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Abstract The electrochemical reduction of di-carboxylic
acids; oxalic, succinic, malic, and tartaric have been studied
on the gold nanoparticles modified electrode in aqueous
media solution of 0.1 M KCIl. Gold nanoparticle (Auxps)-
modified electrodes were prepared by the electrodeposition
with cyclic voltammetric method onto glassy carbon
electrode in acidic media. The surface morphology of the
electrodeposited gold nanoparticles was examined by SEM.
Also, the electrochemical properties of the prepared electro-
des were investigated with different electrochemical tech-
niques; cyclic voltammetry, chronoamperometry, and
electrochemical impedance spectroscopy. Cyclic voltam-
metric, chronoamperometric, and electrochemical imped-
ance spectroscopic techniques were used for investigating
the electrochemical behavior of the particulate acids. The
modification of the electrode with Au nanoparticles (Auyps)
enables the appearance of cyclic voltammogram peaks
completely clear and sharp for the acids under investigation
in comparison with the poor behavior of them in absence of
the modification. All acids undergo totally irreversible
redox reaction in neutral and acid media. The cyclic
voltammetric response of the investigated acids is sensitive
to pH, as well as of the scan rate. Each acid has a different
reduction peak position from the other acids depending on
the structure of the acid undergo the electroreduction
process. Further, the lowest unoccupied molecular orbital
energies of the investigated acids have been theoretically
evaluated and are compared with their electroreduction
potential peaks.
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Introduction

Nanoparticles can display four unique advantages over
macroelectrodes when used for electroanalysis: enhance-
ment of mass transport, catalysis, high effective surface
area, and control over electrode microenvironment. There-
fore, much work has been carried out into their formation,
characterization, and employment for the detection of many
electroactive species [1-5]. Metallic gold is one of the most
malleable and ductile materials. It is soft but can be alloyed
to increase its strength; it is unaffected by air and most
reagents. Gold is a good conductor of heat and electricity.
Gold nanoparticles are of wide interest as they display
unusual optical, electronic, magnetic, and electrocatalytic
properties from the bulk material [6]. Also, soft gold
coatings are extensively applied for corrosion protection
and to provide surfaces suitable for bonding. The
electrodeposition of metal nanoparticles onto carbon
electrodes has been widely studied [7-12]. Carbon
electrodes are characterized by their high chemical
inertness as well as low oxidation rate in addition to small
gas and liquid permeability [13]. These properties render
the glassy carbon electrode (GCE) to be a suitable
substrate material for the loading of various metals and
polymer thin films onto its surface aiming to improve
its electrocatalytic activity toward the electrochemical
reactions [14—16]. Electrochemical deposition conditions
of metal are easy to alter, enabling creation of a wide
range of electrodes with nanoparticles of differing sizes,
shapes, and distributions. The procedure is rapid,
simple, and reproducible, more than viable alternative
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to the time-consuming and delicate production of an
electrode via colloidal gold [17]. In this study, the
electrodeposition of gold nanoparticles produced during
the electroreduction of AuCl complex in acid solutions
which has a much enhanced surface at room tempera-
ture (~298 K). The surface properties depend on the
gold electrodeposition conditions, in particular, solution
concentration, deposition potential, and other factors that
have been discussed in this paper. The modified
electrodes were characterized with different tools as
SEM, cyclic voltammetry (CV), chronoamperometry
(CA), and -eclectrochemical impedance spectroscopy
(EIS) techniques. Catalytic activity is one of the most
important properties of Aunps so it is used to enhance
the reaction efficiency towards the acids under investi-
gation. Cathodic reduction of carboxylic acids should
be performed with careful selection and control of
electrolyte, temperature, pH, and electrode material and
surface area of the electrode. Recently, it was found
that: the cathodic reduction of a carboxyl group can
give the carboxylate anion, the aldehyde, the alcohol, or
the hydrocarbon in one-, two-, four-, or six-electron
reduction, respectively [18]. The product of the electro-
reduction depends on the structure of the carboxylic
acid, the electrode material, and the surface area. Such
as, oxalic can be reduced to glyoxylic acid using high
hydrogen overvoltage metal [19]. Also, the reduction of
carboxylic acids has been categorized according to
reaction mechanism and their pKa in dimethyl sulfoxide
at platinum electrodes [20].

Experimental
Chemicals

All of acids: malic, tartaric, and succinic acids were
purchased from BDH:

HO 0
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A 0.1-M potassium chloride (BDH), a 0.5-M Na2SO4
(BDH), a 0.1-M potassium nitrate (BDH), and a stock
0.1-M of potassium hexacyanoferrate (III) (BDH)
solutions were freshly prepared by dissolving the
required amounts in bi-distilled water. A 0.1x10-3-M
and 0.8x10—3-M solution of hydrogen tetrachloroaurate
(sms) were freshly prepared by dissolving the appropriate
amount in a 0.5-M H2SO4.

Apparatus

All electrochemical experiments were performed with an
EG&G PARC potentiostat/galvanostat model 273. The
electrochemical software Model 273 A is controlled via
IEEE 488 GPIB using IBM computer. EIS measurements
were performed with a frequency response detector (ampli-
fier) (Model 5208) driven by a potentiostat/galvanostat
apparatus (model 273) from EG&G Instruments. The
electrochemical software of this model is 378. A conven-
tional 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.
All potentials of all experiments were referred to the Ag/
AgCl reference electrode. All experiments were carried out
at thermostated temperature at 298+0.2 K. Surface analysis
of the modified electrodes were carried out by using a
JEOL JSM-5500 LV scanning electron microscope (JOEL,
Japan), at an acceleration voltage of 15 keV and a working
distance of 4 to 5 mm. Image analyses were performed
visually and with common software (Image], Wright Cell
Imaging Facility, Toronto Western Research Institute,
University Health Network) for particle counting and particle
size. The energies of the molecular orbitals of the acids under
investigation have been calculated using the program AMI
of winMOPAC 2.0.

Preparation of the modified electrode

Prior to the electrodeposition of Au nanoparticles, the
glassy carbon electrode is 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 double-distilled water. The bare
GCE was then sonicated for 10 min in bidistilled water.
Electrodeposition process was accomplished with cyclic
voltammetry scanning between 0.90 and 0 V at a scan rate
equal to 0.1 Vs—1 vs. Ag/AgCl from a fresh solution of
0.5 M H,SO, containing 0.1x107 or 0.8x10-3 M of
HAuCl, according to the required condition of the
experiment. The delay time of the potential step was
varied from 0 to 120 s to obtain Au deposits with
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different characteristics, where the potential is delayed at
the end of the cathodic peak for a definite time.

Results and discussion
Au nanoparticles electrodeposition

Au nanoparticles were electrodeposited on GCE from
0.5 M H2SO4 solution containing either 0.1x10-3 or
0.8x10-3 M HAuCl4 by applying cyclic voltammetry
scanning between 0.90 and 0 V at a scan rate (v) of 0.10 V
s—1 as depicted in Fig. 1. Different delay time and
concentrations were also employed to obtain different
characteristics of the deposited gold nanoparticles to obtain
a convenient electrode for sensing.

Two irreversible CV reduction peaks for Au3+ are
observed; an initial (shoulder) cathodic current at ~0.7 V
and a sharp main peak at ~0.5 V which is corresponding to
the reduction of Au (III) to Au (0). The initial wave at 0.7 V
can be attributed to the reduction of adsorbed AuCl4—. This
behavior has been observed previously [5, 21, 22]. It has
been concluded that the reduction of the adsorbed
[AuC14]— complex ion at solid electrodes in both aqueous
and nonaqueous solvents is a three-electron transfer process
leading directly to the formation of gold metal with no
obvious indication of an intermediate gold(I) complex [23].
The increase of the delay time from 0 to 120 s during the
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Fig. 1 CVof ¢ 0.1x10>M and delay time 0 s, » 0.1x10>M and
delay time 120 s, ¢ 0.8x107°M and delay time 0 s of HAuCl, in
0.5 M H,SO, at polished GCE and »=0.100 Vs ! at 298 K for the
electroreduction of Auyps

electrodeposition process increases slightly the cathodic
peak current. Therefore, the primary nucleation of the
particles increases (particle growth) along with the
formation of new nucleation active sites commences.
Thus, the particle size increases, but to less extent than
that of the first case. This is confirmed with SEM. The
modification of the electrodes were characterized and
examined with different tools.

Au nanoparticles characterization
SEM analysis characterization

Figure 2a—d shows the typical top view SEM images of the
Au/GC under different conditions. The electrodeposited
gold particles within the range of nanometer size and
evenly distributed on the surface of GC Electrode.

The Au nanoparticles in the SEM images appear as
circular, bright spots surrounded by a textured background
of darker GC surface. It is clear from these images that
the increase of either the delay time of deposition or the
concentration of the AuCl,; resulted in an increase in the
average particle size of the Au nanoparticles [24]. Further-
more, as shown in Fig. 2b, the electrodeposition at low
concentration (0.1 mM AuCl) yields a relatively high
number density of particles. The calculated particles
distribution is as following:

*  96% with size of ~2.8 nm
+ other particles have 4 to 5 nm size range

At the higher concentration of the gold complex salt (0.8 x
10°M); low number density of relatively monodispersed
particles are deposited with an increase of the particle size
(mean value 37 nm). The particles are distributed as follow:

*  ~08% of smaller size of ~27 nm

*  ~10% of particles of ~37 nm

* 15% having a size of ~48 nm

» the others are ranged between 60 and 70 nm, as can be
seen in Fig. 2¢

The increase of the deposition time from 0.0 to 120 s leads
to both increasing the size of the particle and of the particle
number density, where the distribution of the particles is as
follow:

*  76% of particles have ~9 nm

*  23% of the particles have 14-25 nm size range

 the other particles (1.2%) have size range of 35-60 nm,
as shown in Fig. 2d

The nucleation growth is favored over the establishment
of new deposition active sites; this occurs by increasing the
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Fig. 2 SEM images of electro-
chemically deposited Au on
GCE: a empty GCE, b delay
time 0 s and 0.1x107°M, ¢
delay time 120 s and 0.1x 107>
M, d delay time 0 s and 0.8 %
107°M

deposition time. The data of SEM image analysis of the
modified electrode with nanoparticles are summarized in
Table 1.

Further, the real surface area of the Au loading on GCE/
cm 2 and the mass-specific surface area (cm”pg ') reflect
the catalytic properties of the modified electrodes, which
were calculated by both SEM analysis and mass transfer
method [25]. The data of the mass transfer method are
almost in agreement with the data of SEM analysis for both
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the real surface area and for the mass-specific surface area
(cm*pg ). One may conclude that as the Au loading is
increased, both the roughness factor and the real surface
area increase; on the other hand, the mass-specific surface
area decreases. These data have nearly similar behavior as
in the literature [15, 26, 27]. Moreover, It has been found
that the electroactive real surface area (4rsa) of the Aunps-
modified electrode is of about 3.0-4.5 (roughness factor)
times larger than that of the bare GC electrode (Table 1).

Table 1 Physical characteristics data determined from voltammetric measurements and SEM analysis for Auyps

Electrode Q Au loading® Real surface area of Au Specific surface area’ Roughness Mean
(MC)*  (gem ?)x10° loading® (cm?) (em’pg M factor® diameter, nm
SEM Mass transfer SEM Mass transfer
method method method method
b 277.2 8.00 0.211 0.203 36.32 35.88 2.927 3
c 470.5  13.59 0.312 0.310 33.56 32.26 4.400 37
d 520.6  15.03 0.332 0.325 31.21 30.58 4.549 12

#Net cathodic charge passed in Au deposition

® Calculating Au loading assuming 100% current efficiency

¢ As estimated from SEM analysis and mass transfer methods

9 Mass-specific surface area: surface area per unit weight of Au
®Surface area of Au per unit area of GCE

"Data measurement based on Imagej Program Software.
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CV characterization

Cyclic voltammetry of electroactive species Fe(CN)* 7 is
a valuable tool for testing the kinetic barrier of the interface
and is one of the most famous methods to estimate the real
active surface area of the electrodes [28, 29].

Figure 3 presents the cyclic voltammetric measurements
of 5x10°M Fe(CN)6>* on both the bare and the
modified GCE with gold nanoparticles, in 0.1 M KCl
solution at a scan rate equal to 0.05 Vs '. Well-defined
wave characterizing the cyclic voltammogram, obtained on
the modified GCE where the peak-to-peak separation
(AEp), is~0.085 V (Fig. 3, b—d). An obvious increase in
anodic and cathodic peak currents is observed by decreas-
ing the particle size deposits. This is due to high surface
area enhancing the electron transfer. By case of using bare
GCE, CVs are obtained with a peak-to-peak separation
(AEp) of 0.318 V (Fig. 3, a), and a noticeable decrease in
anodic and cathodic peak currents is observed compared
with results obtained in case of the modified electrode.
Thus, the electron transfer of the system was enhanced
by modification of the GCE with the Au nanoparticles.
Thus, the electron transfer of the system was improved
after modification of the GCE with the Au nanoparticles.
The peak currents of CV obtained from the modified
electrodes (Fig. 3, b—d) is proportional to the square root
of scan rate. This implies that these nanoparticles provided
the necessary conduction pathways in promoting the
electron transfer between the analyte and the electrode
surface.
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Fig. 3 CVof 5 mM [Fe(CN)6]>*in 0.1 M KCI, at =50 mV s at
298 K on bare (@) and modified GCE with Auynp, at different loads;
8x107° (b), 13.59x1075 (¢), and 15.03x10 g cm? (d)

The real active surface area can be estimated by using
Randles equation: [29, 30].

I, = 3.01 x 10°2*2a' /2D Agaco|v|"/ (1)

Where n is the number of electrons transferred in the
redox reaction, v the scan rate of the potential (V s '), Arsa
the real surface area of the electrode (cm?), D the diffusion
coefficient of the species in the solution (cm?®s™') and
calculated from chronoamperometric measurements (dis-
cussed later), ¢y the bulk concentration of the probe
molecule in solution (mol cm ), and Ip the peak current
of the redox couple (A).

The value of the electron transfer coefficient is assumed
to be =0.5 for ferri/ferrocyanide redox couple. Heteroge-
neous charge transfer rate constant (ks) for this reaction, can
be obtained according to the following equation [31]:

(Do/Dg)""*k,

~ ZDov(nF /RT)'"? @

By using the AFE, value and the working curve of
Nicholson [32] to obtain the transfer parameter (y) and the
heterogeneous charge transfer rate constant (ks) for the
electron transfer process. The mean value of ks is found to
be 6.8x107* and 1.08x10 cm s ' on the modified
electrodes and the GCE, respectively. This indicates to that
the reaction is much faster on the modified electrodes and
also reflects the facile nature of the charge transfer at the
Au nanoparticle electrodes. The latter observation is
predicted by the Marcus theory [33].

CA characterization

Chronoamperometry is a useful tool for the determination
of the diffusion coefficients and investigating the kinetics of
the charge transport on the modified electrodes. Figure 4
shows the chronoamperograms for the GCE/Aunps electrodes
with different loads of Au in the presence of ferricyanide. The
first and the second working electrode potentials are adjusted
at 0.600 and 0.112 V (vs Ag/AgCl), respectively.

The diffusion coefficient can be obtained by using the
relation between current decay and time as in Cottrell
equation [31, 34]:

I = nFAD"con= 21/ (3)

Where n is the number of electrons transferred, F' the
faraday constant (96,484 Cmol '), 4 the electrode surface
area (cm?®), co the bulk concentration (mol/cm?), I the
current (A), ¢ the time elapsed (s), and D the diffusion
coefficient (cm”s ™ "). The plots of 7 vs. £ for different Au
loadings gave straight lines, and the D mean value is ~7.2 %
10 °cm?s ™! for the ferricyanide ion [35].
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Fig. 4 Double step potential chronoamperograms obtained at bare (@)
and modified GCE with Aunps for 5 mM K;3[Fe(CN)g] in 0.1 M KCl,
at 298 K, at 7=10 s with different loads of ; 8x107> (b), 13.59x 10>
(¢), and 15.03x10°g cm 2 (d)

The plots of /> vs. ¢ for known concentration of

ferricyanide show that /r'"? function is constant and time-
independent over a wide range of the experiment time. This
is due to that the electron transfer process is under diffusion
controlled. In addition, the catalytic rate constant (kcat) for
ferricyanide on the GCE/Auyps has been calculated using
Galus method, by applying equation [27]:
% = 7' (kearcot) ' (4)
1

Where I, is the catalytic current of ferricyanide on the
modified electrode, [; the limiting current in absence of
ferricyanide, co the bulk concentration (mol/cm?), and ¢ the
time elapsed. The obtained mean value of k., is found to
equal 32.28x10°M 's™". This value points out to the high
catalytic activity of the modified electrode towards the
electroreduction of species.

EIS characterization

EIS is an effective and very sensitive method for probing the
features of surface-modified electrodes [36—38] and to further
investigate the impedance changes of the electrode surface
on the modified electrodes. To investigate the electrical
properties of the electrodes/solution interfaces, the Randle’s
equivalent circuit should be chosen in this case (Fig. 5).
Figure 5 demonstrates the EIS spectra presented as
Nyquist plot for the bare GCE and for the modified
electrodes of different loading Au nanoparticles for 5x
10°M ferricyanide in 0.1 M KCI at the cathodic peak
potential at 298 K. The charge transfer resistance (R.) at
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Fig. 5 Complex impendence plane plot for 5.0 mM Fe(CN)¢> ™ in

1.0 M KCL. AC amplitude at 0.005 V, frequencies from 100 kHz to
5 Hz at 298 K. On bare (a¢) and modified GCE with Aunps with
different loads of: 8.00x107° (b), 13.59x107° (¢), and 15.03x10°°
g cm 2 (d), Inset (left top) is the Randle’s equivalent circuit

the electrode surface has a large value ~2,100€2 for the bare
GCE in the test solution. The R, decreased dramatically to
500Q when Au nanoparticles were deposited on the GCE
electrode. When the Au loading of larger particle size
increased, the Rct increased, and Rct decreased to ~500Q2
(Fig. 5, b). This implies that the Au nanoparticles play an
important role in the conductivity improvement, which
facilitates the electron transfer.

At electrode (b), linear impedance (Warburg impedance,
Zw) is observed with an angle of ~45° to the real axis at all
frequencies. This behavior has been already assumed to be
due to the presence of relaxation occurring at the electrode/
solution interface and supports the diffusion controlled charge
transfer process of the system. These data show that the Au
nanoparticles are successfully working with high efficiency.

Electrochemical response of oxalic acid on the Au
nanoparticle-modified electrode

cr

As shown in Fig. 6, typical cyclic voltammograms of oxalic
acid were obtained in 0.1 M KCIl at GCE and GCE
modified with Auynps, one irreversible cathodic wave
appeared at approximately —0.8 V (vs. Ag/AgCl) and a
very small cathodic peak at approximately —0.55 V, the
small peak may be attributed to the reduction of the
dissociated proton of the oxalic acid. It has been known
that in acid medium, the reaction begins with the reduction
of protons. The reduced proton may be adsorbed on the
surface of the electrode and reduced to the hydrogen atom,
which can be exploited in the following electroreduction
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Fig. 6 CVof1.25x 10°M oxalic acid in 0.1 M KCI on bare GCE (b),
modified GCE with Aunpg in 0.1 M KCI only without oxalic acid (a)
and modified GCE with Auyps at load of 8x10 g cm 2 in presence
of 1.25x10>M oxalic acid (c), at v=0.1 Vs ' at 298 K

hydrogenation process, whereas no significant peaks appear
at the bare GCE under the given potential limits. The
cathodic peak potential EPc, peak current, peak separation
(Ep,—Ey), and the current function ip/ul/ 2 for the electro-
reduction of oxalic acid on GCE modified with Auyps are
summarized in Table 2.

Peak separations confirm that there is a totally irrevers-
ible two electron transfer process at the cathodic peak
according to the relation [31, 32]:

L.857RT  47.7

Ey — Eppa| = —Z  mv (5)

anF on

In addition, there is a cathodic shift in peak potential or
half peak potential of a bout ~33 mV (which approaches the
theoretical value 30 mV for the irreversible reactions) for
each tenfold increase in the rate of potential scan, ensuring
the irreversibility of the system [31].

The linear responses obtained for i,—v '~ relation
reveals that the electron transfer process on the particular
modified electrodes is controlled via diffusion phenomena.
Furthermore, a linear increase in the peak height with the
increase in concentration of the acid at millimolar levels

1/2

(i.e., 1x107% to 8 x10>M) is obtained. These data indicate
also that the electron transfer processes are also controlled
via diffusion phenomena. The criterion of the current
function (ip/yl/ %), which decreases with increasing the scan
rate as shown in Table 2, ensures the presence of a
chemical reaction following the electron transfer process
(EC mechanism).

Heterogeneous charge transfer rate constant (k) for the
electroreduction process can be obtained with the aid of
Eq. 2. The value of ks for the electroreduction of oxalic
under the mentioned conditions, of amount ~0.25 cm s,
assuming «=0.5, indicating that the reaction is much faster
on the modified gold nanoparticles electrode and also reflect
the facile nature of the charge transfer at the Au nanoparticle
electrodes. One can conclude that by comparison of the
voltammogram and the chemical structure of the investigated
compound indicates that the cathodic wave potential is due to
reduction of the carboxylic group of the acid.

Dependence of the I,. and E,. of Oxalic acid on the pH
value The cyclic voltammetric behavior of oxalic acid was
studied as a function of pH. The cyclic voltammograms
show similar electrochemical characteristics as Fig. 6, c.
The cathodic peak potential, E,. shifts toward more
negative potentials with an increase of pH while simulta-
neously diminishing in peak current (/,,.) height (Fig. 7a, b).
The fact that the reduction wave decreases with the pH
seems to indicate that the reduction of the radical is
preceded by a protonation.

The number of protons that participate in the rate
determining step can be calculated from the following
equation:

dE,/d(pH) = mp (6)

where m is the Tafel's slope and p the number of protons that
participate in the rate determining step. Tafel's slope with
respect to oxalic acid was obtained at potentials corresponding
to the foot of the wave (i/i,<0.05). It is found to be 32.5 mV/
decade. Moreover, The variation of Ep of the voltammograms
with pH is a straight line with a slope of approximately
—59.7 mV/pH indicating that during the electroreduction of
oxalic acid on the GCE-modified Aunps, only two protons per
acid molecule are consumed in the rate determining step (rds).

Table 2 Cyclic voltammetric

data for the electroreduction of Scan rate (Vs ™) —E,° (V) ipc (LA) Eyp—E, (mV) iyv'"? (WAmV~'s"?)
1.25 mM oxalic acid on the
GCE/ Aupp, in 0.1 M KCI at 0.05 0.776 55.70 44.10 7.8772
298 K 0.10 0.783 73.79 46.00 7.3788
0.20 0.789 102.60 47.00 7.2549
0.30 0.796 125.00 50.00 7.2169
0.40 0.803 137.02 50.50 6.8500
0.50 0.809 143.00 52.00 6.400
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Fig. 7 Variation of the peak potential (a) and peak current (b) as a
function of pH of (1.25 mM) oxalic acid in a universal buffer on
modified GCE with Auyps at v=100 mV ' vs. Ag/AgCl

Therefore, the mechanism of oxalic acid reduction agree with
that has been proposed, as follows [19, 39]:

HOOCCOOH + H* + ¢~ + M — HOOCC(OH),M;  (7)
HOOCC(OH),M+e~ — HOOCC(OH) ™ ,+M; (8)

HOOCC(OH) ,+H" — HOOCCHO+H,0; 9)
where M represents the metal used as the cathode.

Double potential step CA

Chronoamperometry is one of the most important methods
for the identification and determination of the EC mecha-

nism and also for the determination of the rate of combined
chemical and electrochemical reaction processes [40].

@ Springer

Therefore, this method is applied in the present study for
the determination of the diffusion coefficient. It is known in
chronoamperometric measurements that the i,/i. ratio
should be equal to unity in absence but less than unity in
the presence of chemical reaction.

Figure 8 shows the double potential step chronoampero-
grams of 1.25 mM oxalic acid on GCE modified with
Aunps at 298 K at the cathodic peak of the acid. This figure
reveals that the i,/ ratio in the case of oxalic is less than
unity in all cases. This may be due to the presence of
follow-up chemical reaction after the charge transfer
process (EC mechanism). Moreover, the diffusion coeffi-
cient can be obtained by using the relation between current
decay and time as in Cottrell Eq. 3. The diffusion
coefficient value of oxalic acid is of the order of 5.35+
0.045x10 cm®s ™" at 298 K.

Also the rate constant of the coupled chemical reaction
(kc) can be obtained by using the working curves (relation
between I,/I;) as a function of k7 and ((z—7)/7) [41]. The
rate of coupled chemical reaction (protonation) of oxalic
acid at the cathodic peak after the electron transfer process
is about ~0.205 s~ '. Furthermore, the plots of /"% vs. ¢ for
the cathodic peak of oxalic show that /r'’? is constant and
time-independent. This assumes the diffusionally controlled
electron transfer process.

EIS

Figure 9 shows the Nyquist plot of the impedance
spectroscopy on the Au nanoparticles electrode for oxalic,

T T T T T T T T
200 by
1/ =0.21
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100 T
<«
=
~
~ 0 F;———A .
100 T
200 T T T T T T T T T =
0 5 10 15 20
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Fig. 8 Double potential step chronoamperogram obtained at GCE
modified with Auyps at load of 8x10°g cm 2, for 1.25x 10 M
oxalic acid in 0.1-M KCl, at Ei=0 V, Es=—-0.8 V and Ef=0V, at 7=
10 s, at 298 K
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Fig. 9 Complex impedance plane plot at modified with Auyps at load
of 8x10>g cm™? for solution containing 1.25x107>M oxalic acid at
the cathodic peak potential vs. Ag/AgCl, in 0.1-M KCI, AC amplitude
at 0.005 V. The frequencies from 100 kHz to 5 Hz, at 298 K

measured from 6.31 Hz to 100 kHz at the cathodic potential
peak for oxalic. The Randles equivalent circuit is not
sufficient for the description of this case; thus, it should be
assumed the presence of an additional impedance contri-
bution connected with a coupled chemical reaction follow-
ing the electron transfer process. The Ohmic resistance of
solution (R;), the charge transfer resistance (R.) at the
electrode surface, and the double layer capacitance (Cg;)
were obtained from Bode plot and listed in Table 3. The R
in the case of oxalic is considerably small and the Cgy
relatively high. This can be interpreted on the basis that the
electron transfer process in the electroreduction of oxalic
acid is easy to occur. Moreover, the straight line at high
frequency has not the unity slope. This reveals that the
process is electron transfer combined with a chemical
reaction (EC mechanism).

EIS measurement is a useful tool for the determination of
the kinetic parameters of an electrochemical system [30, 42,
43]. Therefore, EIS is used for the determination of the
heterogeneous rate of electron transfer, by using the
reduced equation:

V2 10

to =1
cotg + A

Table 3 EIS data was obtained for the electroreduction of 1.25x10 >
M oxalic at the same conditions as in Fig. 8

Substance R, Q Ry, Q Cyq Fx10° & Angel

Oxalic 118.85 551.00 7.08 46.90

Where ¢ is the phase angle, D the diffusion coefficient,
assumed to be equal for both redox forms, k, the
heterogeneous rate constant of the electron transfer, and w
the angular frequency, assuming a=£=0.5.

The dependence of the angular frequency (w) on cot ¢ as
in Fig. 10 shows that lot of points deviate from the detected
line, and there are points arranged to form another straight
line, indicating the presence of an EC process.

The heterogeneous rate of electron transfer reaction
for the electroreduction of oxalic acid at the cathodic
peak was obtained by this method, having value of
~0.0386 cm s '. This value is nearly consistent with that
obtained from CV measurements and within the range of
the diffusion-controlled processes confirmed with CV and
CA measurements.

Electrochemical response of succinic acid on the Au
nanoparticle-modified electrode

cr

As shown in Fig. 11, typical cyclic voltammograms of
succinic acid were obtained in 0.1 M KCI at GCE and GCE
modified with Au nanoparticles, two irreversible cathodic
waves appeared at approximately —0.93 (main peak) and a
small shoulder peak at —1.03 V (vs. Ag/AgCl). Whereas no
significant peaks appear at the bare GCE under the given
potential limits. The cathodic peak potentials Ep., peak
currents, peak separations (£,— E,»), and current functions
i,/u"'* for the electroreduction of succinic acid at different

140+

120+

100 +

0 200 400 600 800

-2 -12
oS

Fig. 10 Dependence of the faradic phase angel on the square root of
angular frequency, derived from EIS data, for 1.25x10>M oxalic at
the cathodic peak potential vs. Ag/AgCl, in 0.1 M KCI on Auyp, at
load of 8x10°g cm ™2 at 298 K
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Fig. 11 CV of 1.25x10>M succinic acid in 0.1 M KCI on bare GCE
(a) and modified GCE with Auyps at load of 8x107° g cm 2 (b), at v=
0.1 Vs~ at 298 K

scan rates at the first main cathodic peak on GCE modified
with Au nanoparticles are summarized in Table 4.

Peak separations confirm that there is a totally irrevers-
ible two electron transfer process at the main cathodic peak
according to the relation (Eq. 5). Also, there is a cathodic
shift in half peak potential of about ~34 mV for each
tenfold increase in the rate of potential scan. A linear
increase relation between the peak current (/p) and the
square root of the scan rate reveals that the electron transfer
process was controlled via diffusion phenomena. Also, a
linear increase in the peak heights proportional to increase
in concentrations of succinic acid at millimolar levels (i.e.,
13107 to 8x107°M) was observed. Similarly, it confirms
that the electron transfer processes were also controlled via
diffusion phenomena.

Current functions (ip/z/”z) decrease with increasing the
scan rate (Table 4). This ensures that there is a chemical
reaction along with the electron transfer process (EC
mechanism). Thus, the electroreduction mechanism of

Table 4 CV data for the electroreduction of 1.25 mM succinic acid
on the GCE/Auyps in 0.1 M KCI at 298

Scan rate —Ep°© ipe Eyn—E, ir,/le/2

(vsh ) (nA) (mV) (pAmV! 512)
0.05 0.928 4210 46.0 5.95
0.10 0.935 57.80 50.2 5.78
0.20 0.942 74.34 54.3 5.26
0.30 0.949 87.70 55.6 5.07
0.40 0.956 99.70 57.8 4.98
0.50 0.962 110.43 59.3 4.93

@ Springer

succinic acid is similar to that of oxalic acid. This is due
to a nearly similar chemical structure (free carboxyl group)
and electrochemical behavior for both of them. But they are
with a slight difference in the cathodic peak location, as it is
shifted towards the negative direction in the latter case. This
difference can be explained on the basis of the presence of
the two methylene-(CH,),-donating groups that hinder the
process of electroreduction for succinic acid. Also, the
difference in the chemical structure (methylene group)
causes a difference in the values of pK, of the acid.

Dependence of the I,. and E,. of oxalic acid on the pH
value The cyclic voltammetric behavior of succinic acid
was studied as a function of pH. The cyclic voltammograms
show similar electrochemical characteristics as Fig. 11, b.
The cathodic peak potential, E., shifts toward more
negative potentials with an increase of pH while simulta-
neously diminishing in peak current (,;) height (Fig. 12a, b).
The fact that the reduction wave decreases with the pH
seems to indicate that the reduction of the radical is
preceded by a protonation. The number of protons that
participate in the rate-determining step was calculated
from Eq. 6. Tafel's slope with respect to succinic acid was
obtained at potentials corresponding to the foot of the
wave (i/i,<0.05). It is found to be =32 mV/decade. On the
other hand, the variation of E,, with pH, linear with a
slope of —60.37 mV/pH indicates that only two H'ion per
acid molecule reduced takes part in the rds. The electro-
reduction mechanism of succinic acid agrees with that has
been proposed for oxalic acid.

Double potential step CA

Figure 13 shows the double potential step chronoampero-
grams at cathodic peak of succinic acid. This figure reveals
that the I,/I, ratio in the case of succinic is less than the
unity. This is due to the presence of electron transfer
process followed by a chemical reaction (EC mechanism).
The diffusion coefficient of succinic acid is of the order of
4.28x10em>s ™.

The rate of coupled chemical reaction (protonation) of
succinic acid at the first main cathodic peak after the
electron transfer process is about ~0.20 s '. Also, the plots
of 11" vs. ¢ for the cathodic peak of succinic show that /¢'/>
is constant and time-independent. This assumes the diffu-
sionally controlled electron transfer process.

EIS

Figure 14 shows the Nyquist plot of the impedance
spectroscopy on the modified Auyp; electrode for succinic,
measured from 6.31 Hz to 100 kHz at the cathodic potential
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Fig. 12 Variation of the peak potential (a) and peak current (b) as a function of pH of (1.25x10>M) succinic acid in a universal buffer on

modified GCE with Auyps at =0.10 V! vs. Ag/AgCl

peak for succinic. The Randles equivalent circuit is not
sufficient for the description of this case; thus, it should be
assumed the presence of an additional impedance contri-
bution connected with a coupled chemical reaction follow-
ing the electron transfer process.

The extracted parameters for the circuit elements are
summarized in Table 5. The R in the case of succinic acid
is considerably small, but higher than oxalic acid, so the Cg
relatively high but less than oxalic. This can be interpreted
on the basis that the electron transfer process in the
electroreduction of succinic acid is easy to occur but less
than oxalic acid. Moreover, the straight line at high

250 -
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Fig. 13 Double potential step chronoamperogram obtained at GCE
modified with Aunps at load of 8x107°g ecm ™ for 1.25x 10°M
succinic acid in 0.1-M KCI, at Ei=0 V, Es=—0.93 V, and Ef=0 V, at
7=10 s, at 298 K

frequency has not the unity slope. This reveals that the
process is electron transfer combined with a chemical
reaction (EC mechanism).

The dependence of the angular frequency on cot ¢ as in
Fig. 15 shows that lot of points deviate from the detected
line, and there are points arranged to form another straight
line, indicating the presence of an EC process. The
heterogeneous rate of electron transfer reaction for the
electroreduction of succinic acid at the first cathodic peak
was obtained, having value of ~0.0255 c¢m s '. This value
is nearly consistent with those obtained from CV measure-
ments and within the range of the diffusion-controlled
processes confirmed with CV and CA measurements.
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Fig. 14 Complex impedance plane plot at modified with Auyps at
load of 8x10 g cm 2 for solution containing 1.25x10>M succinic
acid at the cathodic peak potential vs. Ag/AgCl, in 0.1 M KCI, AC
amplitude at 0.005 V. The frequencies from 100 kHz to 5 Hz, at 298 K
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Table 5 EIS data was obtained for the electroreduction of 1.25%107>
M succinic at the same conditions as in Fig. 14

Electrode R, Q Ry, Q CqFx107° & Angel

Aunps 199.50 1,314.00 5.37 46.82

Electrochemical response of malic acid on the Au
nanoparticle-modified electrode

cv

Figure 16 shows the cyclic voltammograms of malic acid
on the bare GCE and GCE/Auyp in a 0.1-M KCI solution.
The electroreduction behavior of malic acid revealed a
cathodic reduction peak potential (£,.) at —0.88 V and a
small cathodic peak at —0.74 V (vs. Ag/AgCl) (curve b).
This small peak may be attributed to the reduction of the
dissociated proton of as in the oxalic acid, whereas nearly
no significant peaks appear at the bare GCE under the given
potential limits. The cathodic peak potential Ep., peak
current, peak separation (£,—E,;), and current function
ip/z/l/ 2 for the electroreduction of malic acid on GCE

modified with Au nanoparticles are summarized in Table 6.

Peak separations confirm that there is a totally irrevers-
ible two electron transfer process at the main cathodic peak
according to the relation (Eq. 5). Also, there is a cathodic
shift in peak potential of about ~32 mV for each tenfold
increase in the rate of potential scan. A linear increase
relation between the peak current (/p) and the square root of
the scan rate reveals that the electron transfer process was

140 4
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Fig. 15 Dependence of the faradic phase angel on the square root of
angular frequency, derived from EIS data, was measured for 1.25x
10>M succinic the cathodic peak potential vs. Ag /AgCl, in 0.1-M
KCl at Auyps electrode at load of 8x107° g cm 2 at 298 K
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Fig. 16 CV of 1.25x107>-M malic acid in 0.1 M KCI on bare GCE
(a) and modified GCE with Auyps at load of 8x10>g cm 2 (b), at v=
0.1 Vs at 298 K

controlled via diffusion phenomena. Also, a linear increase
in the peak heights proportional to increase in concen-
trations of malic acid at millimolar levels (i.e., 1x107> to
8x10°M) was observed. Similarly, it confirms that the
electron transfer processes were also controlled via diffu-
sion phenomena. Current functions (ip/z/l/z) decreases with
increasing the scan rate (Table 6). This indicates that there
is a chemical reaction companied with the electron transfer
process (EC mechanism) at the electroreduction of malic
acid.

Heterogeneous charge transfer rate constant (ks) for the
electroreduction of malic acid can be obtained according to
Eq. 2 and by using the mentioned method above. The value
of ks for the electroreduction of malic under the mentioned
conditions, amounts to ~0.1 c¢cm s ., assuming «~0.5
indicating that the reaction is much faster on the modified
gold nanoparticles electrode and also reflect the facile
nature of the charge transfer at the Au nanoparticles

Table 6 CV data for the electroreduction of 1.25 mM malic acid on
the GCE/Auyps in 0.1 M KCI at 298 K

Scan rate —Ep°© ipc Eyn—E, ip/ V12
(mVs™") V) (uA) (mV) (nAmV's'"?)
50 0.842 39.40 29.27 5.5720
100 0.879 53.20 31.33 5.3200
200 0.892 72.70 31.67 5.1407
300 0.900 85.30 33.33 4.9248
400 0.907 95.00 34.00 4.7500
500 0911 104.00 33.00 4.6510
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Fig. 17 Variation of the peak potential (a) and peak current (b) as a function of pH of (1.25 mM) malic acid in a universal buffer on modified

GCE with Auynps at v=100 mV ' vs. Ag/AgCl

electrodes compared to the bare GCE. Therefore, the results
obtained by comparison of the voltammograms and the
chemical structure of the investigated compound with
oxalic acid and succinic acid indicate that the cathodic
wave potential (vs. Ag/AgCl) were also due to reduction of
carboxylic group via cleavage of m-bond in the carbonyl
group of the carboxylic acid. There is a slight difference in
the cathodic peak position of malic, oxalic, and succinic
acid, as it is shifted towards the negative direction in the
case of malic acid. This difference can be explained on the
basis of the presence of the —(CH2—-CHOH)-donating
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Fig. 18 Double potential step chronoamperogram obtained at GCE
modified with Aunps at load of 8x 10> g cm ™2, for 1.25x 107>M malic
acid in 0.1 M KCl, at Ei=0 V, Es=—0.88 V, and Ef=0V, at ==10 s, at
298 K

groups that hinder the process of electroreduction for malic
acid, but less than succinic acid

Dependence of the I,. and E,. of oxalic acid on the pH
value The cyclic voltammetric behavior of malic acid was
studied as a function of pH. The cyclic voltammograms
show similar electrochemical characteristics as (Fig. 16, b).
The cathodic peak potential, E,. shifts toward more
negative potentials with an increase of pH while simulta-
neously diminishing in peak current () height (Fig. 17a, b).
The fact that the reduction wave decreases with the pH
seems to indicate that the reduction of the radical is preceded
by a protonation.
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Fig. 19 Complex impedance plane plot at modified with Auyps at
load of 8x 10> g cm 2 for solution containing 1.25x 10~>M malic acid
at the cathodic peak potential vs. Ag/AgCl, in 0.1 M KCI, AC
amplitude at 0.005 V. The frequencies from 100 kHz to 5 Hz, at 298 K
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Table 7 EIS data was obtained for the electroreduction of 1.25%107>
M malic at the same conditions as in Fig. 19

Electrode R, Q Ry, Q CqFx107° & Angel

Aunps 199.50 1,050.00 7.22 46.35

The number of protons that participate in the rate
determining step have been calculated from Eq. 6. Tafel’s
slope with respect to malic acid was obtained at potentials
corresponding to the foot of the wave (i/i,<0.05). It is
found to be 33.3 mV/decade. On the other hand, the
variation of £, with pH, linear with a slope of —61.4 mV/
pH indicates that only two H-+ion per acid molecule
reduced takes part in the rds. Hence, the electroreduction
mechanism of malic acid agree with that has been proposed
as oxalic acid.

Double potential step CA

Figure 18 shows the double potential step chronoampero-
grams at cathodic peak of malic acid. This figure reveals
that the 7,/1,, ratio in the case of malic is less than the unity.
This is due to the presence of electron transfer process
followed by a chemical reaction (EC mechanism).

The diffusion coefficient of malic acid is of the order of
4.46x10 °cm?s . The rate of coupled chemical reaction
(protonation) of malic acid at the main cathodic peak after
the electron transfer process is about ~0.128 s '. Also, the
plot of Ir'"? vs. ¢ for the cathodic peak of malic shows that
It'? is constant and time-independent. This assumes the
diffusionally controlled electron transfer process.
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Fig. 20 Dependence of the faradic phase angel on the square root of
angular frequency, derived from EIS data, was measured for 1.25x
10~>M malic the cathodic peak potential vs. Ag /AgCl, in 0.1 M KCl
at Auyps at load of 8x 1075g cm Z at 298 K
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Fig. 21 CV of 1.25x107>M tartaric acid in 0.1 M KCI on bare GCE
(a) and modified GCE with Auyps at load of 8x10>g cm 2 (b), at v=
0.1 Vs ' at 298 K

EIS

Figure 19 shows the Nyquist plot of the impedance
spectroscopy on the modified Au nanoparticles electrode
for malic, measured from 6.31 Hz to 100 kHz at the
cathodic potential peak for malic. The Randles equivalent
circuit is not sufficient for the description of this case; thus,
it should be assumed the presence of an additional
impedance contribution connected with a coupled chemical
reaction following the electron transfer process as in the
cases of the obvious acids. The extracted parameters for
the circuit elements are summarized in Table 7. The R in
the case of malic acid is considerably small, but higher than
oxalic acid, so the Cy relatively high but less than oxalic
and more than succinic acid. This can be interpreted on the
basis that the electron transfer process in the electro-
reduction of malic acid is easy to occur but less than oxalic
acid and more than succinic acid. Moreover, the straight
line at high frequency has not the unity slope. This reveals

Table 8 CV data for the electroreduction of 1.25 mM tartaric acid on
the GCE/ Auynps in 0.1 M KCI at 298 K

Scan rate —Ep°© ipc Eyn—E, ip/ V12
(mVs™") V) (uA) (mV) (nAmV's'"?)
50 0.875 52.20 28 7.3822
100 0.878 68.80 28.9 6.8800
200 0.890 92.45 29.4 6.5372
300 0.899 110.3 30.7 6.3682
400 0.905 125.90 30.3 6.2950
500 0910 138.5 31.7 6.1939
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Fig. 22 Variation of the peak potential (a) and peak current (b) as a function of pH of (1.25 mM) tartaric acid in a universal buffer on modified

GCE with Auxps at v=100 mV " vs. Ag/AgCl

that the process is electron transfer combined with a
chemical reaction (EC mechanism). The dependence of
the angular frequency on cot ¢ as in Fig. 20 shows that lot
of points deviate from the detected line and there are points
arranged to form another straight line, indicating the
presence of an EC process.

Heterogeneous rate of electron transfer reaction for the
electroreduction of malic acid at the main cathodic peak
was obtained, having value of ~0.09 cm s~'. This value is
nearly consistent with those obtained from CV measure-
ments and within the range of the diffusion-controlled
processes confirmed with CV and CA measurements.
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Fig. 23 Double potential step chronoamperogram obtained at GCE
modified with Auyps at load of 8x10°g cm 2, for 1.25x 10 °M
tartaric acid in 0.1 M KCl, at Ei=0V, Es=—0.88 V, and Ef=0V, at 7=
10 s, at 298 K

Electrochemical response of malic acid on the Au
nanoparticle-modified electrode

cv

The electrochemical behavior of tartaric acid in aqueous
media was qualitatively studied by cyclic voltammetry.
The CV investigations indicated that the Aunps improve the
electroreduction behavior of tartaric acid. When the
modified GCE/Au,,,, electrode was used in solution
containing tartaric acid, a large increase in cathodic CV
current was observed at about —0.87 V (Fig. 21, b).
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Fig. 24 Complex impedance plane plot at modified with Auyps at
load of 8x10 g cm > for solution containing 1.25x10>M tartaric
acid at the cathodic peak potential vs. Ag/AgCl, in 0.1 M KCI, AC
amplitude at 0.005 V. The frequencies from 100 kHz to 5 Hz, at 298 K
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Table 9 EIS data was obtained for the electroreduction of 1.25x
107>M tartaric at the same conditions as in Fig. 24

Electrode R, Q Ry, Q CqFx107° & Angel

Aunps 136.46 1,038.45 7.59 43.53

However, when the bare GCE electrode was used in
solution containing tartaric acid, no electrochemical reac-
tion could be observed between the potential range from
0.00 to —1.50 V (Fig. 21, a). The cathodic peak potentials,
peak currents, peak separations, and current functions for
the electroreduction of tartaric acid on GCE modified with
Au nanoparticles are summarized in Table 8.

Peak separations confirm that there is a totally irrevers-
ible two electron transfer process at the cathodic peak
according to the relation (Eq. 5). Also, there is a cathodic
shift in peak potential of about ~35 mV for each tenfold
increase in the rate of potential scan.

A linear increase relation between the peak current (/p)
and the square root of the scan rate reveals that the electron
transfer process was controlled via diffusion phenomena.
Also, a linear increase in the peak heights proportional to
increase in concentrations of the acid under investigation at
millimolar levels (i.e., 1 X107 to 8x 10>M) was observed.
Similarly, it confirms that the electron transfer process was
also controlled via diffusion phenomena.

Current functions (ip/l/l/z) decrease with increasing the
scan rate (Table 8). This indicates that there is a chemical
reaction along with the electron transfer process (EC
mechanism) at the electroreduction of tartaric acid.

cot ¢
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Fig. 25 Dependence of the faradic phase angel on the square root of
angular frequency, derived from EIS data, was measured for 1.25x
107>M tartaric at the cathodic peak potential vs. Ag /AgCl, in 0.1 M
KCI at Auyps at load of 8x 1075g cm 2 at 298 K
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Fig. 26 Linear correlation between pK,; of 1.25 mM for the selected
acids and their cathodic peak potentials on modified GCE with Auynpg
in 0.1 M KCl at v=100 mV s~

Heterogeneous charge transfer rate constant (k) for the
electroreduction of tartaric acid has a value amounting to
~0.110 cm s~ ', assuming o=0.5 indicating that the reaction
is fast on the modified gold nanoparticles electrode and also
reflect the facile nature of the charge transfer at the Auynps
electrodes compared to the bare GCE. Therefore, the results
obtained by comparison of the voltammograms and the
chemical structure of the investigated compound with
oxalic acid, succinic acid, and malic acid indicate that the
cathodic wave potential (vs. Ag/AgCl) were also due to
reduction of carboxylic group via cleavage of m-bond in the
carbonyl group of the carboxylic acid. There is a slight
difference in the cathodic peak position of tartaric acid from
malic, oxalic, and succinic acids, as it is shifted towards to
the negative direction compared to oxalic and shifted
towards to the positive direction compared to malic and
succinic acids. This difference can be explained on the
basis of the presence of the —(CHOH),— group that affect
the process of electroreduction for tartaric acid.

Table 10 Voltammetric peak potentials and the energies of the
molecular orbitabels of the studied acids

Acid -E,, V Eromos €V Erumo, €V
Acetic 0.954 ~11.1477 1.099
Formic 0.930 ~11.8109 1.679
Oxalic 0.791 ~11.6096 ~0.514
Succinic 0.933 ~7.9584 ~0.403
Malic 0.880 —9.5474 0.564
Tartaric 0.878 —11.4093 -0.403
Citric 0.845 ~11.041 0.0863




J Solid State Electrochem (2010) 14:1425-1443

1441

20 . ; . ;
y=0.88-0.04 x
1.5 R*=0.66 4
@)
on
<
Ej
e S
Z ] .
mlﬂ-
0.5 E
0.0 , ; , ;
2 1 0 -1
E LUMO) /eV

Fig. 27 The dependence of the reduction peak potential on, Epc, of
the acids present in Table 8 on the energy of the lowest unoccupied
orbitals, E(LUMO)

Dependence of the Ipc and Epc of oxalic acid on the pH
value CV measurements were also carried out by varying
the pH of the buffered solutions, and the obtained typical
CVs are shown in the inset of Fig. 21, b. As the solution pH
was increased, the cathodic peak of tartaric acid gradually
shifted to the more negative potential in the pH range of
4.0-6.0. While simultaneously diminishing in peak current
(Ipc) height (Fig. 22a, b). The observed pH dependence of
the cathodic peak potential values of tartaric acid is
ascribed to the involvement of protons in the rate-
determining step of the electroreduction processes.

The number of protons that participate in the rate
determining step have been calculated from Eq. 6. Tafel’s
slope with respect to tartaric acid was obtained at potentials
corresponding to the foot of the wave (i/i,<0.05). It is
found to be 31.3 mV/decade. On the other hand, the
variation of E,, with pH, linear with a slope of =62 mV/pH
indicates that only two H+ion per acid molecule reduced
takes part in the rds. Hence, the electroreduction mecha-
nism of tartaric acid agree with that has been proposed as
oxalic acid.

Tartaric acid Malic acid

Double potential step CA

Figure 23 shows the double potential step chronoampero-
grams at cathodic peak of tartaric acid. This figure reveals
that the I,/1,, ratio in the case of tartaric acid is less than the
unity. This is due to the presence of electron transfer
process followed by a chemical reaction (EC mechanism).
The diffusion coefficient of tartaric acid is found of the
order of 5.2x10 > cm?s .

The rate of coupled chemical reaction (protonation) of
tataric acid at the cathodic peak after the electron transfer
process is about ~0.124 s'. The plot of Ir'"* vs. ¢ for the
cathodic peak of tartaric shows that 1" is constant and
time-independent. This assumes the diffusionally controlled
electron transfer process.

EIS

Figure 24 shows the Nyquist plot of the impedance
spectroscopy on the modified Auyps electrode for tartaric,
measured from 6.31 Hz to 100 kHz at the cathodic potential
peak for tartaric. The Randles equivalent circuit is not
sufficient for the description of this case; thus, it should be
assumed the presence of an additional impedance contri-
bution connected with a coupled chemical reaction follow-
ing the electron transfer process as in the cases of the
obvious acids. The extracted parameters for the circuit
elements are summarized in Table 9. The R, in the case of
tartaric acid is considerably small but higher than oxalic
acid, so the Cy relatively high but less than oxalic and more
than malic and succinic acid. This can be interpreted on the
basis that the electron transfer process in the electro-
reduction of tartaric acid is easy to occur but less than
oxalic acid and more than malic and succinic acid.
Moreover, the straight line at high frequency has not the
unity slope. This reveals that the process is electron transfer
combined with a chemical reaction (EC mechanism).

The dependence of the angular frequency on cot ¢ as in
Fig. 25 shows that lot of points deviate from the detected
line, and there are points arranged to form another straight
line, indicating the presence of an EC process. The

Succinic acid Oxalic acid

Fig. 28 Molecular structure of the particular acids after a geometric optimization procedure using the program AM1 of winMOPAC 2.0
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heterogeneous rate of electron transfer reaction for the
electroreduction of tartaric acid at the cathodic peak was
obtained, having value of ~0.29 cm s~'. This value is nearly
consistent with those obtained from CV measurements and
within the range of the diffusion-controlled processes
confirmed with CV and CA measurements.

Relationship between Ep and pK,

Since the electroreduction mechanism of the carboxylic
acids under investigation involves protons, the E,. is
suggested as a voltammetric parameter to correlate with
pK,1 values in aqueous media. So, this relation can be used
to estimate the pK,; of a new acid from the corresponding
Ep. It turns out to be possible to use the main reduction
process to simplify the situation for the practical application
proposed in this study. Figure 26 shows the plots of E,
against pK,; obtained in aqueous media. As long as the acids
have the same functional group, there is a linear relationship
between E,. and the pK,; obtained in aqueous media. But
acids with different groups exhibit different slopes. When E,
data are plotted against pK,; in corresponding media, good
straight line with correlation coefficients (R?) of 0.99 is
observed irrespective of the functional groups of the acids as
shown, in Fig. 26. The slope is 0.046 V per pK,; unit. This
confirms the fact that the acids under investigation have the
same electroreduction mechanism.

Relationship between £, and the lowest unoccupied
molecular orbital energies

The energies of the molecular orbitals have been calculated
(Table 10) using the program AM1 of winMOPAC 2.0 [44].
It is found that the peak potentials £,. (V) of the given
acids depend linearly on the calculated energy of the lowest
unoccupied molecular orbitls Ey yvo eV(Figs. 27 and 28).

There seems to exist a weak linear dependence,
corresponding to the following:

(11)

This equation can help for estimation the reduction
potential for new derivatives of these compounds and vice
versa.

EpC(V) = 004 E(LUMO) - 088

Conclusions

1. The modified GC electrodes with Au nanoparticles
were prepared in our laboratory by easy and fast
method, for the electroreduction of the investigated
carboxylic acids that have significant biological and
industrial importance.

@ Springer

The prepared electrodes were investigated and exam-
ined by different tools. SEM analysis showed the
electrodeposited Au particles in the range of nanometer
size.

The size and density of the electrodeposits increase by
increasing the electrodeposition, the delay time, and the
concentration.

CV, CA, and EIS measurements reveal the high
catalytic activity of the prepared electrodes.

The electroreduction of the carboxylic acids under
investigation on the modified electrode with Au nano-
particles is much more improved than that on the bare
GCE.

CV, CA, and EIS measurements confirm that the
electroreduction of the acids proceeds via EC.

The magnitude of the potential shift caused by the
presence of the acids showed a good linear relationship
with the acid dissociation constants, pK,, in the
corresponding media.

From the molecular orbital calculations, we can
estimate the electroreduction potential and/or the
Erumo of a wide range of these derivatives of the
acids.
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