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The kinetics of reduction of nicotinamide adenine dinucleotide, NAD
+
, was investigated on glassy 

carbon (GC) electrode at various temperatures, electrode potentials and NAD
+
 concentrations using 

electrochemical methods of linear polarization voltammetry, differential pulse voltammetry and 

electrochemical impedance spectroscopy. It was shown that under the experimental conditions 

employed, the NAD
+
 reduction reaction is under diffusion control, is irreversible (requires 

overpotential of more than -550 mV), and is of pseudo-first order with respect to NAD
+
. The reduction 

process involves the exchange of 1.54 or 1.62 electrons, depending on reduction potential. This 

indicates that 54 or 62 mol% of NADH is produced, respectively, while the remaining quantity is 

NAD2. The kinetics of NAD
+
 reduction at a formal potential of the NAD

+
/NADH couple was found to 

be rather slow, and only moderately temperature dependent: the apparent formal heterogeneous 

electron-transfer rate constant is in the order of 10
-14

 cm s
-1

, and the apparent formal Gibbs energy of 

activation is  53.1 kJ mol
–1

.  
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1. INTRODUCTION 

 

Nicotinamide adenine dinucleotide NAD(H) is a coenzyme of great importance in a large 

number of biochemical processes, in which it serves as an electron and hydrogen shuttle [1-3]. 

Consequently, NAD(H) is found in two redox forms: oxidized NAD
+
 and reduced NADH (the only 

enzymatically-active isomer of the latter is 1,4-NADH). NAD(H) is also used in medicine for 

treatment of certain diseases, such as Alzheimer’s and Parkinson’s, in pharmacology, biotechnology, 

biosensors development, and for the synthesis of new high-value-added compounds such as 

pharmaceuticals, food additives, perfumes, insecticides and pesticides [4-12].  
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Since a stoichiometric amount of NAD(H) is consumed in these processes and because of its 

high price, especially that of the reduced form, 1,4-NADH (ca. $1,186,900/kg [13], but the actual price 

depends on its form), the industrial use of the coenzyme is rather limited. Thus, there is a great interest 

to develop NAD(H) regeneration methods, which would enable re-use of NAD(H) initially introduced 

into a (bio)reactor. 

With respect to the regeneration of a reduced form of the coenzyme NADH, several 

regeneration methods have been developed, including enzymatic, electrochemical, chemical, 

photochemical and biological [14]. However, electrochemical methods are of particular interest due to 

their potential low cost, no need to add a reducing agent at stoichiometric quantities, and due to 

relatively simple product isolation. A problem that arises in direct regeneration of NADH on 

unmodified electrodes is the formation of an enzymatically-inactive NAD2 dimer, as shown in 

Scheme 1.  
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Scheme 1. Reduction of NAD

+
 to NAD2 and enzymatically-active 1,4-NADH.  

ADPR= adenosine diphosphoribose. 

 

In the first step, reduction of NAD
+
 results in the formation of an NAD-free radical. In the 

second step, two reaction pathways are possible; (i) two neighboring free radicals can combine in a 

very fast dimerization reaction to form enzymatically-inactive NAD2, or (ii) the radical can be 

protonated and further reduced to form enzymatically-active 1,4 NADH. Unfortunately, the literature 

demonstrates that on bare (unmodified) electrodes the kinetics of path (ii) is significantly slower than 

that of path (i), and thus the major product of NAD
+
 reduction on these electrodes is the enzymatically-

inactive dimer. This formation of the dimer reduces the yield of enzymatically-active NADH that 

could be produced (regenerated). For example, reduction of NAD
+
 on a gold-amalgam unmodified 

electrode gave only ca. 10% enzymatically-active 1,4-NADH, while the yield in active NADH 
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increased to 50% when an unmodified platinum electrode was used [15]. However, our recent work on 

the regeneration of 1,4-NADH on a bare glassy-carbon (GC) electrode and Pt and Ni modified glassy 

carbon electrode demonstrated that the amount of active 1,4-NADH regenerated strongly depends on 

the applied regeneration potential, the fact that seems not to have been investigated by other research 

group [16, 17]. 

In order to increase the yield of active NADH regenerated, many research groups [3, 15, 18-21] 

including ours [17, 22-25], have developed ‘surface-modified’ electrodes. Depending on the electrode 

used, the corresponding yield of active 1,4-NADH regenerated ranged from 75% on a cholesterol-

modified gold-amalgam electrode [15] to 98% on Pt and Ni-modified glassy-carbon electrode [17].  

To develop electrochemical systems capable of regenerating 1,4-NADH at high yields, it is 

important to obtain information on the fundamental electrochemical behavior of NAD
+
 at electrode 

surfaces, namely on the NAD
+
 reduction mechanisms, kinetics, mass-transport, adsorption and 

electrode surface conformation of the molecule. Many research groups have indeed studied some of 

these aspects, mostly on bare (non-modified) metallic electrodes, such as mercury [26-35] and a 

variety of carbon materials [36]. Our laboratory has also investigated the NAD
+
 reduction reaction on 

several electrode surfaces, including gold [24], Pt-modified gold [23], copper [23], and Ru, Pt and Ni-

modified glassy carbon [17, 25]. 

This manuscript presents first part of our results on the interaction of NAD
+
 with a glassy 

carbon surface, i.e. on the kinetics of NAD
+
 reduction. Glassy carbon was chosen as electrode since it 

offers high hydrogen reduction overpotential (thus minimizing the interference of this reaction with the 

NAD
+
 reduction reaction), low porosity, and relatively good electrical conductivity [37]. In addition, 

GC is a good candidate material for industrial applications, due to its relatively low cost and stability. 

It will be show that under the experimental conditions employed, the NAD
+
 reduction reaction 

is under diffusion control, is irreversible and is of pseudo-first order with respect to NAD
+
. The 

kinetics of reduction of NAD
+
 on GC at a formal potential of the NAD

+
/NADH couple (-0.885 V) is 

rather slow, and only moderately temperature dependent.  

 

 

 

2. MATERIALS AND METHODS 

NAD
+
 reduction kinetics on a glassy carbon electrode was studied in 0.1 M NaClO4 (HPLC 

grade, Fisher Scientific S490, pH = 5.8) at various temperatures (295 to 331 K), electrode potentials 

(-1.1 to –1.5 V) and NAD
+
 concentrations (1 to 5 mM). NAD

+
 solutions were prepared by dissolving a 

proper amount of -NAD
+
 (sodium salt, purity 98%, Sigma N0632) in supporting electrolyte. All 

chemicals were used as received, without further purification. Aqueous solutions were prepared using 

deionized water of resistivity 18.2 MΩ cm. 

Electrochemical measurements were carried out in a two-compartment three-electrode batch 

electrochemical cell connected to a potentiostat/galvanostat/frequency response analyzer. The counter 

electrode was a graphite rod, which was, prior to each use, sonicated for 30 minutes in ethanol, 

followed by thorough rinsing with water. During measurements, the counter electrode was separated 

from the working and reference electrodes by a glass frit, in order to prevent oxygen evolved on it to 
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diffuse to the working electrode and get reduced, thus interfering with the NAD
+
 reduction reaction. A 

mercury/mercurous sulphate electrode (MSE; +0.642 V vs. SHE) was used as a reference electrode, 

and all the potentials in this paper are referred to MSE. A glassy carbon (GC) electrode (5 mm in 

diameter) was used as a working electrode. Before each measurement, the surface of the GC electrode 

was carefully wet-polished with polishing paper (grid 1200/4000) until a mirror finish was obtained, 

followed by degreasing with ethanol and sonication for 5 min in ethanol in order to remove polishing 

residues. To ensure the clean surface, electrochemical pretreatment of GC was carried out in 0.5 M 

H2SO4 by cyclic potentiodynamic polarization between -1.5 V and 1.1 V at scan rate of 100 mV s
-1

, for 

50 cycles. This resulted in a stable/reproducible cyclic voltammetry (CV) profile confirming a clean 

GC surface.   O3HCNFeK 264   was used to determine the real electrochemically-active surface area 

of the GC electrode following the procedure published in the literature [38]. The area was calculated to 

be 0.206 cm
2
. Therefore, in this study all the reported values are referred to the electrochemically-

active surface area of the electrode, if not otherwise stated.  

In order to maintain an oxygen-free electrolyte, argon (99.998% pure) was purged through the 

electrolyte prior electrochemical measurements for 30 minutes. After oxygen removal the bubbler was 

pulled out of the electrolyte surface. However, the oxygen-free electrolyte and the inert atmosphere 

above the electrolyte were maintained by saturating the cell space above the electrolyte with argon. All 

the measurements were made in a quiescent solution. 

For concentration-dependent experiments, the stock NAD
+
 solution was prepared in a separate 

container using the supporting electrolyte. Before measurements in a NAD
+
-containing solution, the 

background response of the electrode was recorded in 0.1 M NaClO4. Aliquots of NAD
+
 were then 

added to the electrochemical cell and the electrochemical measurements were repeated for each 

aliquot. 

Electrochemical techniques of linear polarization voltammetry (LV), differential pulse 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) were employed using an 

Ecochemie Autolab potentiostat/galvanostat/frequency response analyzer PGSTAT30/FRA2, 

controlled by the GPES/FRA v.4.9.5 software.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Linear polarization voltammetry 

LV measurements were first performed in order to obtain the information on the potential 

region of NAD
+
 reduction and initial information on the NAD

+
 reduction kinetics. Fig. 1 shows the 

scan-dependent LVs recorded in the absence (curve 1, control curve) and presence (curves 2-6) of 

NAD
+
 in the electrolyte. The control curve shows a typical behavior of a GC electrode, characterized 

by a wide double layer region (positive of ca.-1.5 V) and the beginning of a hydrogen reduction region 

(negative of ca. –1.5 V).  
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Figure 1. Linear voltammograms of NAD
+
 reduction on GC electrode recorded in (1) the supporting 

electrolyte 0.1 M NaClO4, and (2-6) in the supporting electrolyte containing 4 mM NAD
+
. Scan 

rates: (1 and 2) 10, (3) 20, (4) 50, (5) 100 and (6) 200 mV s
–1

. Temperature, T = 295 K. 

 

However, the curves recorded in the NAD
+
-containing electrolyte show a well-defined cathodic 

current peak at potentials negative of ca. –1.4 V. The peak is related to the NAD
+
 reduction reaction 

(Scheme 1), and its potential is in agreement with the literature [3, 15, 18, 22, 24, 36, 39]. 

Fig. 1 indicates that the NAD
+
 reduction reaction is irreversible in the potential region studied. 

Firstly, the potential difference between the first noticeable NAD
+ 

reduction current (around –1.3 V) 

and formal potential of the NAD
+
/NADH couple, E' = –0.885 V (at pH 5.8) is rather high [22, 24, 25]. 

Secondly, no anodic peak in the returning (positive) cycle was observed even when the anodic limit 

was extended to 0 V (not shown). This high NAD
+
 reduction overpotential is due to an unfavorable 

surface orientation of NAD
+
 on the electrode surface [22, 23]. 

The peak position (potential) in Fig. 1 shifts towards more negative potentials with an increase 

in scan rate. This indicates that the NAD
+
 reduction reaction is under mass-transport control. In order 

to verify this, the dependence between the peak current and square root of scan rate was plotted in 

Fig. 2. The graph shows a linear dependence, thus confirming that the reaction is indeed under mass-

transport control under the experimental conditions applied [22, 24, 25, 40, 41].  



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

4288 

-100

-80

-60

-40

-20

0.06 0.16 0.26 0.36 0.46 0.56 0.66

sr
1/2

 / V 
1/2

 s
-1/2

I p
 /
 μ

A

 
Figure 2. Dependence of NAD

+
 reduction peak current on the applied scan rate obtained from the 

voltammograms presented in Fig. 1. 

 

Next, a kinetic parameter, αn, related to the electron-transfer process was calculated. In this 

product, α represents the fraction of applied potential used to lower the activation energy for NAD
+
 

reduction (i.e. the transfer coefficient), while n represents a number of electrons exchanged in the 

NAD
+
 reaction. In order to calculate the αn value from the data in Fig. 1, the peak potential versus 

logarithm of scan rate dependence was plotted in Fig. 3.  
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Figure 3. Dependence of NAD

+
 reduction peak potential on the applied scan rate obtained from the 

voltammograms presented in Fig. 1. 
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Taking into account that the NAD
+
 reduction reaction is irreversible, the following equation 

can be employed to evaluate the αn product [24, 25, 42-44]: 

 

 
nsrd

dE p



029.0

)log(


                                (1) 

 

where Ep is the peak potential (V) and sr is the scan rate (V s
–1

). Thus, taking the value of the 

slope in Fig. 3, the product was calculated to be αn = 0.69. This value is consistent with previous 

studies on Hg, Au and Ru-GC electrodes [22, 24, 26]. 

It would now be interesting to calculate the actual number of electrons involved in the NAD
+
 

reduction reaction, since this could provide information on the relative amount of NAD2 and NADH 

produced within the potential region of the LV peak in Fig. 1. This would provide information on the 

selectivity of the bare GC electrode in regenerating 1,4-NADH (as opposed to NAD2) under the 

experimental conditions applied. For this purpose, the slop in Fig. 2 and the following equation can be 

used [22, 25, 43, 45, 46]: 

 

   2/12/12/15 ][1099.2 srDNADnnAI p

   (2) 

 

where n is the number of electrons participating in the redox reaction, [NAD
+
] is the 

concentration of NAD
+
 in the bulk solution (mol cm

–3
), A is the area of electrode (cm

2
), D is the NAD

+
 

diffusion coefficient in the solution (cm
2 

s
–1

) and sr is the potential scan rate (V s
–1

). Taking that αn  =  

0.69, a value of n = 1.62 was calculated, and that of apparent transfer coefficient, α = 0.43. Taking that 

the NAD2 formation requires one electron per one NAD
+
 molecule, while the formation of 1,4-NADH 

requires the exchange of two electrons (Scheme 1), the number of electrons calculated from the LV 

curves in Fig. 1 (n = 1.62) indicates that 62% of 1,4-NADH was formed by the reduction of NAD
+
 

under potentiodynamic conditions in Fig. 1.  

In order to verify the kinetic information obtained from Figs. 2 and 3, a set of LVs were 

recorded at a constant scan rate, but at varying NAD
+
 concentrations, Fig. 4a. The plot shows that with 

an increase in NAD
+
 concentration in the solution, the NAD

+
 reduction peak current also increases, 

which is in agreement with Eq. (2). Indeed, the inset (Fig. 4b) demonstrates that this dependence is 

linear, as predicted by equation (2). Thus, taking the previously calculated value of the product αn  =  

0.69, it was possible to calculate the number of electrons exchanged in the NAD
+
 reduction reaction 

and the corresponding transfer coefficient, n = 1.66 of α = 0.42, respectively. These values are very 

close to those calculated from LVs in Fig. 1.  

In addition, since the peak current is proportional to the NAD
+
 reduction rate, d[NAD

+
]/dt, the 

linear dependence between the NAD
+
 reduction peak current and NAD

+
 concentration in the bulk 

solution, Fig. 4b, indicates that the NAD
+
 reduction reaction is of pseudo-first order with respect to 

NAD
+
, under the experimental conditions performed. 
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Figure 4. (a) Linear voltammograms of NAD
+
 reduction on GC electrode recorded in 0.1 M NaClO4 

containing various concentrations of NAD
+
: (1) 0.5 mM, (2) 1 mM, (3) 2 mM, (4) 3 mM and 

(5) 4 mM. Scan rate, sr = 100 mV s
–1

; temperature, T = 295 K. (b) Dependence of the peak 

current on the NAD
+
 concentration obtained from the data presented on the main plot (a). 

 

3.2. Differential pulse voltammetry 
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Figure 5. (a) Differential pulse voltammograms of NAD
+
 reduction on GC electrode, recorded in 0.1 

M NaClO4 containing various concentrations of NAD
+
: (1) 1 mM, (2) 2 mM, (3) 3 mM, (4) 4 

mM and (5) 5 mM. Modulation time, 70 ms; modulation amplitude, 50 mV; interval time, 0.2 

s; step potential, 1.5 mV; scan rate, sr = 7.5 mV s
–1

; temperature, T = 295 K. (b) Dependence of 

the peak current on the NAD
+
 concentration obtained from the data presented on the main plot 

(a). 
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DPV technique was chosen as an independent technique for the verification of the kinetic 

parameters calculated from LVs in Figs. 1 and 4. Fig. 5a shows a set of DPVs recorded at various 

concentrations of NAD
+
 in the supporting electrolyte. With an increase in NAD

+
 concentration, the 

DPV peak current increases in a linear manner, as demonstrated in the inset, Fig. 5b. The same as the 

corresponding behavior obtained in LV measurements presented in Fig. 4, the results in Fig. 5 also 

indicate that the NAD
+
 reduction reaction on the bare GC electrode is of pseudo-first order with 

respect to NAD
+
. Similar results were also obtained previously in our laboratory on Au [24], and 

ruthenium-modified GC electrodes [22].  

The DPV results in Fig. 5 can also be used to calculate the product αn, by determining the 

width of the DPV peak at its half height, W1/2 (V), at each NAD
+
 concentration [25, 47]: 

 

 
nF

RT
W



52.3
2/1   (3) 

 

where F is the Faraday constant (96485 C mol
–1

), R is the standard gas constant (8.314 J mol
–1

 

K
–1

), and T is the temperature (K). A value αn = 0.97 was obtained. Now, using the following equation 

[25, 46]: 
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where for an irreversible electrochemical reaction [25, 48]: 

 

 






 


RT
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  (5) 

 

and were tm represents modulation time (s) and ΔE is the modulation amplitude (V), a number 

of electrons involved in the NAD
+
 reduction reaction performed under the experimental conditions in 

Fig. 5 was calculated to be n = 1.54. This indicates that ca. 54% of 1,4-NADH was formed by the 

reduction of NAD
+
. A slightly lower number of electrons exchanged (and hence the percentage of 

1,4-NADH regenerated) in comparison to the LV measurements in Figs. 1 and 4 is due to the fact that 

the DPV peak is located at more positive potentials (ca. -1.47 V) in comparison to LV peaks (Fig. 3). 

Namely, as it was demonstrated by our previous work [16], the percentage of 1,4-NADH regenerated 

is potential dependent, and at -1.4 V it was 32% and at -1.5 V it was 64%. Employing linear 

interpolation, the percentage of 1,4-NADH regenerated at -1.47 V would be ca. 54%, which agrees 

well with the value obtained from Fig. 5. Table 1 summarizes kinetic values calculated from LV and 

DPV measurements. For comparison, the table also lists the corresponding values obtained from 

long-term NADH regeneration experiments performed in a batch electrochemical reactor employing a 

GC electrode [16]. As evidenced, the obtained values agree very well, thus verifying the accuracy of 

the LV and DPV values and the methods employed to obtain them. 
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Table 1. Kinetic parameters for NAD
+
 reduction on a GC electrode obtained from different 

experimental electrochemical techniques. 

 
Technique Type nexp αexp 

LV
 

Scan dependent 1.62 0.43 

 Concentration dependent 1.66 0.42 

DPV  1.54 0.63 

Enzymatic assay (-1.47 V)  1.54*  

Enzymatic assay (-1.50 V)  1.64  

Average value  1.62 0.49 

Standard deviation  0.05 0.12 

* This value was calculated by the interpolation, as described in the text. 

 

3.3. Electron transfer-rate constant and activation energy 

To calculate a value of apparent formal heterogeneous electron-transfer rate constant, k
f
, the 

number of electrons, n, and the apparent transfer coefficient, α, LV and DPV voltammograms recorded 

at various scan rates and NAD
+
 concentrations were fitted by a kinetic model for an irreversible 

electrochemical reaction using the Ecochemie General Purpose Electrochemical System software [49].  
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Figure 6. (a) Experimental (symbol) and simulated (line) LV voltammograms recorded at various scan 

rates in 0.1 M NaClO4 + 4 mM NAD
+
. The scan rate increases in the direction of the peak 

current increase as: 10, 20, 50, 100 and 200 mV s
–1

. (b) Experimental (symbols) and simulated 

(line) DP voltammograms recorded in 0.1 M NaClO4 containing various NAD
+ 

concentrations. 

The concentration increases in the direction of the peak increase as: 0.5, 1, 2, 3, and 4 mM. 

DPV experimental parameters are the same as those in Fig. 5. Temperature, T = 295 K. 
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Fig. 6 demonstrates that an excellent agreement between the simulated (solid line) and 

experimental (symbols) voltammograms was obtained.  The mean value of the apparent formal 

heterogeneous electron-transfer rate constant calculated from scan- and concentration-dependent LV 

measurements is 1410)21.6( fk  cm s
–1

. A close value was also obtained from concentration-

dependent DPV measurements 1410)15.2( fk  cm s
–1

. Previous studies on the Au electrode also 

yielded such low values [24]. These low values indicate very slow kinetics of the NAD
+
 reduction 

reaction at the formal potential of the NAD
+
/NADH couple (–0.885 V). This was expected considering 

the irreversibility / high overpotential of the NAD
+
 reduction reaction on a GC electrode (Figs. 1, 4, 5 

and 6). 

The fitting of the LV and DPV curves also yielded an average value of the αn product, 0.79, 

which allowed for the calculation of the corresponding apparent transfer coefficient α = 0.5 and 

number of electrons involved in the reaction, n = 1.58. These values are in a very good agreement with 

the experimental values obtained by analyzing the LV and DPV peaks (Table 1). 

LV and DPV techniques were also utilized to investigate the effect of temperature on the NAD
+
 

reduction kinetics, i.e. to calculate the corresponding activation energy.   
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Figure 7. (a) LVs of GC electrode in 0.1 M NaClO4 + 4 mM of NAD
+
 solution recorded at various 

temperatures. The temperature increases in the direction of the peak increase as: 295, 304, 310, 

315 and 325 K. Scan rate, 100 mV s
–1

. (b) Differential pulse voltammograms of NAD
+
 

reduction on GC electrode recorded in 0.1 M NaClO4 + 4 mM of NAD
+
. The temperature 

increases in the direction of the peak increase as: 295, 304, 315 and 325 K. DPV experimental 

parameters are the same as those in Fig. 5. 
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Fig. 7 shows LVs and DPVs obtained at selected temperatures and at a constant NAD
+
 

concentration in the bulk solution. The peak current increases with the increase in temperature, 

indicating that the kinetics of NAD
+
 reduction also increases. To calculate the corresponding activation 

energy, a set of LVs and DPVs were recorded at a constant temperature and various NAD
+
 

concentrations (for example, see Figs. 4 and 5). Then, the dependence of peak current, Ip, on NAD
+
 

concentration was analyzed, as in Figs. 4 and 5. In all cases, a linear dependence was obtained, 

confirming that the NAD
+
 reaction is of pseudo-first order with respect to NAD

+
 in the temperature 

range investigated: 

 

   NADkI effp  (6) 

 

where keff is effective NAD
+
 reduction reaction rate constant (A cm

3
mol

–1
). 

Now, the dependence of the effective rate constant on temperature is analyzed in accordance 

with the Arrhenius law: 
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G
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where A is pre-exponential factor (A cm
3
 mol

–1
), Gact is the Gibbs energy of activation 

(J mol
-1

), and the remaining quantities have already been defined previously.  
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Figure 8. Dependence of effective rate constant on temperature obtained from LV and DPV 

measurements recorded on GC electrode in 0.1 M NaClO4 containing various NAD
+ 

concentrations. (LV) scan rate, 100
 
mV s

–1
. (DPV) modulation time, 70 ms; modulation 

amplitude, 50 mV; interval time, 0.2 s; step potential, 1.5 mV; scan rate, sr = 7.5 mV s
–1

. 
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Fig. 8 shows the resulting behavior. The behavior is linear, as expected from the Arrhenius law. 

From the slope of the lines, apparent Gibbs energy of activation values for the reduction of NAD
+
 on 

the bare GC electrode were calculated for the reaction occurring in the potential region of LV and DPV 

peaks, ΔGact,LV = 12.7 kJ mol
–1

 and ΔGact,DPV = 12.1 kJ mol
–1

, respectively. However, it is more 

convenient to report ΔGact at formal potential because Gibbs energy of activation is potential 

dependent according to the following equation [24, 40]: 

 

 nFGG peakactformalact  ,,  (8) 

 

where η represents the overpotential (V). Taking the average value of the αn product (αn = 

0.69), the apparent formal Gibbs energy of activation value at formal potential of the NAD
+
/NADH 

redox couple was calculated to be ΔGact,LV  = 53.6 kJ mol
–1 

(LV measurements) and ΔGact,DPV = 53.1 kJ 

mol
–1

 (DPV measurements). Therefore, the two different experimental techniques gave values that 

agree very well, thus confirming their reliability. Similar values were reported in the literature using 

Ru-GC [22] and Au electrodes [24]. Based on the apparent formal activation energy values obtained, it 

appears that the reduction of NAD
+
 on GC is only a moderately temperature dependent reaction. 

 

3.4. Electrochemical impedance spectroscopy 

EIS was implemented to get more information on the GC electrode/electrolyte interface in the 

presence of NAD
+
, and on the NAD

+
 reduction kinetics. EIS studies were carried out with the same 

setup that was used for potentiodynamic polarization studies. The applied ac perturbation signal was 

±10 mV within the frequency range from 50 kHz to 20 mHz. 

 

3.4.1. Potential-dependent impedance measurements 

EIS data of the GC electrode recorded at several potentials in the double-layer and NAD
+
 

reduction region are presented in Fig. 9, in a form of Nyquist plots. Figs. 9b and 9c display the 

response of the GC electrode in the presence (circles) and absence (triangles) of NAD
+
 in the 

supporting electrolyte. At –0.9 V (Fig. 9b), which is in the potential region more positive of the NAD
+
 

reduction peak in Fig. 1, the two spectra overlap, confirming that the NAD
+
 reduction does not occur at 

this potential. However, at –1.1 V (Fig. 9c) the spectrum recorded in the presence of NAD
+
 (circles) 

displays a smaller-diameter quarter-circle than that in the absence of NAD
+
 (triangles), indicating the 

occurrence of the NAD
+
 reduction reaction [24]. If we compare this to the results obtained using LV 

and DPV, we can see that the onset of NAD
+
 reduction in the dc measurements can be noticed only at 

potentials negative of ca. –1.25 V. This confirms that EIS is a more sensitive technique for the 

detection of reactions kinetics than the two dc techniques. 

Further, if the electrode potential is biased to values negative of –1.1 V, the diameter of the EIS 

semicircle further decreases (Fig. 9a), indicating an increase in the NAD
+
 reduction kinetics [23]. This 

is in accordance with the results obtained by LV and DPV measurements. 
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Figure 9. (a) Nyquist plot of a GC electrode recorded at various dc potentials (1) 1.1  V (2) –1.2 V 

(3) –1.3 V (4) –1.4 V and (5) –1.45 V in 0.1 M NaClO4 + 4 mM NAD
+
. (b) Nyquist plots of a 

GC electrode at (b) –0.9 V and (c) –1.1 V in (Δ) 0.1 M NaClO4 and (O) 0.1 M NaClO4 + 4 mM 

NAD
+
. The solid lines represent the simulated spectra obtained using the equivalent electrical 

circuit model presented in Fig. 10. Temperature, T = 295 K.  

 

 
 

Figure 10. Electrical equivalent circuit used to model the EIS data. Rel represents electrolyte resistance 

between the working and reference electrode, while the meaning of other elements is explained 

in the text. 
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To quantify the EIS results, the experimental spectra in Fig. 9 were modeled using non-linear 

least-squares fit analysis (NLLS) software [50] and an electrical equivalent circuit (EEC) presented in 

Fig. 10. The modeled data are presented as solid lines in Fig. 9. It is evident that the agreement 

between the experimental data (symbols) and modeled data (lines) is very good, confirming the 

validity of the proposed EEC in describing the impedance behavior of the investigated system under 

the given experimental conditions.  

The proposed EEC model is comprised of two time constants; the high-frequency (HF) time 

constant, τ1 (τ1 = CPE1 R1), and the low frequency (LF) time constant, τ2 (τ2 = CPE2 R2). This circuit 

models a response where polarization is due to a combination of kinetic and diffusion processes. Here 

R () stands for the resistance and CPE (
–1

s
n
) for the constant phase element. The impedance of the 

latter is defined as ZCPE = [CPE(j)
n
]

-1
, 

where  (rad s
–1

) represents the radial frequency. If n = 1, ZCPE behaves as a perfect 

capacitance, while n = 0 represents a perfect resistance and if n = 0.5 it acts like a Warburg (mass 

transport) impedance [51]. Values of n other than the ideal values mentioned above indicate the 

presence of heterogeneities such as surface roughness, and/or adsorbed species [52, 53]. 

The modeling of the EIS spectra in Fig. 9 resulted in a value of the constant phase element 

(CPE1) exponent n1 = 0.87 ± 0.02. Hence, CPE1 represents a response of a capacitor, in this case a 

response of the electrochemical double-layer capacitance. The corresponding parallel resistance R1 

(Fig. 10) is the charge transfer resistance or polarization resistance (depending on the potential).  

The second EEC branch (Fig. 10) is composed of CPE2 and R2. CPE2 is located in the LF 

domain of the spectrum, and the fitting of the spectra in Fig. 9 gave a mean value of its exponent n2 = 

0.52 ± 0.03. As this value is close to 0.5, it indicates a response of a diffusion-controlled process. 

Hence this capacitance is related to the diffusive pseudo-capacitance (or Warburg impedance, W) and 

R2 is the corresponding resistance to mass transfer. Besides the diffusive response related to mass 

transport of NAD
+
 towards the electrode surface, traces of phenolic and carboxylic functional groups 

commonly found on the GC surface could also contribute to diffusive capacitance [54].   

In the EEC in Fig. 10, the sum of charge transfer resistance (R1) and mass-transport resistance 

(R2) represents the total resistance (RT) related to the kinetics of the parallel NAD
+
 reduction and 

hydrogen evolution reaction. Its inverse value, RT
–1

, could thus be related to the total dc current 

measured under the potentiostatic conditions, 1/I [24]. The dependence of RT
–1 

on the applied dc 

potential obtained from the EIS data recorded in the supporting electrolyte (triangles) and NAD
+
-

containing solution (circles) is shown in Fig. 11a. 

The data obtained in the absence of NAD
+
 in the supporting electrolyte (triangles) is relatively 

constant, while in the presence of NAD
+
 (circles) the RT

-1
 value starts increasing at potentials negative 

of –1.2 V, which is due to the reduction of NAD
+
 on the electrode surface (note that the EIS spectra in 

Fig. 9c shows that NAD
+
 is being reduced already at –1.1 V, but the large scale of the ordinate in 

Fig. 11 prevents the visual distinction between the two responses at potentials positive of –1.2 V). In 

conclusion, the NAD
+
 reduction EIS data (Fig. 11) are in agreement with the LV data (Fig. 1), thus 

validating the NAD
+
 reduction behavior recorded and the experimental approaches used in 

investigating the kinetics of NAD
+
 reduction on the GC electrode, under the experimental conditions 

applied. 
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Figure 11. Dependence of the (a) inverse of total resistance and (b) double-layer capacitance on the 

applied dc potential obtained by fitting the EIS spectra in Fig. 9a. (Δ) 0.1 M NaClO4 and (Ο) 

0.1 M NaClO4 + 4 mM NAD
+
. In (a) negative sign of the ordinate is used only to emphasize 

the cathodic character of NAD
+
 reduction reaction. Error bars in Fig. 11a are not visible since 

the largest error is 0.015×10
-3

 
-1

cm
-2

. 

 

Reduction of NAD
+
 on the GC electrode surface might involve adsorption of either NAD

+
 or 

the corresponding reduction reaction products, NADH and/or NAD2 [24]. Thus, if the electrode 
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surface gets covered by an adsorbed molecular layer formed during the NAD
+
 reduction reaction, and 

if this layer is stable on the electrode surface, the EIS spectra should detect such a response. More 

particularly, if there is a blockage of the electrode surface by adsorbents that have a lower dielectric 

constant than water, then there should be a decrease in the electrochemical double-layer capacitance, 

according to the electrochemical double-layer theory [55]. To investigate this, the behavior of the 

electrochemical double-layer capacitance (CPE1) obtained in EIS experiments presented in Fig. 9 was 

further analyzed. A true value of the double-layer capacitance was calculated using the equation 

proposed by Brug et al. [56]: 

 11 111
1

1

1 ])([
nn

eldl RRCPEC


  (9) 

The results are plotted in Fig. 11b. The plot shows the potential-dependent behavior of the 

double-layer capacitance in the absence (triangles) and presence (circles) of NAD
+
 in the solution. The 

double-layer capacitance of the NAD
+
-containing solution is lower than that obtained in the absence of 

NAD
+
, in the whole potential region studied. This confirms that NAD

+
 indeed adsorbs on the GC 

surface in the potential region presented in the figure, and this region covers both the region where 

NAD
+
 is not reduced (positive of –1.1 V, i.e. the electrochemical double-layer region) and the region 

where NAD
+
 undergoes reduction (negative of –1.1 V). However, one cannot exclude a possible 

adsorption of NAD2 and NADH formed in the NAD
+
 reduction reaction at potentials negative of 1.1 V. 

 

3.4.2. Concentration-dependent impedance measurements 

Z' / k cm
2

0 1 2 3 4 5

-Z
" 

/ 
k


 c
m

2

0

1

2

3

4
(1)

(2)

(3)

 
 

Figure 12. Nyquist plot of a GC electrode recorded at various concentrations of NAD
+
 in 0.1 M 

NaClO4: (1) 0.5 mM, (2) 2 mM, and (3) 3 mM. Applied dc potential, Edc = -1.5 VMSE; 

temperature, T = 295 K. 
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Figure 13. Dependence of the (a) inverse of total resistance and (b) double-layer capacitance on the 

NAD
+
 concentration obtained by fitting the EIS spectra in Fig. 12. 

 

Concentration-dependent EIS behavior was also studied in the potential region of NAD
+
 

reduction, and selected spectra are shown in Fig. 12. The spectra clearly show the appearance of two 

semicircles confirming the presence of two time constants, namely the high-frequency (HF) time 

constant, τ1, and the low frequency (LF) time constant, τ2 (Fig. 10), which could be explained in the 

same manner as those in the previous section of the manuscript (Section 3.4.1).  

As the concentration of NAD
+
 in solution increases, the total resistance (RT) to the NAD

+
 

reduction reaction decreases, while the corresponding inverse value, RT
–1

, increases linearly,  as shown 

in Fig. 13a. Knowing that current is proportional to inverse resistance (I  R
–1

); the linear trend in Fig. 

13a indicates that the NAD
+
 reduction reaction is of pseudo-first order with respect to NAD

+
. Although 

the EIS measurements in Fig. 13 were preformed potentiostatically, the trend in the figure is very 

similar to that obtained from linear polarization measurements presented in Fig. 4b, i.e. in both cases 

the reaction was found to be of pseudo-first order with respect to NAD
+
. 
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Figure 14. Inverse of double-layer capacitance as a function of NAD
+
 concentration obtained from 

Fig. 13b. 

 

Further, it would also be of interest to examine the behavior of the electrochemical double-

layer capacitor, CPE1 (i.e. Cdl) with NAD
+
 concentration. For this purpose, Cdl values were calculated 

at each NAD
+
 concentration using Eq. (9), and the resulting values are presented in Fig. 13b. The trend 

in the figure demonstrates that with an increase in NAD
+
 concentration in the bulk solution, the 

double-layer capacitance decreases. This indicates that the electrode surface coverage by adsorbed 

NAD
+
 (and/or NADH and/or NAD2) increases with NAD

+
 concentration in the bulk solution, 

displaying an adsorption-type behavior. The latter is more evident from Fig. 14, which represents the 

inverse of Fig. 13b, and displays a behavior of a classical adsorption isotherm. 

 

 

 

4. CONCLUSIONS 

Interaction of NAD
+
 with a glassy carbon (GC) electrode surface, in term of the NAD

+
 

reduction kinetics was investigated at various temperatures (295 to 331 K), electrode potentials (–1.1 

to –1.5 V) and NAD
+
 concentrations (1 to 5 mM) using electrochemical methods of linear polarization 

voltammetry, differential pulse voltammetry and electrochemical impedance spectroscopy.  A very 

good agreement among results produced by the three techniques was demonstrated. The NAD
+
 

reduction on GC under the potentiodynamic polarization conditions in the potential region of LV and 

DPV current peaks results in the formation of ca. 54 to 62 mol % 1,4-NADH. It was found that the 

NAD
+
 reduction reaction is under diffusion control, is irreversible (requires overpotential of more than 

-550 mV), and is of pseudo-first order with respect to NAD
+
. The kinetics of reduction of NAD

+
 on 

GC at a formal potential of the NAD
+
/NADH couple (-0.885 V) was found to be rather slow and 
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moderately temperature dependent: the apparent formal heterogeneous electron-transfer rate constant is 

in the order of 10
-14

 cm s
-1

, and  the apparent formal Gibbs energy of activation is ca. 53.1 kJ mol
–1

.  
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Nomenclature 

A   pre-exponential factor in the Arrhenius equation (A cm
3
 mol

−1
) 

[-]  concentration (mol cm
−3

) or (mM or mol L
-1

) 

Cdl  double-layer capacitance (F cm
−2

) 

CPE   constant phase element (Ω
−1

 s
n
 cm

−2
) 

D   diffusion coefficient (cm
2
 s

−1
) 

E′   formal potential (V) 

Ep      peak potential (V) 

ΔE    modulation amplitude (V) 

F   Faraday constant (96,485 C mol
−1

) 

ΔGact   apparent Gibbs energy of activation (kJ mol
−1

) 

ΔGact,LV   apparent Gibbs energy of activation determined at a LV peak potential (kJ mol
−1

) 

ΔGact,DPV          apparent Gibbs energy of activation determined at a DPV peak potential      (kJ mol
−1

) 

Ip peak current (A) 

keff     effective heterogeneous electron-transfer rate constant (A cm
3
 mol

−1
) 

k
f  

    apparent formal heterogeneous electron-transfer rate constant (cm s
−1

) 

n     number of electrons 

n     exponent of a constant phase element 

R     standard gas constant (8.314 J mol
−1

 K
−1

) 

R     resistance (Ω cm
2
) 

sr     scan rate (V s
−1

) 

tm      modulation time (s) 

T     temperature (K) 

W      Warburg impedance element (Ω
−1

 s
1/2

 cm
−2

) 

W1/2       width of a DPV peak (at half height) (V) 

Z      impedance (Ω cm
2
) 

 

Greek letters 

 

α  transfer coefficient 

η  overpotential (V) 

τ  time constant (s) 

   radial frequency (rad s
–1

) 
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