

then, sonicated for 10 min in bidistilled water bath. Elec-

trodeposition process was accomplished by scanning

between 0.15 and -0.9 V versus Ag/AgCl, at a scan rate of

0.05 V s-1 for 25 cycles in a fresh solution of 0.1 M KCl

containing either 0.5 or 1 mM of H2PtCl6, according to the

required condition of the experiment. The delay time of the

deposition step was varied from 0 to 60 s to obtain Pt deposits

with different characteristics.

3 Results and discussion

3.1 Pt nanoparticles electrodeposition

Figure 1 provides a general shape of a reversible cyclic

voltammogram for the reduction of Pt(IV) in 0.1 M KCl on

the GCE obtained by continuous scanning between 0.15

and -0.9 V versus Ag/AgCl.

One clearly resolved reversible peak at -0.42 V versus

Ag/AgCl is observed. This wave is attributed to the

reduction of Pt(IV) to the Pt metal on the surface of the

GCE [5, 19].

It is found that the increase of either the delay time of

deposition or the concentration of the PtCl6
2- leads to an

increase in the average particle size of the Pt nanoparticles

[6, 20].

3.2 Pt nanoparticles characterization

3.2.1 Scanning electron microscopy analysis

characterization

Scanning electron microscopy (SEM) images of the Pt

nanoparticles electrodeposited onto the GCE under differ-

ent operating conditions are shown in Fig. 2a–d. The SEM

images show that the deposited Pt particles are in the

nanoscale size and homogeneously distributed throughout
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Fig. 1 Preparation of platinum nanoparticle-modified glassy carbon

electrode by continuous scanning cyclic voltammetry on GCE

immersed in solution contains 0.1 M KCl and 0.5 9 10-3 M H2PtCl6
solution at 298 K (m = 0.05 V s-1) for 25 cycles
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the GC surface. The Pt nanocrystals in the SEM images

appear as circular bright spots surrounded by a textured

background of darker GC substrate. It is clear from these

images that the increase of either the delay time of depo-

sition or the concentration of the PtCl6
2- resulted in an

increase in the average particle size of the Pt nanoparticles

[20], and as confirmed by the precise calculations of the

ImageJ program. It has been shown that the low concen-

tration bath (0.5 mM K2PtCl6), yields a low number den-

sity with a lot of nanocrystals (*70%) with small size

(*10 nm). The other particles having 20 nm average size

(Fig. 2b).

At the higher concentration (1.0 mM H2PtCl6), a high

number density of relatively monodisperse particles are

deposited with increasing the size. Small size particles

(*32 nm) of *49% coexisting with small number (*10%)

of large size particles (*68 nm) and 20% of a size

(*120 nm) as shown in Fig. 2d. This reflects both an increase

of the active sites on the surface of GCE (increasing the Pt

loading) and nucleation growth.

The increase of the deposition time from 0.0 to 60 s leads to

both an increasing in the particle size and an increasing in the

particle number density. A 30% of large size particles have

60–88 nm range, and a 17% of the particles have 150–300 nm

size range, these large particles are observed coexisting with

lots of (*53%) smaller size nanoparticles (*15 nm) as

shown in Fig. 2c. This means that the nucleation growth is

favored over the establishment of new deposition active sites.

SEM image analyses for nanoparticles are summarized in

Table 1.

Furthermore, both the real surface area of the Pt loading

on GCE/cm-2 and the mass specific surface area (cm2

lg-1), were calculated by two methods, such as SEM

analysis and mass transfer method [21]. The data of both

methods are found to be in agreement with each other.

A behavior which is similar to that observed in the litera-

ture [22–24].

3.2.2 Cyclic voltammetric characterization

Cyclic voltammetry (CV) of electroactive species

Fe(CN)6
3-/4- is a standard example for testing the kinetic

barrier of the interface and is to estimate the real active

surface area of the electrodes [25, 26].

Figure 3 shows CV response of bare and modified GCE

with Pt nanoparticles in 0.1 M KCl aqueous solution con-

tain 5 mM [Fe(CN)6]4-/3- at a scan rate of 0.05 Vs-1.

Noticeable that well-defined cyclic voltammograms are

observed at the modified GCE with a peak-to-peak separation

(DEp) of about*0.070 V (Fig. 3b–d). An obvious increase in

anodic and cathodic peak currents is observed by decreasing

the Pt loading or by decreasing the particle size deposits.

A quasi-reversible CV was obtained with a peak-to-peak

separation (DEp) of 0.318 V when bare GCE is used (Fig. 3a).

A decreasing in anodic and cathodic peak currents compared

with the CV on the modified electrodes are observed.

Fig. 2 SEM images of bare

GCE (a) and electrochemically

deposited Pt nanocrystallites on

GCE; delay time 0 s and

0.5 9 10-3 M H2PtCl6 solution,

(b); delay time 60 s and

0.5 9 10-3 M H2PtCl6 solution,

(c) Delay time 0 s and 1 9 10-3

M H2PtCl6 solution (d) at 298 k
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Moreover, the peak currents of CV obtained on the

modified electrodes (Fig. 3b–d) are proportional to the

square root of scan rate. This implies that the redox process

is controlled via diffusion phenomena.

The real active surface area can be estimated by using

Randles equation [26, 27]:

ip ¼ 3:01� 105 n3=2a1=2 D1=2Arsa cojmj1=2 ð1Þ

where n is the number of electrons transferred in the redox

reaction, m is the scan rate of the potential (V s-1), Arsa is

the real surface area of the electrode (cm2), D is the dif-

fusion coefficient of the species in the solution (cm2 s-1),

which is subsequently determined from chronoampero-

metric measurements, co is the bulk concentration of the

probe molecule in solution (mol cm-3), ip is the peak

current of the redox couple (A), and a the electron transfer

coefficient. The value of the electron transfer coefficient is

assumed to be 0.5 for ferri/ferrocyanide redox couple.

Heterogeneous charge transfer rate constant (ks) for this

reaction can be obtained, according to the following

equation [28]:

w ¼
ðD0

.
DRÞa=2ks

pD0mðnF
.

RTÞ1=2
ð2Þ

Using the DEp value and the working curve of Nicholson

[29] to obtain the transfer parameter (w) and then the

heterogeneous charge transfer rate constant (ks) for the

electron transfer process. The mean values of ks is found to

be 1.50 9 10-2 and 1.08 9 10-3 cm s-1 on both the

modified and the bare GC electrode, respectively. Indicat-

ing the facile nature of the charge transfer at the Pt nano-

particles electrodes.

3.2.3 Chronoamperometric characterization

Chronoamperometry (CA) is used, in this case, for the

determination of the diffusion coefficient of the species and

investigating the kinetics of the charge transport on the

modified electrodes. Figure 4 shows the chronoampero-

grams for the GCE/Ptnano electrodes with different Pt

loadings in the presence and absence of ferricyanide. The

first and second working electrode potentials were adjusted

at 0.600 and 0.128 V (vs. Ag/AgCl), respectively.

The diffusion coefficient can be obtained using the

relation between current decay and time, as in Cottrell

equation [18, 28]:

i ¼ nFAD1=2 co p�1=2 t�1=2 ð3Þ

where n is the number of electrons transferred, F the Far-

aday constant (96,484 C mol-1), A is the electrode surface

Table 1 Physical characteristics parameters determined from voltammetric measurements and SEM analysis for Pt nanoparticles electrodes

Electrode

no.

Qa

(lC)

Pt loadingb

(g cm-2) 9 105
Real surface area of

Pt loadingc (cm2)

Specific surface

aread (cm2lg-1)

Roughness

factore
Mean Diameterf

(nm)

SEM

method

Mass transfer

method

SEM

method

Mass transfer

method

b 636.68 1.79 1.20 0.300 94.82 95.61 3.13 15 ± 2

c 772.91 2.21 1.46 0.240 93.25 80.00 2.50 38 ± 2

d 878.43 2.51 1.60 0.180 90.20 71.57 1.88 180 ± 2

a Net cathodic charge passed in Pt deposition
b Calculating Pt loading assuming 100% current efficiency
c As estimated from SEM analysis and mass transfer methods
d Mass specific surface area: Surface area per unit weight of Pt
e Surface area of Pt per unit area of GCE
f, g Data measurements based on ImageJ program software
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Fig. 3 CV of 5 9 10-3 M [Fe (CN)6]-3/-4 in 0.1 M KCl on bare

GCE (a) and the modified GCE with Pt nanoparticles at different

loads of Pt nanoparticles; 1.79 9 10-5 (b), 2.21 9 10-5 (c), and

2.51 9 10-5 g cm-2 (d) at m = 50 mV s-1 at 298 k
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area (cm2), co is the bulk concentration (mol/cm3), i is the

current (A), t is the time elapsed (s), and D the diffusion

coefficient (cm2 s-1).

The plots of i versus t-1/2 give straight lines, and the D

mean value is found *7.2 9 10-6 cm2 s-1 for the ferri-

cyanide ion [30]. The plots of it1/2 versus t for a known

concentration of ferricyanide show that it1/2 function is

constant and time independent over a wide range of the

experiment time. This confirms the foregoing suggestion

that the electron transfer process is under diffusion control.

In addition, the catalytic rate constant (kcat) for ferricyanide

on the GCE/Ptnano was calculated using Galus method, by

the equation [24]:

icat

il

¼ p1=2 kcatcotð Þ1=2 ð4Þ

where icat is the catalytic current of ferricyanide on the

modified electrode, il the limiting current in absence of

ferricyanide, co the bulk concentration (mol/cm3) and t the

time elapsed. The slope of icat/il versus t1/2 gives kcat of

mean value of about 3.98 9 103 M-1 s-1. This value of

kcat explains the catalytic nature of the surface of the

modified electrode.

3.2.4 Electrochemical impedance spectroscopy (EIS)

characterization

Electrochemical impedance spectroscopy (EIS) is an effec-

tive and very sensitive method for probing the features of

surface of modified electrodes [31–33]. In order to inves-

tigate the electrical properties of the electrodes/solution

interfaces, the Randle’s equivalent circuit can be chosen to

represent the electroreduction process in this case (Fig. 5).

As shown in Fig. 5, the EIS spectra is presented as

Nyquist plot for the bare and the modified GCE of different

loading of Pt Nanoparticles for 5 mM ferricyanide in

0.1 M KCl at the cathodic peak potential at 298 K. The

charge transfer resistance (Rct) exhibits the electron trans-

fer kinetics of the redox-probe at the electrode/electrolyte

interface. It can be represented as a semicircle in the

complex plane plot of Zim against Zre. Rct has the greatest

value *2,000 X at the bare GCE in the test solution, the

Rct decreased dramatically when Pt nanoparticles were

deposited on the GCE electrode. By increasing the Pt

loading or particle size, the Rct increases. Rct is decreased

to 200 X at the modified GCE with the smallest Pt nano-

particles (Fig. 5b). This implies that the Pt nanoparticles

play an important role in the conductivity improvement,

which facilitates the electron transfer, and the electrode

gets working with high efficiency after modification.

3.3 Electrochemical response of maleic acid on the Pt

nanoparticles modified electrode

3.3.1 Cyclic voltammetry

Figure 6 presents cyclic voltammograms of 1.25 mM

Maleic acid obtained in 0.1 M KCl on both bare and

modified GCE with Pt nanoparticles. Two good resolved

reversible cathodic waves on the modified GCE at -0.44

and -0.59 V versus Ag/AgCl are observed. On the bare
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Fig. 4 The double step potential chronoamperograms obtained at

bare GCE (a) and modified with Pt nanoparticles for 5 9 10-3

M K3[Fe(CN)6] in 0.1 M KCl at s = 10 s with different loads of Pt

nanoparticles; 1.79 9 10-5 (b), 2.21 9 10-5 (c), and 2.51 9 10-5

g cm-2 (d) at 298 k

Fig. 5 Complex impendence plane plot of bare GCE (a), and

modified GC with Ptnano electrodes with different loads of Pt

nanoparticles; 2.21 9 10-5 (b) 2.51 9 10-5 g cm-2 (c) and

1.79 9 10-5 (d) for 5.0 9 10-3 M Fe(CN)63-/4- in 1.0 M KCl. At

the cathodic peak potential. AC amplitude at 0.005 V, the frequencies

from 100 KHz to 5 Hz at 298 k. Inset (top ) is the Randle’s equivalent

circuit
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GCE, no significant peaks under the same conditions are

detected.

The cathodic peak potentials Epc, peak currents, peak

separations (DEp), and the criteria of current functions ip/m1/2

at different scan rates for the electroreduction of maleic

acid at the first peak on GCE modified with Pt nanoparti-

cles are summarized in Table 2.

Peak separations clearly suggest that the reaction is

reversible one electron transfer process at the first peak,

according to the relation [28]:

Epc � Epa

�� �� ¼ 2:2RT

nF
¼ 56:5

n
mV ð5Þ

A linear relation between the peak current (ip) and the

square root of the scan rate reveals that the electron transfer

process is controlled via a diffusion step.

Despite current function (ip/m1/2) decreases with increas-

ing the scan rate, one may conclude the presence of a

chemical reaction coupled to the electron transfer process

(EC mechanism; Table 2).

Heterogeneous charge transfer rate constant (ks) for the

charge transfer step can be obtained, according to Eq. 2

and using the method mentioned above. The value of ks for

the electroreduction of maleic under these conditions,

amounts *0.14 cm s-1, by assuming a & 0.5.

3.3.2 Double potential step chronoamperometry

Chronoamperometry (CA) is an important method for the

characterization of the EC mechanism and also for the

determination of the rate constant of follow-up chemical

reactions [34]. Therefore, this method was applied in this

study and again employed for the determination of the

diffusion coefficient. It is known in chronoamperometric

measurements that the ia/ic ratio should be equal to unity in

absence, but less than unity in the presence of follow-up

chemical reaction.

Figure 7a, b shows the double potential step chrono-

amperograms at both the first and the second cathodic peak

potentials of maleic acid. In the case of maleic, this figure

reveals that the ia/ib ratio is less than unity. This is due to

the presence of electron transfer process followed by a

chemical reaction (EC mechanism).

Moreover, the diffusion coefficient can be obtained by the

relation between current decay and time as in Cottrell equation

(3). The diffusion coefficient of maleic acid obtained by this

method is of the order 8.50 9 10-7 cm2 s-1.

Also, the rate constant of the homogeneous chemical

reaction (kc) following the first charge transfer can be obtained

by working curves (relation between ia/ib as a function of ks
and ((t - s)/s) [35]. The rate of coupled chemical reaction of

maleic acid at the first cathodic peak after the electron transfer

process is found to be *0.080 s-1. The plots of it1/2 versus t

for first and second peaks of maleic show that it1/2 is constant

and time independent. This assumes again the diffusion-

controlled electron transfer process.

3.3.3 Electrochemical impedance spectroscopy

Figure 8 shows the Nyquist plots of the impedance spec-

troscopy on the modified Pt nanoparticles electrodes, mea-

sured from 6.31 Hz to 100 kHz at the first and second

cathodic potential peaks of the voltammogram for maleic

acid. In the case of the presence of a chemical reaction fol-

lowing the charge transfer process, the Randles equivalent

0 -500 -1000 -1500

-20

0

A

20

40

60

(c)

(a)
(b)

I/
µ

E/mV vs Ag/AgCl

Fig. 6 CV (in presence) of 1.25 mM maleic acid in 0.1 M KCl at

m = 0.1 V s-1 at 298 K on bare (a), modified GCE with Pt

nanoparticles at load of 2.21 9 10-5 g cm-2 (b) and modified GCE

with Pt nanoparticles in 0.1 M KCl in absence of maleic acid (c)

Table 2 Cyclic voltammetric

data for the electroreduction of

1.25 mM maleic acid on the

GCE/Pt nanoparticles electrode

at load of 2.21 9 10-5 g cm-2

in 0.1 M KCl at 298 K (first

wave)

Scan rate (mV s-1) -Epc (V) ipc (lA) ip/m1/2 (lA mV-1 s1/2) DEP (mV)

50 0.437 39.94 5.65 88.70

100 0.440 47.73 4.77 111.00

200 0.447 59.41 4.20 131.08

300 0.452 67.07 3.87 139.70

400 0.459 73.44 3.67 145.00

500 0.464 79.32 3.55 152.24

84 J Appl Electrochem (2010) 40:79–89

123



circuit is not sufficient to describe the case, thus it should be

assumed the presence of an additional impedance contribu-

tion connected with the coupled chemical reaction following

the electron transfer process.

The Ohmic resistance of the solution (Rs), the charge

transfer resistance (Rct) at the electrode/electrolyte inter-

face, and the double layer capacitance (Cdl), were calculated

from the Bode plot and are listed in Table 3. Noticeable that

the Rct in the case of maleic for both the first and the second

electron transfers are considerably small, but the Cdl is

relatively high. This can be interpreted on the basis that the

electron transfer processes during the electroreduction of

maleic acid are easy to occur.

It is known that an EIS measurement is frequently used

for the determination of the kinetic parameters of electro-

chemical processes [27, 36, 37]. The EIS data is used for

the determination of the heterogeneous rate of electron

transfer, by using the simplified equation:

cot / ¼ 1þ
ffiffiffiffi
D
p

2ks

ffiffiffiffi
x
p

ð6Þ

where / is the phase angle, D is the diffusion coefficient of

species, assumed to be equal for both redox forms, ks is the

heterogeneous rate constant of the electron transfer, and x
angular frequency, by assuming a ¼ b ¼ 0:5:

The dependence of the square root of the angular fre-

quency on cot/, as shown in Fig. 9 illustrate some devia-

tion at low frequencies, indicating the presence of an EC

process [37].

The heterogeneous rate constants of electron transfer

reaction for maleic are obtained by this method and regis-

tered as of *0.15 and *0.06 cm s-1, respectively. These

values are consistent with those obtained from CV mea-

surements, and the values fall within the range of Nernestian

behavior.

3.4 Electrochemical response of fumaric acid on the Pt

nanoparticle-modified electrode

3.4.1 Cyclic voltammetry

Figure 10 shows the electroreduction of fumaric acid under

the same conditions as those of maleic acid. It is clear that,

in the reverse scan, the position of the oxidation peak of

fumaric acid lie very near to the position of the oxidation of
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Fig. 7 Double potential step

chronoamperograms obtained at

GCE modified with Pt

nanoparticles at load of

2.21 9 10-5 g cm-2, for

1.25 9 10-3 M maleic acid in

0.1 M KCL, a at first peak

Ei = 0.0 V, Es = - 0.44 V,

and Ef = 0.0 V and b at second

peak Ei = 0.0 V, Es =

- 0.60 V, and Ef = 0.0 V, at

s = 10 s, at 298 k
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Fig. 8 Complex impedance

plane plot at modified with Pt

nanoparticles at load of

2.21 9 10-5 g cm-2 for

solution containing

1.25 9 10-3 M maleic acid at

first cathodic peak (a) and

second cathodic peak (b) in

0.1 M KCL, AC amplitude at

0.005 V, The frequencies from

100 KHz to 5 Hz, at 298 K,

versus Ag/AgCl

Table 3 EIS data was obtained for the electroreduction of 1.25 mM

Maleic at first and second cathodic peaks

Substance Rs (X) Rct (X) Cdl f 9 105 U angle

Maleic at first peak 128.80 91.20 136.00 46.30

Maleic at second peak 128.40 372.41 87.20 45.50
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the first peak of maleic acid, both at approximately

-0.362 V. This is clear evidence that the reduced maleic

acid radical anion transforms into the more stable fumaric

acid radical anion through a conformation process.

The peak separations, reduction peak potentials, peak

currents, and the criteria of the current function at different

scan rates for the electroreduction of fumaric are summa-

rized on the modified electrode in Table 4. The peak cur-

rent of the electroreduction of fumaric acid varies linearly

with the root of the scan rates. This indicates that the

process is governed by diffusion-controlled phenomena.

The peak separations are somewhat large indicating the

quasi-reversibility of electron transfer process. This means

that the radical anion of fumaric is stable within the time

scale of the CV experiment. The criteria of the current

function ip/m1/2 are almost constant with increasing the scan

rate of pure charge transfer.

Heterogeneous charge transfer rate constant (ks) for this

reaction can be obtained, according to Eq. 2. Using the

method above, ks for the electroreduction of fumaric under

these conditions, is evaluated which accounts to

*0.06 cm s-1, also by assuming a & 0.5. This value

indicates that the rate of electron transfer for the electro-

reduction process of fumaric acid is considerably fast and

clearly under diffusion-controlled phenomena, but less than

those of maleic acid. The small differences in the hetero-

geneous rate constants of electron transfer between maleic

and fumaric would be due to the difference in their geo-

metric structures and the diffusion coefficients.

3.4.2 Double potential step chronoamperometry

Figure 11 shows the double potential step chronoampero-

grams obtained at GCE modified with Pt nanoparticles for

1.25 mM fumaric acid in 0.1 M KCl, Ei = 0.0 V, Es =

-0.63 V, and Ef = 0.0 V at s = 10 s at 298 K.

The ia/ic ratio nearly equals to the unity assuming the

possibility of the absence of chemical reaction following

the electron transfer process. The diffusion coefficient of

fumaric obtained by the above method has a value of

2.88 9 10-7 cm2 s-1. This value is somewhat smaller than

that of maleic acid, verifying that fumaric acid may be

affected by its steric-hindrance that influencing affects its

diffusion toward the electrode.

Moreover, it1/2 versus t plot for fumaric shows that it1/2

is constant and time independent. This indicates that the

electron transfer process is solely controlled by a diffusion

process.

3.4.3 Electrochemical impedance spectroscopy

Figure 12 shows the Nyquist plot of the impedance spec-

troscopy of fumaric acid on the modified Pt nanoparticles

electrodes, measured from 6.31 Hz to 100 kHz at the

cathodic peak potential. The Randles equivalent circuit is

sufficient for the description of this case.

The data reveals that at low frequencies, a linear

impedance locus with an angle of *45� to the real axis,

with a very small partially resolved semi-circle at high

frequencies. This may be attributed to the presence of a

relaxation occurring at the solution/electrode interface

which indicates a diffusion-controlled charge transfer

process. The Ohmic resistance of solution (Rs) and the
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Fig. 9 Dependence of the faradic phase angle on the square root of

angular frequency derived from EIS data is measured for

1.25 9 10-3 M maleic at (a) first cathodic peak (b) second cathodic

peak in 0.1 M KCL at Pt nanoparticles electrode at load of

2.21 9 10-5 g cm-2 at 298 K versus Ag/AgCl
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Fig. 10 CV of 1.25 9 10-3 M Fumaric acid in 0.1 M KCL on the

bare GCE modified with Pt nanoparticles at load of 2.21 9

10-5 g cm-2, at m = 0.1 V s-1, at 298 K
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charge transfer resistance (Rct) at the electrode surface and

the double layer capacitance (Cdl) are determined and listed

in Table 5. The Rct in the case of maleic acid is found less

than that of fumaric acid. This demonstrates that the

electron transfer process at the electroreduction of maleic is

easier than that of fumaric. Again, the straight line obtained

at high frequencies, in the case of fumaric acid, has unity

slope, i.e., characteristic of a pure electron transfer process,

E-mechanism. This verifies that the process is also a dif-

fusionally controlled one.

Figure 13 shows the dependence of the reciprocal of the

square root of the angular frequency on cot/ of 1.25 mM

fumaric acid in 0.1 M KCl on the GCE modified with Pt

nanoparticles. Noticeable that small deviation from linearity

at low frequencies which is indicative of the presence of pure

electron transfer process, which is the prevailing one [37].

The heterogeneous rate constant of electron transfer for

fumaric obtained by this method, has a value of

0.055 cm s-1, and which is nearly in agreement with that

obtained from CV data.

In this study, the possible rout for the electroreduction

mechanism of maleic acid can be concluded, where the

electroreduction of maleic acid is first reduced with one

electron forming the radical anion. This radical passes

though two competitive processes occurring at the same

time. The predominant process is the isomerization reac-

tion, i.e., maleic radical transforms to fumaric radical,

which is concluded to be the more stable. Whereas the

second minor process is the dimerization of the radical

monomer with a neutral maleic monomer. This occurs at

the first wave (EC mechanism), but at the second wave, the

resultant dimmer radical anion is reduced with one another

electron to form the di-anion of the dimmer that may be

Table 4 Cyclic voltammetric

data for the electroreduction of

1.25 mM fumaric acid on the

GCE/Pt nanoparticles electrode

at load of 2.21 9 10-5 g cm-2

in 0.1 M KCl at 298 K

Scan rate

(mV s-1)

-Ep
c (V) ip

c (lA) Ep/2 - Ep (mV) ip/m1/2

(lA mV-1 s1/2)

DEP (mV)

50 0.6240 26.60 80.20 3.67 150.00

100 0.6299 36.66 79.80 3.66 155.00

200 0.6529 46.00 85.43 3.25 200.00

300 0.6603 60.60 90.62 3.48 225.00

400 0.6790 68.74 95.66 3.39 255.53

500 0.6997 78.30 98.22 3.46 271.00
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Fig. 11 Double potential step chronoamperograms obtained at GCE

modified with Pt nanoparticles at load of 2.21 9 10-5 g cm-2 for

1.25 9 10-3 M fumaric acid in 0.1 M KCL, Ei = 0.0 V, Es =

- 0.63 V, and Ef = 0.0 V, at s = 10 s, at 298 K
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Fig. 12 Complex impedance plane plot at modified with Pt nano-

particles at load of 2.21 9 10-5 g cm-2 of a solution containing

1.25 9 10-3 M fumaric acid at the cathodic peak versus Ag/AgCl in

0.1 M KCL, AC amplitude at 0.005 V. The frequencies from 100

KHz to 5 Hz, at 298 K

Table 5 EIS data was obtained for the electroreduction of 1.25 mM

fumaric acid at 298 K same condition as Fig. 13

substance Rs, X Rct, X Cdl. f 9 10-5 U angle

fumaric 140.40 300.41 93.20 44.50
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partially protonated. This was confirmed with CV, CA, and

an EIS technique, i.e., the expected rout for the electrore-

duction mechanism is that as follows:

where A and A2. are maleic and its radical anion,

respectively, B2. fumaric radical anion, [A–A]2. dimmer

radical, and AH–AH is the protonated dimer.

4 Conclusions

(1) The modified GC electrodes with Pt nanoparticles

were prepared in our laboratory by easy and fast

method, as sensor for the electroreduction of both

maleic and fumaric acids.

(2) The prepared electrodes were investigated and exam-

ined by different tools. SEM analysis showed the

electrodeposited Pt particles in the range of nanome-

ter size.

(3) The size and the number density of the electrodepos-

its increase by increasing the electrodeposition, delay

time, and the concentration.

(4) CV, CA and EIS measurements reveal the high

catalytic activity of the prepared electrodes.

(5) The electroreduction of both maleic and fumaric acids

on the modified electrode with Pt nanoparticles is

much more improved than that on the bare GCE.

(6) CV, CA, and EIS measurements confirm that the

electroreduction of maleic acid proceeds via EC and

E-mechanisms for fumaric acid.

(7) The electroreduction mechanism of maleic acid

includes two competitive chemical processes occur-

ring at the same time after the electron transfer

process. The predominant one is that the maleic

radical anion can be isomerized transforming to the

cis isomer. Whereas the other minor process is that

the maleic radical combine with a neutral one forming

a dimmer that can be reduced.
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