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ABSTRACT 

ABSTRACT 

Nicotinamide adenine dinucleotide NAD(H) is a co-enzyme which participates in a 

large number of biochemical processes in which it acts as a hydrogen and electron 

carrier. Hence, NAD(H) is found in two redox forms: oxidized, NAD+, and reduced,  

1,4-NADH. Despite its high potential industrial use, due to its very high cost (especially 

that of 1,4-NADH) and the need to be added in a biochemical reactor in stoichiometric 

quantities, its current use is very limited. Hence, there is a need to develop in-situ  

1,4-NADH regeneration methods. Electrochemical methods are of particular interest 

because of their potentially low cost and easy product isolation. However, the major 

problem in the electrochemical regeneration of enzymatically-active 1,4-NADH is the 

formation of an enzymatically-inactive dimer, NAD2. 

This PhD project focused on (i) the investigation of fundamental aspects of the 

interaction of NAD+ with a glassy carbon (GC) electrode surface, in terms of the NAD+ 

reduction kinetics and its adsorption, and on (ii) the development of electrodes for the 

direct (non-mediated) electrocatalytic regeneration of enzymatically-active 1,4-NADH. 

Potentiodynamic polarization measurements showed 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 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 only moderately 

temperature dependent. 

It was determined that NAD+ is adsorbed on a GC electrode surface. The kinetics of 

NAD+ adsorption was found to be surface-charge dependent. The adsorption process was 

described by the Langmuir isotherm. The corresponding apparent Gibbs free energy of 

adsorption evidenced that the adsorption process is highly spontaneous.  

The influence of electrode potential and electrode material on the purity of 

regenerated 1,4-NADH was then investigated. It was found that the regeneration of 

1,4-NADH from NAD+ in a batch electrochemical reactor employing non-modified 

electrodes (GC, Carbon Nanofibers /CNFs/, Ti, Ni, Co and Cd) is feasible. The purity 
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(recovery) of 1,4-NADH regenerated on these electrodes was found to be highly 

potential- and material-dependant. The origin of the material/potential dependency was 

related to the strength of the metal-hydrogen (M-Hads) bond, and thus to the potential 

dependence of the Hads electrode surface coverage and the kinetics of the subsequent 

NAD-radical protonation by Hads. Among the above outlined non-modified electrodes, 

only GC and CNF electrodes were capable of producing the highest 1,4-NADH purity 

(99-100%), but at very high cathodic potentials (–2.3 V). 

Therefore, to produce high-purity 1,4-NADH at lower cathodic potentials, a GC 

electrode surface was patterned with electrochemically-deposited platinum and nickel 

nano-particles (NPs). It was demonstrated that when the GC electrode was patterned with 

Pt NPs, a 100% pure 1,4-NADH product was achieved at –1.6 V, while the Ni 

nano-patterned GC surface gave 100% pure 1,4-NADH already at –1.5 V. The high 

purity of 1,4-NADH formed on the two nano-patterned electrodes was prescribed to the 

formation of Pt-Hads and Ni-Hads at significantly lower potentials than on bare GC and 

CNFs surfaces. It was found that purity of 1,4-NADH regenerated on the nano-patterned 

electrodes was dependent on the electrode potential, nano-particles size, and their surface 

coverage. 

Considering the energy input, the cost of the electrode, and the percentage of 

recovery of 1,4-NADH (i.e. its purity), the GC-Ni electrode was suggested as the 

electrode of choice for 1,4-NADH regeneration among all investigated electrodes (GC, 

CNF, Ti, Co, Cd, Ni, GC-Pt and GC-Ni). 

   



RÉSUMÉ 

RÉSUMÉ 
Nicotinamide-adénine-dinucléotide NAD(H) est une coenzyme qui participe à un 

grand nombre de processus biochimiques dans lesquels elle agit comme une 

transporteuse d'électrons et d’atomes d'hydrogène. Par conséquent, le NAD(H) se trouve 

en deux formes d'oxydo-réduction: en forme oxydée, comme NAD+, et en forme réduite, 

comme 1,4-NADH. En dépit de sa forte utilisation potentielle dans l’industrie, son 

utilisation actuelle est très limitée à cause de son coût très élevé (en particulier celui du 

1,4-NADH) et la nécessité d'être ajouté en quantités stœchiométriques dans les réacteurs 

biochimiques. Par conséquent, il est nécessaire de développer des méthodes de 

régénération in-situ du 1,4-NADH. Les méthodes électrochimiques sont d'un intérêt 

particulier en raison de leur coût potentiellement faible et l'isolement facile du produit. 

Cependant, le problème majeur dans la régénération électrochimique du 1,4-NADH est la 

formation d'un dimère enzymatiquement inactif, NAD2. 

Ce projet de doctorat est axé sur (i) l'étude des aspects fondamentaux de 

l'interaction du NAD+ avec la surface d’un électrode en carbone vitreux (GC), en termes 

de la cinétique de réduction et l’adsorption du NAD+ sur la surface du GC, et (ii) le 

développement d'électrodes pour la régénération électrocatalytique directe 

(non-médiatisée) du composé 1,4-NADH, active enzymatiquement actif. 

Les mesures de polarisation potentiodynamique ont montré que dans les 

conditions expérimentales utilisées, la réaction de réduction du NAD+ est contrôlée par la 

diffusion. Cette irréversible (nécessite une surtension de plus de -550 mV) et est de 

pseudo-premier ordre par rapport au NAD+. La cinétique de réduction du NAD+ sur GC, 

an potentiel formel du couple NAD +/NADH (-0.885 V), est lente, et modérément 

dépendante de la température. 

Le NAD+ est adsorbé sur la surface de l'électrode en GC. La cinétique 

d'adsorption du NAD+ s'est avérée dépendante de la charge surfacique. Le processus 

d'adsorption a été décrit par l'isotherme de Langmuir. L'énergie de Gibbs d'adsorption 

correspondante a montré que le processus d'adsorption est très spontané. 

L'influence du potentiel et du matériel de l’électrode sur la pureté du 1,4-NADH 

régénéré, a ensuite été étudiée. Il a été constaté que la régénération de 1,4-NADH à partir 
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de NAD+, dans un réacteur électrochimique discontinu, employant des électrodes non 

modifiés (GC, nanofibres de carbone /CNFS /, Ti, Ni, Co et Cd) est possible. La pureté 

(récupération) du 1,4-NADH régénéré sur ces électrodes a été jugée dépendante du 

potentiel et du matériel de l’électrode. L'origine de cette relationentre la nature elu nature 

ela matériel et le potentiel été liée à la force de liaison métal-hydrogène (M-Hads), et donc 

à la couverture du Hads sur la surface de l’électrode, que dépend du potentiel. Seuls les 

électrodes en GC et CNF ont été capables de produire la plus haute pureté du composé 

1,4-NADH (99-100%), mais à des potentiels cathodiques le élevés (-2.3 V). 

Donc, pour produire 1,4-NADH de haute pureté à faibles potentiels cathodiques, 

la surface d’une électrode en GC a été modifiée par des nanoparticules (NPs) de platine et 

nickel, déposées par voie électrochimique. Il a été démontré que lorsque l'électrode en 

GC a été modifiées avec des NPs de Pt, le produit 1,4-NADH, avec une pureté de 100%, 

a été obtenu à -1.6 V, tandis que l’électrode en GC modifiée avec les NPs de Ni a produit 

1,4-NADH avec une pureté de 100% déjà à -1.5 V. La haute pureté du 1,4-NADH formée 

sur les deux électrodes nano- modifiée a été prescrite à la formation des liaisons Pt-Hads et 

Ni-Hads à un potentiel nettement inférieur à celui sur une surface nue en GC. Il a été 

constaté que la pureté du 1,4-NADH régénérée sur les électrodes nano-modelées est 

dépendante du potentiel d'électrode, de la taille des nanoparticules et de leur couverture 

de la surfacique. 

Compte tenu de l'apport énergétique le coût de l'électrode, et le pourcentage de 

récupération du 1,4-NADH (i.e. sa pureté), l'électrode GC-Ni a été suggéré l'électrode de 

choix pour la régénération du 1,4-NADH parmi tous les électrodes étudiés (GC, CNF, Ti, 

Co, Cd, Ni, GC-Pt et GC-Ni). 
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1. INTRODUCTION 

In enzymatic catalysis, enzymatic cofactors are usually required along with specific 

enzymes. One of the cofactors used in redox enzymatic reactions is nicotinamide adenine 

dinucleotide NAD(H). NAD(H) is a dinucleotide (Fig. 1.1), containing two nucleotides 

joined through their phosphate groups with one nucleotide containing an adenosine ring, 

and the other containing electrochemically-active nicotinamide ring.  Several hundred 

(about 700) enzymes are known to use NADH as a cofactor in various biochemical 

processes [1-10]. In all these processes, NAD(H) serves as a proton and electron transport 

molecule. Hence, NAD(H) can be found in two redox forms; in an oxidized, NAD+, and 

in a reduced, NADH, form (the only enzymatically-active isomers of the latter is 

1,4-NADH). In its reduced form, NADH, transfers two electrons and a hydrogen to a 

substrate (S), in the presence of suitable enzyme, forming the oxidized form, NAD+: 

 2
enzyme SHNADHSNADH4,1 +⎯⎯ →←++− ++   (1.1)

 

 

 
 
 

            Nicotinamide             Adenine 

   Pyrophosphate 

  Ribose Ribose 

 
Figure 1.1: Nicotinamide adenine dinucleotide in its oxidized form (NAD+). 

 

NAD(H) is a cellular fuel for every living cell, therefore, in nature, it is found in all 

living cells and used during cellular respiration involving redox enzymes [1, 2, 6]. A 
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precursor for forming NADH in the human body is nicotinamide (vitamin B-3). Apart 

from its use in metabolic reactions, it also participates in aerobic biotransformation of 

toxic Cr(VI) to non-toxic Cr(III) [11]. 

In industry, it is of importance in the field of chiral compounds preparation [12]. It 

participates in enzymatic catalysis of industrially important synthetic reactions where 

conventional chemical catalysts fails [13]. NAD(H) is also used for posttranslational 

modifications, therapy of some certain medical conditions and diseases such as 

Alzheimer’s and Parkinson, in pharmacology, biotechnology, biosensors, and the 

synthesis of new high-value-added compounds such as pharmaceuticals, food additives, 

perfumes, insecticides and pesticides  [14-22]. Thus, the enzymes that are capable to 

make and use NAD+ and NADH play a vital role in the current pharmacology and the 

research into future treatments for diseases [14]. Furthermore, the coenzyme is used in a 

number of redox enzymatic reactions that have promising applications in the 

biotechnology area. For example, it is employed in the synthesis of L-tert-lucine 

(developed by Degussa, now Evonik), which is used as a high-quality intermediate in the 

synthesis of medications to treat cancer and AIDS [21]. 

In all these enzymatic reactions, it is critical to provide NAD(H) at  stoichiometric 

quantities (Eq. 1.1). However, due to an extremely high cost, especially that of the 

reduced form, 1,4-NADH, it is currently used in industry only in a limited number of 

processes for which the cost of the final product can justify the use of expensive cofactor 

1,4-NADH. The cost of various forms of nicotinamide adenine dinucleotide is compared 

in Table 1.1. 

Table 1.1: Cost of Nicotinamide cofactors [23] – note that the compound purity is not 
specified. For more detail on pricing consult Sigma Aldrich. 

Cofactor $ mol–1 

NAD+ 710 

 NADH  3,050 

NADP 25,780 

NADPH 216,100 
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Thus, there is a great interest to develop (preferably in-situ) 1,4-NADH 

regeneration methods, which would enable the re-use of 1,4-NADH initially introduced 

into a (bio)reactor to lower the production cost and therefore, the cost of the final 

product. 

Generally, a good 1,4-NADH regeneration system should satisfy the following 

requirements [20]: 

(a) The thermodynamics should be favorable (ΔG < 0). 

(b) The kinetics should be favorable (the regeneration should be fast and the 

regeneration reaction should be selective). 

(c) The cofactor stability should be good (e.g. 1,4-NADH should not decompose 

during the regeneration). 

(d) In addition, good 1,4-NADH regeneration system should enable formation of 

highly-pure enzymatically-active 1,4-NADH. 

 With respect to the regeneration of a reduced form of the cofactor, 1,4-NADH, 

several regeneration methods have so far been employed: enzymatic, electrochemical, 

chemical, photochemical and biological [23]. Enzyme-mediated electrochemical 

processes have been usually used to continuously regenerate the enzymatically-active 

1,4-NADH. However, these systems are rather complex and expensive and lack 

long-term stability, mostly due to the denaturation of the enzyme, loss of the electron 

mediator and slow 1,4-NADH regeneration rate [24]. On the other hand, 

non-enzyme-mediated electrochemical methods are of particular interest due to their 

potentially low cost, a simple monitoring of the reaction progress, and there is no need to 

add a reducing agent, thus enabling relatively simple product isolation [23, 25-27]. 

The electrochemical regeneration of 1,4-NADH from NAD+ is a two-step process 

(Scheme 1).  
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Step 2a

Step 1

 

Scheme 1: Reduction of NAD+ to NAD2 and enzymatically-active 1,4-NADH. 
R = adenosine diphosphoribose. 

 

In Step 1, NAD+ is reduced to give a NAD-radical, which is further reduced and 

protonated in Step 2a to give 1,4-NADH. Step 2a is considered to be slow due to the slow 

protonation of the NAD-radical [24, 28-36]. This, in turn, can result in a very fast 

dimerization of two neighboring NAD-radicals to produce enzymatically-inactive dimer, 

NAD2 (Step 2b). 

Non-modified (bare) metal electrodes would be the best candidates for 

electrochemical regeneration of enzymatically-active 1,4-NADH. However, literature 

reports that on bare (non-modified) electrodes, the kinetics of Step 2b is significantly 

faster than that of Step 2a, and thus the major product of NAD+ reduction on these 

electrodes is NAD2. This formation of the dimer reduces the recovery of 

enzymatically-active 1,4-NADH that could be produced (regenerated). The literature 

reports that the amount of enzymatically-active 1,4-NADH regenerated on non-modified 

electrodes ranges from below 1% on a reticulated vitreous carbon [37] to 76% on Hg [34, 

38-42]. 
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To address the above mentioned problems, many research groups have been 

developing methods for 1,4-NADH regeneration [1, 43-47]. Although, they demonstrated 

success in developing electrodes that can give some appreciable (relative to NAD2) 

amounts of 1,4-NADH (note that most of papers do not explicitly report this percentage), 

many of these electrodes are complex, expensive and/or not stable for a long-term use. 

Therefore, for industrial purposes, there is still a need to develop a stable and cheap 

electrode surface that would enable direct electrochemical regeneration of 1,4-NADH at 

high-purity [48, 49]. 

Highly-pure enzymatically-active 1,4-NADH could be obtained by the minimization 

of the dimer formation (Step 2b, Scheme 1) either by physical prevention of its formation 

at a molecular level, (e.g. using self-assembled-monolayers and nano-island) or by 

facilitating the rate of protonation and second electron transfer (Step 2a, Scheme 1). This 

could be done by the modification of a surface that offers high hydrogen overpotential 

(glassy carbon (GC), gold (Au)) with nano-islands of a metal that offers low hydrogen 

overpotential (Pt, Ru, Ir, Ni, Co) which can then result in a significant recovery of the 

enzymatically-active 1,4-NADH. The above two approaches have been proposed by the 

Omanovic laboratory, at McGill University. 

In an attempt to bring technologies based on the use of 1,4-NADH closer to 

wide-spread commercialization, this PhD project is focused on the development of 

electrodes for the direct (non-mediated) electrocatalytic regeneration of 

enzymatically-active 1,4-NADH. GC was chosen as the base working electrode material. 

This is because it offers high hydrogen reduction overpotential, thus minimizing the 

interference of this reaction with the NAD+ reduction reaction [50]. In addition, GC is a 

good candidate material for industrial applications, due to its relatively low cost and 

stability.  Pt and Ni were selected as these are good hydrogen evolution catalyst. In 

addition, the influence of electrode potential on the activity of some selected 

non-modified metal electrodes in regenerating 1,4-NADH was investigated. 

The PhD. project was divided into two major parts. The first part dealt with the 

fundamental aspects of NAD+ interaction with GC electrode in terms of (i) the NAD+ 

reduction kinetics, and (ii) NAD+ adsorption. The purpose of the study was to get better 
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insight into fundamental electrochemical and physico-chemical processes that are 

involved in the reduction of NAD+ at a GC surface. This served as a basis for further 

design of multicomponent nano-patterned catalysts for the regeneration of 1,4-NADH. 

The second part focused on the development and application of bi-functional   (nano-

patterned) electrodes for the in-situ regeneration of enzymatically-active 1,4-NADH in 

addition to some selected non-modified metallic electrodes and carbon nano fibers 

(CNFs). The electrochemical regeneration of enzymatically-active 1,4-NADH was 

investigated as a function of various parameters such as electrode potential, electrode 

material, nano-particle size, and its surface coverage. 

The structure of this thesis is as follows: 

• Chapter 1 focuses on the importance of cofactor NAD(H), and outlines the problem 

of the electrochemical 1,4-NADH regeneration. 

• Chapter 2 presents the literature review of the 1,4-NADH regeneration approaches 

that have so far been employed. 

• Chapter 3 is dedicated to the major and specific objectives of the presented research. 

It also outlines main approaches examined in this PhD project. 

• Chapter 4 represents the experimental methodology and methods/instrumentation 

used in the research. 

• Chapter 5 is divided into two major parts. The first part discusses results on the 

fundamental aspects of the interaction of NAD+ with a GC electrode surface, such as 

the NAD+ reduction kinetics and adsorption. In the second part, the results on the 

development and application of bi-functional (nano-patterned) electrode surfaces, 

such as GC-Pt and GC-Ni, for the electrocatalytic regeneration of 

enzymatically-active 1,4-NADH are presented. In addition, the use of some selected 

non-modified electrode surfaces (bare metals) and CNFs for the electrochemical 

regeneration of 1,4-NADH is presented. 

• Chapter 6 outlines the main conclusions obtained from the presented results. 

• Chapters 7 and 8 outline the original contributions and suggestions for future work, 

respectively. 



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2: BACKGROUND AND 
LITERATURE REVIEW 

 

 8



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 

2. BACKGROUND AND LITERATURE REVIEW 

Because of a very high price of enzymatically-active 1,4-NADH (Table 1.1), and the 

fact that it needs to be used in stoichiometric quantities in the enzymatic reactions, its 

current use in industry is limited. Thus, it would be of great importance to regenerate 1,4-

NADH in-situ in a biochemical reactor, or on a biosensor’s surface, or in a biofuel cell. A 

number of approaches have been employed in an effort to regenerate 1,4-NADH [23]. 

Regeneration reactions can be divided in several categories: uncatalyzed, chemically 

catalyzed, electrochemically (catalyzed), enzymatically catalyzed, or “catalyzed” by 

living cells [20]. 

Electrochemistry offers one of the best approaches for 1,4-NADH regeneration 

because of its greater flexibility, simplicity and potentially low cost. Many different 

approaches such as (i) bare (non-modified) electrodes, (ii) chemically-modified 

electrodes and (iii) enzyme-modified (mediated) electrodes have been used in designing 

electrode systems for in-situ electrochemical regeneration of enzymatically-active 

1,4-NADH. 

In this section an overview of different approaches/systems employed for the 

regeneration of enzymatically-active 1,4-NADH, and thus for the reduction of NAD+, is 

presented. 

 

2.1 Electrochemical regeneration of 1,4-NADH / electrochemical 
reduction of NAD+ on bare (non-modified) electrodes 

In order to understand the NAD+ reduction kinetics better and try to control the 

1,4-NADH regeneration reaction, many research groups have studied fundamental 

aspects of the mechanisms and kinetics of NAD+ reduction and 1,4-NADH oxidation 

using mostly bare (non-modified) metallic electrodes such as mercury [31, 32, 35, 40, 42, 

51-55] and a variety of carbon materials [56, 57]. In many of these cases the goal was to 

develop methods for the reduction of NAD+ to enzymatically-active NADH isomer, 

1,4-NADH, i.e. for the in-situ regeneration of 1,4-NADH. 
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However, the major problem that arises in the direct reduction of NAD+ to 

1,4-NADH on bare (non-modified) electrodes is the predominant formation of an 

enzymatically-inactive NAD2 dimer (Step 2b, Scheme 1), due to the slow kinetics of the 

second electron transfer and hydrogenation (Step 2a, Scheme 1). 

Thus, on a Hg electrode, NAD+ is first reduced to give a NAD-radical at a very high 

negative overpotential, followed by very fast dimerization of two neighboring 

NAD-radicals to produce enzymatically-inactive dimer, NAD2, (Step 2b, Scheme 1) [31, 

32, 35, 54]. Indeed, a very large negative overpotential is needed to partially reduced the 

formed radical to both the enzymatically-active 1,4-NADH and enzymatically-inactive 

1,6-NADH. Consequently, the main product of NAD+ reduction on these electrodes is 

enzymatically-inactive dimer NAD2 rather than enzymatically-active 1,4-NADH. A very 

similar scenario occurs on other non-modified electrodes, as described in the literature. 

Consequently, due to the dimer formation the amount of enzymatically-active 1,4-NADH 

regenerated on non-modified electrodes ranges from below 1% on a reticulated vitreous 

carbon [37] to 76% on Hg [34, 38-42]. 

Therefore, it appears that there is a need to modify bare metallic electrode surfaces in 

order to regenerate 1,4-NADH at a (significantly) higher recovery (purity). 

 

2.2 Electrochemical regeneration of 1,4-NADH / electrochemical 
reduction of NAD+ on chemically-modified electrodes  

Due to the problem of NAD2 formation on bare metallic electrodes, chemically 

modified electrodes have been used in the NAD+ reduction process in an attempt to obtain 

high-purity enzymatically-active 1,4-NADH. For this purpose, different mediators are 

used to facilitate electron transfer between the electrode surface and NAD+. For example, 

Long and Chen [46] attached L-histidine to a silver electrode by a covalent bond. The 

electrode was capable of producing 82% of enzymatically-active 1,4-NADH. Similarly, 

Baik et al. [45] used an unmodified gold-amalgam electrode and obtained a very low 

amount of enzymatically-active 1,4-NADH (ca. 10%). With a bare platinum electrode, it 

increased to 50%, but when the cholesterol modified gold amalgam electrode was used, 

the amount increased to almost 75%. Although the authors did not discuss the origin of 
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the increased amount, the Omanovic laboratory speculated that this increase was due to 

the presence of the cholesterol layer that served as a physical barrier to the formation of 

inactive dimer NAD2, i.e. as the physical fence between the two neighboring active 

radicals. 

In another study, Eulalia et al. [44] used conductive vanadia-silica xerogels for 

the direct electrochemical regeneration of enzymatically-active 1,4-NADH. It was shown 

that the electrochemical regeneration of 1,4-NADH was favorably performed through the 

coupled reaction of α-ketoglutarate to L-glutamate in the presence of enzyme glutamate 

dehydrogenases, GDH (GDH was encapsulated in vanadia-silica matrices). In a control 

experiment, the reaction conversion (not the 1,4-NADH recovery) was only 30%. 

However, using an unmodified platinum electrode in the presence of vanadia-silica 

xerogels, they showed that the proposed system resulted a significant improvement in the 

reaction conversion from 30% to 100%, but the authors did not report the recovery of 

enzymatically-active 1,4-NADH obtained. 

Shimizu et al. [58] immobilized Rh³+ ions into a polymeric anion 

doped-polypyrrol (PA/PPy) membrane coated on the graphite electrode in order to 

regenerate enzymatically-active 1,4-NADH. The amount of 1,4-NADH obtained ranged 

from 26% to 51.7% depending on the polymeric anion (PA) and polymer matrix used, 

with the highest NAD+ to (both active and inactive) NADH conversion degree of ca. 50% 

with Rh³+ immobilized in a poly styrenesulfonate ion doped polyaniline (Rh³+/PSS¯/PAn) 

electrode. 

Similarly, Beley and Collin [37] used Rh(III)-bis-terpyridine pyrrole complex for 

the electrochemical reduction of NAD+ to 1,4-NADH, which involved 

electro-polymerization process on a reticulated vitreous carbon electrode in order to 

create a stable polymeric film. It was shown that the electrocatalytic regeneration of 

1,4-NADH using such a modified electrode was favorably performed through the coupled 

reduction of cyclohexanone to cyclohexanol, in the presence of enzyme lipoamide 

dehydrogenase, LADH, as shown in Fig. 2.1. However, the Fig. 2.1 demonstrates that 

this approach is rather complex and can suffer from a number of problems (leakage of 

chemicals out of the film, deactivation of the enzyme, electron-mediator mass-transport 
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problems, etc.). Depending on the applied electrode potential, the conversion of NAD+ to 

1,4-NADH obtained ranged from 6.6% (–1.15 V) to 30% (–1.25 V). 

 
Figure 2.1: Electrocatalytic regeneration of 1,4-NADH using a Rh(III)-bis-terpyridine 
pyrrole complex and cyclohexanone as substrate and liver alcohol dehydrogenase 
(LADH) as enzyme [37]. 
 

Vuorileho et al. [59] reduced NAD+ and NADP+ in the presence of 

(pentamethylcyclopentadienyl-2,2’-bipyridine aqua) rhodium (III) as mediator. They 

observed that the mediator was stable and strongly adsorbed on the carbon surface. The 

proposed system was able to reduced 99% of the NAD(P)+ to NAD(P)H. 

Wang and Tang et al. [60] designed a biosensor based on the integration of 

room-temperature ionic liquids (1-butyl-3-methylimidazolium tetrafluoroborate, 

BMIM.BF4) and multi-walled carbon nanotubes (MWNTs) with polymeric matrix 

(chitosan, CHIT). The authors proved that the proposed system has good 1,4-NADH 

regeneration efficiency and fouling resistant. However, the work was concerned with a 

biosensor development, not a bioreactor electrode development. 

Further, Abdollah et al. [43] modified a GC electrode with carbon nanotubes and 

ruthenium (III) complexes. They concluded that the developed electrode showed a 

response to acetaldehyde in the presence of alcohol dehydrogenase. Hence, the system 

was able to reduce NAD+ into NADH. However, the work was of a more fundamental 

nature and the authors did not report the recovery of 1,4-NADH on this electrode. 

Ashok Kumar et al. [61] used a new composite polymer based material that was 

synthesized electrochemically by using poly-aminobenzene sulfonic acid (PABS) and 

flavins on GC electrodes. They observed that the system is suitable for both the 

electrocatalytic oxidation of NADH, and reduction of NAD+. However, no mention on 
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the recovery of enzymatically-active 1,4-NADH on this electrode was made. In addition, 

the work was concerned with electrochemical sensors development, not a bioreactor 

electrode development. 

In another study, Hyun-Kon Song et al. [62] used nano-particulate platinum (nPt) 

in the presence of  primary organometallic mediator (Pentamethylcyclopentadienyl-2, 

2-bipyridinechloro) rhodium (III) for 1,4-NADH regeneration. The nano-particulate 

platinum (nPt) performed two functions; first, it worked as a homogeneous catalyst and 

second as a secondary mediator.  In the presence of both nPt and primary organometallic 

mediator the amount of regenerated 1,4-NADH was up to 20% on platinum disk 

electrodes. This increased was attributed to the catalytic power of nPt.  The authors 

completely rejected the idea that the increased surface area, after the adsorption of nPt on 

the working electrodes, was responsible for the higher amount of 1,4-NADH, because 

they showed that the same amount of 1,4-NADH was obtained by using bare and 

nPt-adsorbed GC electrodes. However, no recovery of enzymatically-active 1,4-NADH 

was reported. 

Using the concept of electron mediators, Warriner et al. [63] modified a platinum 

electrode with a poly (3-methyl thiophene): poly (phenol red) film. This film performed 

the function of electron mediator in the NAD+ reduction reaction (1,4-NADH 

regeneration) at low overpotential, compared to a bare electrode. The authors 

successfully demonstrated that a certain amount of 1,4-NADH was regenerated by the 

system (which was developed as  a biosensor), but the actual recovery was not reported.  

Karyakin et al. [64] developed an electrocatalyst for 1,4-NADH regeneration in a 

biosensor. A GC electrode modified with poly (neutral red)/NAD+ /alcoholdehydrogenase 

/Nafion was used for this purpose. Using the developed electrodes system, it was shown 

that it can easily detect acetaldehyde. Hence, regeneration of enzymatically-active 

1,4-NADH was successful but the recovery was not quoted. 

Suss-Fink et al. [65] studied five water-soluble rhodium, iridium and ruthenium 

complexes containing 1,10-phenanthroline [(C5Me5)Rh(phenanthroline)Cl]+ to regenerate 

enzymatically-active 1,4-NADH from NAD+ in the presence of format as a hydrogen 

source. The system was able to regenerate a certain amount of 1,4-NADH, as the 
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reduction of ketone to corresponding alcohol, catalyzed by enzyme alcohol 

dehydrogenase from Rhodococcus sp. (S-ADH) or horse liver alcohol dehydrogenase 

(HLADH), was possible. Thus, the authors concluded that the proposed five cationic 

complexes in the presence of sodium format were able to promote the reduction of NAD+ 

to 1,4-NADH, but the recovery of enzymatically-active 1,4-NADH was not reported. 

In conclusion, it is clear from the literature overview presented above that 

chemically modified electrodes are capable, up to certain extent, to minimize the dimer 

formation (Step 2b, Scheme 1) and increase the kinetics of NAD-radical protonation 

(Step 2a, Scheme 1). However, there are problems associated with the use of these 

chemically modified electrodes such as low selectivity, lack of long-term stability and 

durability due to the loss of the electron mediator under the applied reaction conditions 

and complexity of the system. 

 

2.3 Electrochemical regeneration of 1,4-NADH / electrochemical 
reduction of NAD+ on enzymatically-modified electrodes  

Due to the above mentioned problems of chemically modified electrodes, 

enzyme-based electrodes for 1,4-NADH regeneration from NAD+ have attracted a 

considerable scientific attention. Fry et al. [66-68] immobilized methyl viologen (MV) 

and enzyme lipoamide dehydrogenase (LiDH) on GC and vitreous carbon electrode 

surfaces under a Nafion film to prevent the loss of both enzyme and mediator. They 

showed that this electrode could catalyze the reduction of NAD+ to 1,4-NADH but the 

recovery of 1,4-NADH was not reported. The NADH regeneration process was tested by 

coupling the MV/LiDH system with lactate dehydrogenase (LDH) to convert pyruvate to 

lactate (Fig. 2.2) [66]. It was summarized that cross-linked lactate dehydrogenase crystals 

(LDH-CLC) have high stability and retain their enzymatic activity as biocatalysts during 

electroenzymatic electrolysis for long times. Thus, they concluded that this new form of 

LDH will be an attractive component in schemes for recycling redox cofactor during 

electroenzymatic synthesis reactions. However, Omanovic and co-workers have shown 

that reduction of MV induces a very rapid deactivation of LiDH, even though, some 

minor amount of enzymatically-active 1,4-NADH was also observed [69]. The suspicion 
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is, therefore, that the system used by the Fry group actually did not act as an 

enzyme-mediated 1,4-NADH-regeneration system, but rather as the direct regeneration 

system, capable of producing a small recovery of enzymatically-active 1,4-NADH. 

  
Figure 2.2: Schematic of the system used by the Fry group. Immobilized methyl 
viologen (MV) and enzyme lipoamide dehydrogenase (LiDH) on GC and vitreous carbon 
electrode surfaces under a Nafion film and lactate dehydrogenese (LDH), NAD+, and 
pyruvate in solution [66]. 
   

Further, Lin and Chen [70] used flavin adenine dinucleotide (FAD) modified zinc 

oxide films electrodes and investigated their electrocatalytic properties in NAD+ 

reduction. Similar studies have been reported in the literature on electrocatalytic 

properties of some other modified electrodes using various electrochemical techniques 

[71-73]. These modified electrodes showed some electrocatalytic activity for redox 

NAD+/NADH reactions. However, all these studies are concerned with fundamental 

aspects of NAD+ reduction reaction not bioreactor development for 1,4-NADH 

regeneration. 

 Chen et al. [74] studied in-situ electroenzymatic regeneration of cofactor 

1,4-NADH in packed-bed membrane reactors through the coupled reaction of pyruvate to 

lactate. In order to increase the efficiency of the system to regenerate 1,4-NADH, a 

mediator, methyl viologen, and an enzyme, lipoamide dehydrogenase, were used (they 

directly immobilized LiDH and MV on a porous graphite electrode, and the electrodes 

were then coated with a Nafion film). The conversion of pyruvate to lactate was 

successful. It was shown that about 70% lactate in 24 hours was obtained in a flow-by 

packed-bed reactor while it took 200 hours to get 50% lactate in a batch reactor. 
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However, in the paper the actual recovery of enzymatically-active 1,4-NADH was not 

reported. 

Kim et al.  [75, 76] studied the electrocatalytic reduction of NAD+ to 

enzymatically-active 1,4-NADH in the presence of an electron mediator. They used 

methyl viologen as a mediator between the immobilized diaphorase enzyme and the   

gold-amalgam electrode surface. They observed that this electrode was able to reduce 

certain amount of NAD+ to 1,4-NADH, but the actual recovery was not reported. 

Matsue et al. [77] also used a LiDH immobilized electrode coupled with viologen 

as a mediator to catalyze the reduction of NAD+ to 1,4-NADH. The dimer formation was 

minimized to a minimum level at the LiDH-HLADH (lipoamide dehydrogenase-horse 

liver alcohol dehydrogenase) co-immobilized electrode. The product conversion 

(cyclohexanone to cyclohexanol) efficiency of 70% was achieved. 

Similarly, Delecouls-Servat et al.[18], designed two-membrane electrochemical 

reactors in which they carried out the reduction of cyclohexanone to cyclohexanol in the 

presence of HLADH. In these reactors methyl viologen or rhodium complexes were used 

as an electron mediator for the electrochemical regeneration of 1,4-NADH. To catalyze 

the reaction between MVo+ and NAD+, methyl viologen needs the enzyme lipoamide 

dehydrogenase. On the other hand, no enzyme is required when NADH regeneration is 

carried out with the rhodium complexes. To ensure the contact of enzyme with the 

electrode surface, a semi permeable membrane was installed in the filter-press 

electrochemical reactor. The authors found that under the best applied conditions in the 

reactor, viologen converted from 0 to 65% of cyclohexanone to cyclohexanol. Finally, a 

100% conversion was achieved in the recycling mode when a rhodium complex was used 

as electron mediator. However, it should be noted that the recovery of 

enzymatically-active 1,4-NADH regenerated was not reported in this work. 

Kane Cheikhou et al. [78] developed an electrochemical filter-press microreactor 

by electroerosion, to perform chiral enzymatic syntheses by converting pyruvate to 

L-lactate in the presence of L-LDH as an enzyme and flavin adenine dinucleotide 

(FAD/FADH2) as a redox mediator. In addition, formate dehydrogenase was used as an 

enzyme to reduce NAD+ to 1,4-NADH. In order to get high specific area of the cathode, 
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semicylindircal channels were created, which were then separated by Nafion membrane. 

The cathode was able to continuously regenerate certain amount of 1,4-NADH. However, 

the actual recovery of enzymatically-active 1,4-NADH regenerated was not reported. 

 

2.4 Electrochemical regeneration of 1,4-NADH / electrochemical 
reduction of NAD+ on metal-nano-island-modified electrodes 

From the above discussion, it is clear that enzymatic modification of an electrode 

surface is a promising method to prevent the formation of inactive dimer (Step 2b, 

Scheme 1) and thus increase the recovery of active 1,4-NADH. However, these systems 

are very complex and expensive and lack long-term stability, mostly due to the 

denaturation of the enzyme, loss of the electron mediator and slow NADH regeneration 

rate. 

Therefore, for industrial purposes, there is still a need to develop a stable and 

cheap electrode surface that would enable direct electrochemical regeneration of 

enzymatically-active 1,4-NADH at high recovery (purity). 

An important contribution in this field was made by Azem et al. [24] who 

modified a GC electrode with a sub-monolayer of ruthenium, which has resulted in a very 

high recovery (ca. 98%) of enzymatically-active 1,4-NADH regenerated in a batch 

electrochemical reactor operated at different electrode potentials. In another study [28], 

they used both bare (Au and Cu) and modified (Au-Pt) metallic electrodes to directly 

regenerate enzymatically-active 1,4-NADH in a batch electrochemical reactor. They 

concluded that the recovery of enzymatically-active 1,4-NADH strongly depends on the 

electrode potential and type of the working electrode used in the reactor. Furthermore, the 

authors proved that an increase in the recovery of 1,4-NADH can be achieved by 

modifying a bare metal electrode that offers high hydrogen evolution overpotential (e.g. 

GC or Au) with a sub-monolayer of good hydrogen evolution catalyst (e.g. Ru or Pt). 

Table 2.1 shows a summary of various electrodes on which Omanovic et al. regenerated 

the enzymatically-active 1,4-NADH, together with the corresponding recovery. 
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Table 2.1. Efficiency comparison of various methods/systems in regeneration of 
enzymatically-active 1,4-NADH at industrially relevant 1,4-NADH regeneration 
potentials (-1.5 V / -1.6 VMSE). 

Electrode GC-Ru Au-Pt e-Enz* Cu Au 

Recovery of active NADH / % 98 64 54 54 28 

* LiDH/MV/GC electrode system 

 

The above values can be compared with literature (highest efficiency at optimum 

conditions): 

• Au-Hg: 10% [45] 

• Pt (non-modified): 50% (expensive) [45] 

• Au-Hg/cholesterol: 75% (not stable) [45] 

• Pt/anion_charged_memb: 65% (poor long-term stability) [79] 

• Hg: 50% (toxic – cannot be used) [34] 

• Rh3+_PPY/C: 52% (poor long-term stability) [58] 

 

From the literature survey presented above, the following conclusions can be drawn: 

• The amount of enzymatically-active 1,4-NADH regenerated on non-modified 

electrodes is highly potential dependant and a very low recovery of 

enzymatically-active 1,4-NADH is obtained. 

• The enzymatic regeneration method is complex, expensive and unstable. 

• The direct electrochemical 1,4-NADH regeneration method is of low cost, 

product isolation is easy and no stoichiometric reactant is required. However, in 

this approach enzymatically-inactive NAD2 is formed due to the fast dimerization 

reaction in addition to the slow protonation and electrons transfer reaction. 

As proposed by the Omanovic laboratory, one of the promising solutions to above 

mentioned problems is to modify an electrode surface with metal nano-islands to avoid 
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formation of NAD2. As previously demonstrated, this method could increase the amount 

of enzymatically-active 1,4-NADH regenerated. However, more fundamental research is 

needed to deduce the influence of various factors on the mechanisms and kinetics of 

NADH regeneration and the recovery of 1,4-NADH on these surface modified electrodes, 

in order to design a robust electrode system capable of performing satisfactorily during a 

longer time period in a real biochemical reactor. In addition, the literature lacks 

information on the influence of electrode potential on the 1,4-NADH regeneration, 

particularly in terms of the purity of enzymatically-active 1,4-NADH that could be 

recovered from NAD+. Further, the 1,4-NADH regeneration reaction is a heterogeneous 

reaction, involving several basic steps: mass-transport of NAD+ from the bulk solution to 

the electrode surface, adsorption of NAD+ at the electrode surface, its reduction 

(Scheme 1), and finally the desorption of the products (NADH, NAD2) and their 

mass-transport into the bulk electrolyte. However, the data on these processes is very 

scarce, especially that on the NAD+ adsorption. Therefore, this thesis project also 

involved research on some fundamental aspects of the NAD+ reduction reaction, with the 

goal of better understanding the reaction mechanisms and kinetics, to build the 

knowledge required for the design of better 1,4-NADH regeneration electrodes. 

Consequently, main objectives of the current thesis are further outlined in the next 

chapter. 
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3. OBJECTIVES 

Bare (non-modified) metal electrodes would be best candidates for electrochemical 

regeneration of enzymatically-active 1,4-NADH, but unfortunately the major problem in 

the electrochemical regeneration of 1,4-NADH on these electrodes is the formation of an 

enzymatically-inactive NAD2 dimer (Step 2b, Scheme 1), due to the slow protonation of 

the NAD-radical (Step 2a, Scheme 1). 

However, the hypothesis of the Omanovic laboratory is that the dimer formation 

can be minimized by providing ‘active hydrogen’ (M-Hads) adjacent to the NAD-radical 

formation site, which will then increase the rate of NAD-radical protonation (Step 2a, 

Scheme 1) and predominantly enzymatically-active 1,4-NADH, rather than inactive 

NAD2. This could be done using the following three approaches: 

 

 3.1 By manipulating the electrode potential 

  Highly-pure enzymatically-active 1,4-NADH on high-overpotential hydrogen 

electrodes (e.g. GC and CNFs) could be obtained by increasing the electrode potential to 

more negative (cathodic) values. This will increase the electron-transfer rate as well as 

the amount of Hads adsorbed on the electrode surface. As the NAD-radical protonation is 

a strong function of surface concentration of Hads, both of these effects should contribute 

to an increase in 1,4-NADH production rate from NAD-radical, and thus to the increased 

recovery of enzymatically-active 1,4-NADH. This was the first approach studied in this 

PhD project. 

 

3.2  By selecting a proper electrode material 

In addition to the effect of electrode potential (above), selecting a proper electrode 

material could also result in a high recovery of enzymatically-active 1,4-NADH. It was 

hypothesized by the author of this thesis that the recovery of 1,4-NADH from NAD+ is 

dependent not only on the electrode potential, but also on the strength of the metal 

electrode - hydrogen bond (M-Hads). Namely, a metal that binds hydrogen more strongly 
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(e.g. Ti) will attain a higher hydrogen surface coverage at less negative cathodic 

potentials (lower NAD+ reduction overpotentials). Consequently, the higher the hydrogen 

surface coverage, the faster the kinetics of Step 2a (Scheme 1), and higher the recovery of 

1,4-NADH from NAD+. In an attempt to prove the hypothesis, several selected bare 

(non-modified) metal electrodes (Ti, Ni, Co and Cd) were investigated in a batch 

electrochemical reactor operated at different electrode potentials, in addition to GC and 

CNFs electrodes. 

 

3.3 By modification of electrode surface with nano-islands 

Further, to address the problem of fast dimer formation, ‘surface-modified’ 

electrodes have been developed in this PhD project. It is important to mention that the 

Electrochemical Research Group at McGill (the Omanovic Laboratory) has pioneered the 

development of bi-functional metal nano-patterned electrode surface for 1,4-NADH 

regeneration [24, 28, 30, 80]. The design of these surfaces has been based on the 

hypothesis that providing active hydrogen (M-Hads) at the electrode site adjacent to the 

site of NAD-radical formation, the kinetics of Step 2a (Scheme 1) would significantly 

increase, and the ratio of the production of active 1,4-NADH over inactive NAD2 would 

increase. To provide high surface coverage of hydrogen at the NAD-radical 

reduction/hydrogenation surface reaction site, good hydrogen evolution catalysts (e.g. Pt, 

Ru, Rh, Ir, Re, Ni) can be used to form nano-islands (i.e. nano-particles, NPs) on a 

high-overpotential (i.e. poor hydrogen catalyst) electrode surface, such as GC or Au [24, 

28, 30, 80]. As illustrated in Scheme 2, the role of NPs is to adsorb hydrogen (M-Hads) in 

the potential region of NAD+ reduction, and this ‘activated’ hydrogen would then readily 

react with a NAD-radical adsorbed on the adjacent GC site, thus minimizing the 

probability of the dimer formation. Secondly, NPs could also act as a physical boundary 

for the two neighboring free NAD-radicals to combine with each other, thus high-purity 

of enzymatically-active 1,4-NADH could be obtained.  
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Scheme 2: Representation of the bifunctional character of GC-Pt electrode used for 
1,4-NADH regeneration in this project. The purpose of Pt nano-particles is to provide 
‘active’ adsorbed hydrogen (Pt-Hads) at the site of NAD-radical formation. This increases 
the radical protonation kinetics, and hence minimizes the probability of dimerization of 
two neighboring radicals, leading to the preferential formation of enzymatically-active 
1,4-NADH (Scheme 1). 

Scheme 2: Representation of the bifunctional character of GC-Pt electrode used for 
1,4-NADH regeneration in this project. The purpose of Pt nano-particles is to provide 
‘active’ adsorbed hydrogen (Pt-Hads) at the site of NAD-radical formation. This increases 
the radical protonation kinetics, and hence minimizes the probability of dimerization of 
two neighboring radicals, leading to the preferential formation of enzymatically-active 
1,4-NADH (Scheme 1). 
  

In this PhD project bi-functional GC-Pt and GC-Ni electrodes for electrocatalytic 

regeneration of enzymatically-active 1,4-NADH were developed.  

In this PhD project bi-functional GC-Pt and GC-Ni electrodes for electrocatalytic 

regeneration of enzymatically-active 1,4-NADH were developed.  

  

3.4 Main objective 3.4 Main objective 

The main objective of this PhD project was to develop electrodes and optimize 

experimental conditions for the direct electrochemical regeneration of highly-pure 

enzymatically-active 1,4-NADH. 

The main objective of this PhD project was to develop electrodes and optimize 

experimental conditions for the direct electrochemical regeneration of highly-pure 

enzymatically-active 1,4-NADH. 

  

3.5 Specific objectives 3.5 Specific objectives 

In order to achieve the main objective of the project, the following specific 

objectives were defined: 

In order to achieve the main objective of the project, the following specific 

objectives were defined: 

                              Glassy carbon 
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• To investigate the fundamental aspects of the mechanisms and kinetics of the 

NAD+ reduction reaction and NAD+ adsorption on a bare GC electrode. 

• To investigate the influence of electrode potential and electrode material (GC, 

CNFs, Ti, Cd, Co and Ni - all bare, non-modified surfaces) on the purity of 

1,4-NADH that could be obtained by the reduction of NAD+ in a batch 

electrochemical reactor. 

• To modify a GC electrode with nano-islands (nano-particles) of metals that offer 

low hydrogen overpotential such as Pt and Ni, in order to achieve the direct 

regeneration of the enzymatically-active, high-purity 1,4-NADH. 
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4. EXPERIMENTAL METHODS AND MATERIALS 

4.1 Chemicals and solutions  

Fundamental aspects of the NAD+ electrochemical reduction kinetics and 

adsorption were studied in 0.1 M NaClO4 (HPLC grade, Fisher Scientific S490, 

pH = 5.8) using a glassy carbon (SPI 4169GC-AB) electrode, at various temperatures 

(295 to 331 K), electrode potentials (–1.1 to –1.5 V) and NAD+ concentrations (1 to 5 

mM). 

Electrochemical regeneration of enzymatically-active 1,4-NADH, from a 1 mM 

NAD+ solution in 0.1 M phosphate buffer (pH = 5.8), was performed at 295 K under the 

potentiostatic conditions. The buffer was prepared by dissolving potassium phosphate 

monobasic anhydrous, KH2PO4 (ACS grade, BioShop PPM 302) in ultra-pure deionized 

water and adding 1 N NaOH (Caledon Laboratories 7861-6) to adjust pH. 

NAD+ solutions were prepared by dissolving a proper amount of β-NAD+ 

(sodium salt, purity 98%, Sigma N0632) in supporting electrolytes. 

High purity hydrogen hexachloroplatinate (H2PtCl6× 6H2O, Fluka 00669) and 

nickel(II)nitrate hexahydrate (Ni(NO3)2 × 6H2O, Sigma 203874) were used for the 

formation of metal nano-islands (nano-particles) on the GC surface. All chemicals were 

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

deionized water of resistivity 18.2 MΩ cm. 

 

4.2 Electrochemical cell and electrodes 

A conventional two-compartment, three-electrode batch electrochemical reactor 

(cell) was used in this work. Fig. 4.1 illustrates the electrochemical setup configuration 

used in the research. 

The counter electrode was a graphite rod (McMaster-Carr 9121K71), which was, 

prior to each use, sonicated for 30 min in ethanol (HistoPrep HC 1300-1GL), followed by 

thorough rinsing with water. During the measurements, the counter electrode was 
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separated from the working and reference electrode electrolyte compartment by a glass 

frit in order to prevent oxygen evolved on it to 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, Fisher 

Scientific) was used as a reference electrode, which was placed in the working electrode 

compartment, very close to the working electrode in order to minimize ohmic 

(electrolyte) contribution. All the potentials in this work are referred to MSE. 

The following electrodes were used as working electrodes (WE): 

• Pure (non-modified) electrodes: glassy carbon (GC), carbon non-fibers (CNFs), 

Ti, Cd, Co and Ni, and 

• Nano-patterned GC electrodes: These included GC electrodes on which 

nano-particles (nano-islands) of Pt and Ni were formed. 

 

In 1,4-NADH regeneration experiments, the total geometric WE area was 12.5 

cm2. All the WE electrodes were made by the thesis author, with the exception of the 

CNF electrode. The latter was produced by coating a 316 stainless steel mesh with CNFs 

in a plasma reactor, by Prof. Sylvain Coulombe's laboratory (see Section 4.5). 

In NAD+ reduction kinetics and adsorption measurement, a commercial GC 

electrode (a 5 mm rod sealed in epoxy resin to give a geometric surface area of 

0.196 cm2) was used. The true (electrochemically-active) surface area of this electrode 

was determined using K4Fe(CN)6×3H2O  (Sigma P9387) [81], which was calculated to be 

0.206 cm2 (see Figs. A.1 and A.2 in Appendix A). Therefore, in kinetics and adsorption 

studies, all the reported values are referred to the real surface area of the electrode, if not 

otherwise stated. 
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Figure 4.1: Two-compartment three-electrode batch electrochemical cell connected to a 
potentiostat/galvanostat/frequency response analyzer. 

 

4.3 Equipment 

Electrochemical measurements, such as linear polarization voltammetry (LV), 

cyclic voltammetry (CV), differential pulse voltammetry (DPV), electrochemical 

impedance spectroscopy (EIS), differential capacitance (DC) and controlled-potential 

electrolysis, were performed using an Ecochemie Autolab 

potentiostat/galvanostat/frequency response analyzer PGSTAT30/FRA2, controlled by 

the GPES/FRA v.4.9.5 software. 

The surface morphology of the prepared nano-patterned GC-Pt and GC-Ni 

electrodes was analyzed by a field-emission scanning electron microscope (FEG-SEM 

Phillips XL30). For the surface image processing, open-source ImageJ software was 

Potentiostat

Galvanostat

MSEGCEGraphite rod

Glass frit

CE
WE
RE

Argon 
bubbler



CHAPTER 4: EXPERIMENTAL METHODS AND MATERIALS 
 

 29

used. The progress of the NAD+ reduction reaction and activity assay was monitored by a 

Varian UV-Vis double beam spectrophotometer. In adsorption studies, ATR-FTIR 

spectroscopy was employed using a Hyperion microscope and the corresponding ATR 

objective. 

 

4.4 Electrode surface patterning  

Formation of Pt and Ni nano-particles, NPs (nano-islands) on a GC electrode 

surface (i.e. electrode surface patterning) was performed by electrochemical deposition of 

Pt and Ni using the electrochemical cell in Fig. 4.1. Before each surface nano-patterning 

(electrode modification), the GC surface 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 a 

clean GC surface, the electrochemical pretreatment of the GC surface was carried out in 

0.5 M H2SO4 (Fisher Scientific 351293) by cyclic potentiodynamic polarization between 

–1.5 V and 1.1 V at a scan rate of 100 mV  s–1, for 50 cycles. Nano-islands of Pt were 

formed on such a freshly prepared GC surface by performing electrochemical cyclic 

voltammetry in a solution of 1 mM H2PtCl6× 6H2O in 0.5 M H2SO4, in the potential 

range from –0.6 V to 0.1 V, at a scan rate of 50 mV  s–1, for a specific number of cycles 

(specified for each electrode, later in the thesis). Similarly, nano-islands of Ni on GC 

were formed by performing cyclic voltammetry in 2 mM Ni(NO3)2 × 6H2O in acetate 

buffer (Sigma S7670, pH = 4), in the potential range from 8.0−  V to 0 V, at a scan rate 

of 50 mV  s–1, for 10 cycles [82]. The two electrodes are termed as GC-Pt and GC-Ni, 

respectively. 

 
 

4.5 CNFs synthesis 

A stainless steel 316, 400 series mesh (25 μm grid bar, 2.5 cm × 2.5 cm sample 

size; cleaned ultrasonically in acetone) was used as the CNF formation/growth catalyst 

and support material. The support was placed within a tubular chemical vapor deposition 

http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
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furnace (55 mm-inner diameter quartz furnace tube), under argon (592 ± 5 cm3 min–1), 

and heated to 973 K. Acetylene was then injected into the furnace for 4 min at a constant 

flow rate of 100 ± 5 cm3 min–1. This was followed by an isothermal CNF growth period 

of 30 min at 973 K under Ar. The system was then allowed to cool to room temperature. 

This method of growth is based on the work by Baddour et al.[83], in which carbon 

nanotubes and CNFs were grown directly from stainless steel sheets. However, in the 

current work no pretreatment steps (acid etching) were required. 

 

4.6  Electrochemical regeneration of 1,4-NADH  

Electrochemical reduction of NAD+, i.e. the electrochemical regeneration of 

1,4-NADH, was performed in the electrochemical cell in Fig. 4.1. However, instead of 

one, two carbon rod counter electrodes were placed opposite of the two working 

electrode surfaces, to ensure the uniform electric field. The electrolyte volume was 

80 mL and the initial NAD+ concentration was 1 mM. Two types of electrode surfaces 

were investigated: (i) bare electrode surfaces; glassy carbon (GC), carbon nano-fibers 

(CNFs), titanium (Ti), cadmium (Cd), cobalt (Co) and nickel (Ni), and (ii) a GC surface 

patterned by either Pt or Ni nano-islands (GC-Pt and GC-Ni, respectively). These 

surfaces served as a working electrode in the batch electrochemical reactor. 

In order to determine the actual bioenzymatic activity of the regenerated NADH, 

the NADH activity tests were made according to the procedure outlined in following 

section. 

4.7  Experimental methodology 

All measurements were performed in an oxygen-free electrolyte. In order to 

achieve this, argon (99.998% pure) was purged through the electrolyte prior and during 

electrochemical 1,4-NADH regeneration and NAD+ adsorption measurements. This also 

ensured convective mass transport of electroactive species to/from the electrode surface. 

However, in NAD+ reduction kinetics experiments, after initial oxygen removal, the 

bubbler was pulled above the electrolyte surface, but the oxygen-free electrolyte and the 
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inert atmosphere above the electrolyte were maintained by saturating the cell space above 

the electrolyte with argon. 

For the concentration dependent experiments, the stock NAD+ solution was 

prepared in a separate container using the supporting electrolyte (0.1 M NaClO4). 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. 

To determine the enzymatic activity of the regenerated 1,4-NADH, activity tests 

were made according to the regular Sigma Quality Control Test Procedure (EC 1.8.1.4) 

which was further modified for this purpose using lipoamide dehydrogenase (5.3 U/mg, 

Calzyme laboratories, Inc. 153A0025) as an enzyme and DL-6,8-thioctic acid amide 

(Fluka T5875) as a substrate. 

First, a volume of 0.2 mL of substrate and 0.1 mL of EDTA (Sigma ED4S) were 

added into 2.6 mL of regenerated 1,4-NADH in a 4 mL cuvette. The absorbance of the 

solution at 340 nm was monitored using a UV-Vis spectrophotometer, until reaching a 

steady state value. Then, 0.1 mL of the enzyme was injected into the cuvette while the 

absorbance was recorded until reaching a final constant value, signifying that the entire 

active 1,4-NADH formed during the electrolysis was consumed by the enzymatic 

reaction (Fig. 4.2). 
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Figure 4.2: Time dependence of normalized absorbance (A/A0) of 1,4-NADH produced 
by electrolysis of a 1 mM NAD+ solution on a GC-Pt electrode at –1.6 V. A0 is the 
absorbance value recorded before reaction (4.2) was initiated, while A is the absorbance 
recorded at any time after the initiation of reaction (4.2). 
 

Finally, taking into account the initial and final absorbance at 340 nm, the purity 

of enzymatically-active 1,4-NADH produced by electrolysis was calculated (Eq. 4.1). 

 Purity (recovery) of 1,4-NADH (%)= ( )[ ] %100
(%)purity  NAD initial

100100
×

×−
+

oAA  (4.1)

The procedure for the activity assay is described in detail below: 

 
Principle:  

 1, 4 − NADH + DL-lipoamide lipoamide dehydrogenase⎯ →⎯⎯⎯⎯⎯⎯  NAD+  + dihydrolipoamide (4.2)

 

Conditions: T = 293 K, pH = 5.81, A340nm, light path b = 1cm 

Method: UV/Vis spectrophotometer 
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Reagents Preparation: 
 
Reagent A: 0.1 M phosphate buffer, pH 5.8 at 293 K  

Prepare 150 mL by dissolving 2.04 g of potassium phosphate monobasic, 

anhydrous in deionized water. Adjust the pH to 5.8 with 1 N NaOH. 

 
Reagent B: 0.028 M DL-6,8-thioctic acid amide 

Prepare 2.5 mL by dissolving 0.01437 g of DL-6,8-thioctic acid amide in 1.5 mL 

ethanol (nondenatured). Dilute this solution with 1 mL of reagent A. Prepare 

fresh. 

 
Reagent C: 0.3 M ethylenediaminetetraacetic acid (EDTA) with 2.0 % Albumin solution, 

pH 5.8. 

Prepare 2.5 mL in deionized water using 0.22 g of EDTA and 0.0044 g of 

albumin bovine (Sigma A0281). Adjust the pH to 5.8 with 1 N NaOH. 

 

Reagent D: Nicotinamide adenine dinucleotide, reduced form (NADH) produced by 

electrolysis of a 1 mM solution of NAD+ in phosphate buffer pH 5.8. 

 
Reagent E: Lipoamide Dehydrogenase Enzyme Solution 

Immediately before use, prepare a 10 mL solution of lipoamide dehydrogenase in 

cold reagent A by dissolving 0.0011 g. 

 
Table: 4.1: Pipette (in mL) the following reagents into suitable cuvettes. 

Reagent Reference 1 Reference 2 Test 

Reagent A 2.6 2.6 – 

Reagent B 0.2 0.2 0.2 

Reagent C 0.1 0.1 0.1 

Reagent D – – 2.6 

Reagent E – – 0.1 
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First, zero the absorbance at 340 nm with Reference 1 and Reference 2, and then 

remove Reference 2 and replace it with “Test” (Table 4.1). Record the change in 

absorbance at 340 nm with time, until it becomes constant. Then add reagent E and 

record the absorbance with time until reaching a constant value. 

The assay was first calibrated using commercially available NADH that contains 

98% of enzymatically-active 1,4-NADH (Sigma N8129). 

In order to determine the conversion of NAD+ to enzymatically-active 

1,4-NADH, on different working electrodes, a UV/Vis calibration was curve developed 

as shown in Fig. 4.3. 
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Figure 4.3: Calibration curve for UV/Vis spectrometer. 
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5. RESULTS AND DISCUSSION 

Note: Results of Sections 5.1, 5.3.1.1, 5.3.1.2 and 5.3.2 have been published in 

the following papers: 

1. I. Ali and S. Omanovic, Kinetics of Electrochemical Reduction of NAD+ on a 
Glassy Carbon Electrode, Int. J. Electrochem. Sci., 8 (2013) 4283.  

2. I. Ali, B. Soomro and S. Omanovic, Electrochemical Regeneration NADH 
Employing on Glassy Carbon Electrode Surface: The Influence of Electrolysis 
Potential, Electrochem. Comm., 13 (2011) 562.  

3. I. Ali, M. McArthur, N. Hordy, S. Coulombe and S. Omanovic, Electrochemical 
Regeneration of the Cofactor NADH Employing a Carbon Nanofibers Cathode, 
Int. J. Electrochem. Sci., 7 (2012) 7675.  

4. I. Ali, A. Gill and S. Omanovic, Direct Electrochemical Regeneration of the 
Enzymatic Cofactor 1,4-NADH Employing Nano-patterned Glassy Carbon/Pt and 
Glassy Carbon/Ni Electrodes, Chem. Eng. J., 188 (2012) 173.    

This chapter is divided into two major parts. The first part presents the 

fundamental aspects of NAD+ interaction with a GC electrode in terms of (i) the NAD+ 

reduction kinetics (Section 5.1), and (ii) NAD+ adsorption (Section 5.2). The purpose of 

the study was to get better insight into fundamental electrochemical and 

physico-chemical processes that are involved in the reduction of NAD+ at a GC surface. 

The second part is of an applied nature, as it focuses on the actual in-situ regeneration of 

enzymatically-active 1,4-NADH in a batch electrochemical reactor, employing various 

electrodes. Section 5.3 is further divided into two sub-sections. The first sub-section 

(5.3.1) presents results on the 1,4-NADH regeneration using selected non-modified 

metallic electrodes and CNFs cathode while the second sub-section (Section 5.3.2) 

focuses on the development and application of modified electrodes for 1,4-NADH 

regeneration. 

 

5.1 Kinetics of NAD+ reduction on a GC electrode surface 

In this section, results on the kinetics of NAD+ reduction on a GC electrode 

surface are presented. The results were obtained using electrochemical techniques of 
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linear voltammetry (LV), differential pulse voltammetry (DPV) and electrochemical 

impedance spectroscopy (EIS). 

5.1.1 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. 5.1 shows the 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).  

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, and its position, i.e. the potential is in agreement 

with the literature on NAD+ reduction on various electrodes [1, 24, 29, 38, 45, 47, 56]. 
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Figure 5.1: 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. 
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Fig. 5.1 shows 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 [24, 29, 30]. Secondly, no anodic peak in the 

returning (positive) cycle was observed even when the anodic limit was extended to 0 V. 

This high NAD+ reduction overpotential is due to an unfavorable surface orientation of 

NAD+
 on the electrode surface [24, 28]. 

The peak position (potential) in Fig. 5.1 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. 5.2. The graph shows a linear dependence, 

thus confirming that the reaction is indeed under mass-transport control under the 

experimental conditions applied [24, 29, 30, 84, 85]. 
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Figure 5.2: Dependence of NAD+ reduction peak current on the applied scan rate 
obtained from the voltammograms presented in Fig. 5.1. 
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Next, a kinetic parameter related to the electron-transfer process was calculated, 

αn. In this product, α represents the fraction of applied potential used to lower the 

activation energy for NAD+ reduction, while n represents a number of electrons 

exchanged in the NAD+ reaction. In order to calculate the αn value from the data in 

Fig. 5.1, the peak potential (Ep) versus logarithm of scan rate (sr) dependence was plotted 

in Fig. 5.3. 
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Figure 5.3: Dependence of NAD+ reduction peak potential on the applied scan rate 
obtained from the voltammograms presented in Fig. 5.1. 
 

Taking into account that the NAD+ reduction reaction is irreversible, the 

following equation can be employed to evaluate the αn product [29, 30, 86-88]: 

 
nsrd

dE p

α
029.0

)log(
−

=  (5.1)

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. 5.3, the product was calculated to be αn = 0.69.  
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This value is consistent with previous studies on Hg, Au and Ru-GC electrodes [24, 29, 

42]. 

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. 5.1. 

This would provide information on the selectivity of the bare GC electrode in 

regenerating 1,4-NADH (as opposed to NAD2). For this purpose, the slope in Fig. 5.2 and 

the following equation can be used [24, 30, 87, 89, 90]: 

 ( ) 2/12/12/15 ][1099.2 srDNADnnAI p
+×= α  (5.2)

 

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 

(cm2), D is the NAD+ diffusion coefficient in the solution (cm2 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. Now, taking that the NAD2 formation requires one 

electron per one NAD+ molecules, 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. 5.1 (n = 1.62) indicates that 62% of 1,4-NADH was formed by the 

reduction of NAD+ under potentiodynamic conditions in Fig. 5.1. 

In order to verify the kinetic information obtained from Figs. 5.2 and 5.3, a set of 

LVs were recorded at a constant scan rate, but at varying NAD+ concentrations, Fig. 5.4a. 
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Figure 5.4: (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). 

 

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. (5.2). 

Indeed, the inset (Fig. 5.4b) demonstrates that this dependence is linear, as predicted by 

Eq. (5.2). 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. 5.1. 

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. 5.4b, indicates that the NAD+ reduction reaction 

is of pseudo-first order with respect to NAD+, under the experimental conditions 

performed. 
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5.1.2 Differential pulse voltammetry 

DPV technique was chosen as an independent technique for the verification of the 

kinetic parameters calculated from LVs in Figs. 5.1 and 5.4, since it is more sensitive to 

concentration as compared to linear voltammetry. 
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Figure 5.5: (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). 

 

Fig. 5.5a 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, and this behavior is linear, as demonstrated in the inset (Fig. 5.5b). The same 

as the corresponding behavior obtained in LV measurements presented in Fig. 5.4, the 

results in Fig. 5.5 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 [29], and ruthenium-modified GC electrodes 

[24].  
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The DPV results in Fig. 5.5 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 [30, 91]: 

 
nF

RTW
α
52.3

2/1 =  (5.3)

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 (295 K). A values αn = 0.97 was obtained. 

Now, using the following equation [30, 90]: 

 ⎟
⎠
⎞

⎜
⎝
⎛

+
−

=
+

σ
σ

π 1
1][2/1

m
p t

NADnAFDI  (5.4)

where for an irreversible electrochemical reaction [30, 92]: 

 ⎟
⎠
⎞

⎜
⎝
⎛ Δ

=
RT

EnF
2

exp ασ  (5.5)

where 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. 5.5 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. 5.1 and 5.4 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. 5.3). 

Namely, as it was demonstrated by our previous work [36], 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. 5.5. Table 5.1 

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 [36]. 
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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.  

Table 5.1: 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. 
 

5.1.3 Electron transfer-rate constant and activation energy 

 

To calculate a value of apparent formal heterogeneous electron-transfer rate 

constant, kf, 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 (see Appendix B) using the 

Ecochemie General Purpose Electrochemical System software [93]. Fig. 5.6 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  cm s–1. A close value was also 

obtained from concentration-dependant DPV measurements   cm s–1. 

Previous studies on the Au electrode also yields such low values [29]. 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. 

1410)21.6( −×±=fk
1410)15.2( −×±=fk
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Figure 5.6: (a) 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. 5.5. (b) 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. Temperature, T = 295 K.  
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The fitting of the LV and DPV curves (Fig. 5.6) 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 5.1). 

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.  

Fig. 5.7 shows LVs (a) and DPVs (b) obtained at selected temperatures and at a constant 

NAD+ concentration in the bulk solution. 
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Figure 5.7: (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. 5.5. 
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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. 5.4 and 5.5). Then, the dependence of peak 

current, Ip, on NAD+ concentration was analyzed, as in Figs. 5.4 and 5.5. 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  (5.6)

 

where keff is the effective NAD+ reduction reaction rate constant (A cm3 mol–1). Given 

that the NAD+ reduction reaction is mass-transport controlled and that it also involves 

adsorption of NAD+ on the electrode surface and the subsequent electron transfer, the 

effective reduction reaction rate constant is thus composed of the contributions of mostly 

the mass-transfer constant, but also the adsorption kinetic constant and the electron 

transfer rate constant. 

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

accordance with the Arrhenius law: 

 ⎟
⎠
⎞

⎜
⎝
⎛ Δ−

=
RT

GAk act
eff exp  (5.7)

 

where A is pre-exponential factor (A cm3 mol–1), ΔGact is the Gibbs energy of activation 

(kJ mol–1), and the remaining quantities have already been defined previously. Fig. 5.8 

shows the resulting behavior. 
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Figure 5.8: 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. 
 

Fig. 5.8 shows the linear dependence, 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 a formal potential because 

Gibbs energy of activation is potential dependent according to the following equation 

[29, 84]: 

 ηαnFGG pactact −Δ=Δ ,  (5.8)

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 
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(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 [24] and Au 

electrodes [29]. 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. 

 

5.1.4 Electrochemical impedance spectroscopy 

Impedance method delineates the kinetics of the electrode processes. The shape of 

the impedance diagram tells us about its mechanics [94]. The recently developed methods 

for analysis of the experimental data enable identification of the choice of adequate 

structural models of the interface [95]. EIS has grown tremendously over the past few 

years and is now being widely employed in a variety of scientific fields such as fuel cell 

testing, biomolecular interaction, and microstructural characterization. EIS may also 

reveal information about the reaction mechanism of an electrochemical process: different 

reaction steps will dominate at certain frequencies, and the frequency response as shown 

by EIS can help identify the rate limiting step. Therefore, EIS was implemented to get 

more information on the GC electrode/electrolyte interface in the presence of NAD+. 

Electrochemical impedance studies were carried out with the same setup which was used 

also for potentiodynamic polarization studies. The applied ac perturbation signal was 

about ±10 mV within the frequency range 50 kHz to 20 mHz, to ensure complete 

characterization of the interface and surface processes. 

 

5.1.4.1 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. 5.9, in a form of Nyquist plots. 
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Figure 5.9: (a) Nyquist plot of a GC electrode recorded at various dc potentials 
(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. 5.10. Temperature, T = 295 K. 

1.1−

 

The Nyquist plots in the Fig. 5.9 present a typical shape, with a semicircle in the 

high-frequency domain characteristic of an interfacial charge-transfer mechanism. As per 

theory of electrochemical reactions, in ac polarization experiments, the diameter of the 

semi-circle is inversely proportional to the kinetics of an electrochemical reaction [29]. 

Figs. 5.9b and 5.9c display the response of the GC electrode in the present 

(circles) and absence (triangles) of NAD+ in the supporting electrolyte. At –0.9 V 

(Fig. 5.9b), which is in the potential region more positive of the NAD+ reduction peak in 
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Fig. 5.1, the two spectra overlap, confirming that no NAD+ reduction occurs at this 

potential. However, at –1.1 V (Fig. 5.9c) 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. If we compare this 

to the results obtained using LV and DPV, we can see that the onset of NAD+ reduction 

in these dc measurements can be noticed only at potentials negative of ca. –1.25 V. This 

confirms that EIS is more a 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. 5.9a), indicating an increase in the 

NAD+ reduction kinetics. This is in accordance with the results obtained by LV and DPV 

measurements. 

To quantify the EIS results, the experimental spectra in Fig. 5.9 were modeled 

using non-linear least-squares fit analysis (NLLS) software [96] and an electrical 

equivalent circuit (EEC) presented in Fig. 5.10. The modeled data are presented as solid 

lines in Fig. 5.9. 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 EEC parameter values are listed in Tables C.1 and C.2 in 

Appendix C. 
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Figure 5.10: Electrical equivalent circuit used to model the EIS data. 

 

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

(HF) time constant, τ1 (τ1=CPE1R1), and the low frequency (LF) time constant, τ2 

(τ2=CPE2R2). This circuit models a response where polarization is due to a combination 

of kinetic and diffusion processes. Here R (Ω) stands for resistance and CPE (Ω–1 sn) for 

constant phase element. The following equation represents impedance, Z (Ω) of CPE: 

 ( )nCPE jCPE
Z

ω
1

=  (5.9)

 

where ω (rad s–1) represents the radial frequency. If n = 1, ZCPE behaves as a perfect 

capacitance. If n = 0, it has characteristics of a perfect resistance and if n = 0.5 it acts like 

a Warburg, (mass transport) impedance [97]. Values of n other than the ideal values 

mentioned above indicate the presence of inhomogeneties such as surface roughness, 

adsorbed species at the microscopic level of the oxide/electrolyte interface [98, 99]. 
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The modeling of the EIS spectra in Fig. 5.9 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 is the charge transfer resistance or 

polarization resistance.  

The second EEC branch (Fig. 5.10) is composed of CPE2 and R2. CPE2 is located in 

the LF domain of the spectrum, and the fitting of the spectra in Fig. 5.9 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 at the GC surface could also contribute to diffusive capacitance [100].  Further, in 

Fig. 5.10, Rel represents the electrolyte resistance between the working and reference 

electrode. 

In the EEC in Fig. 5.10, 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 [29]. 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. 5.11a. 
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Figure 5.11: 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. 5.9a. 
(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. 5.11a are not visible since the largest error is 0.015×10-3 Ω-1cm-2. 
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The data obtained in the absence of NAD+ in the supporting electrolyte (triangles) 

is relatively constant, while in the presence of NAD+ (circles) the 1/RT 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. 5.9c shows that NAD+ is being 

reduced already at –1.1 V, but the large scale of the ordinate in Fig. 5.11 prevents the 

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

conclusion, the NAD+ reduction EIS data (Fig. 5.11) is in agreement with the LV data 

(Fig. 5.1), 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. 

It has already been shown that the NAD+ reduction reaction might involve 

adsorption of either NAD+ or the corresponding reduction reaction products, NADH 

and/or NAD2, on the electrode surface [29] (this will also be investigated in more detail 

later in the thesis, Section 5.2). Thus, if the electrode surface gets covered by an adsorbed 

molecular (sub)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 [101]. To 

investigate this, the behavior of the electrochemical double-layer capacitance (CPE1) 

obtained in EIS experiments presented in Fig. 5.9 was further analyzed. A true value of 

the double-layer capacitance was calculated using the equation proposed by Brug et al. 

[102]: 

 Cdl = [CPE1(R el
−1+R1

−1)n1−1]−n1  (5.10)

The results are plotted in Fig. 5.11b. 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 Fig. 5.11b, and this region covers both the region where NAD+ is not 
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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. 

 

5.1.4.2 Concentration-dependent impedance measurements 

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

NAD+ reduction, and selected spectra are shown in Fig. 5.12.  
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Figure 5.12: 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 5.13: 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. 5.12. 
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The spectra in Fig. 5.12 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. 5.9), which could be 

explained in the same manner as those in the previous section of the thesis (Section 

5.1.4.1). 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. 5.13a. 

Knowing that current is proportional to inverse resistance (I α R–1); the linear 

trend in Fig. 5.13a indicates that the NAD+ reduction reaction is of pseudo-first order 

with respect to NAD+. Although the EIS measurements in Fig. 5.13 were preformed 

potentiostatically, the trend is very similar to that obtained from linear polarization 

measurements presented in Fig. 5.4a, i.e. in both cases the reaction was found to be of 

pseudo-first order with respect to NAD+. 

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. (5.10), and the 

resulting values are presented in Fig. 5.13b. The trend in the Fig. 5.13b 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. In fact, if the inverse of the values in Fig. 5.13b is plotted, 

the obtained trend would be very similar to that of a classical adsorption isotherm 

(Fig. 5.14). 
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Figure 5.14: Inverse of double-layer capacitance on the NAD+ concentration obtained by 
fitting the EIS spectra in Fig. 5.12. 
 

In conclusion, LV, DPV and EIS measurements were used to evaluate the kinetics 

of NAD+ reduction reaction on a GC electrode. A very good agreement among results 

produced by the three techniques was demonstrated. It was found that 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 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 

only moderately temperature dependent. 
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5.2 Adsorption of NAD+ on a GC electrode surface 

In Section (5.1), the kinetics of NAD+ reduction on a GC electrode surface was 

discussed. It was concluded that the NAD+ reduction reaction is irreversible within the 

potential region of interest, it occurs at high overpotential, and it is under mass-transport 

control. As already mentioned in the Chapter 2, the 1,4-NADH regeneration reaction is a 

heterogeneous reaction, involving several basic steps: mass-transport of NAD+ from the 

bulk solution to the electrode surface, adsorption of NAD+ to the electrode surface, its 

reduction (Scheme 1), and finally the desorption of the products (NADH, NAD2) from 

the electrode surface and their mass transport into the bulk electrolyte. 

Since the NAD+ reduction process is a heterogeneous electrocatalytic reaction, it 

is very important to obtain information on the adsorptive interaction of NAD+ with an 

electrode surface. However, the corresponding literature information is scarce [31, 32, 40, 

52, 54, 112, 56, 34, 111, 113-117, 116, 118]. Therefore, this PhD project also focused on 

the investigation of adsorption of NAD+ on a GC electrode surface to build the 

fundamental knowledge required for the design of better 1,4-NADH regeneration 

electrodes. These results were obtained using differential capacitance (DC) and 

ATR-FTIR techniques. The focus of the research was to investigate the influence of 

electrode potential on the kinetics and thermodynamics of NAD+ adsorption on GC. 

In order to avoid the influence of NAD+ reduction kinetics (electron transfer) on 

the NAD+ adsorption step, it was first necessary to determine the electrochemical 

double-layer (DL) region of the GC electrode in the NAD+-containing solution. For this 

purpose, linear polarization voltammograms were recorded in the absence (control) and 

presence of NAD+ in the electrolyte, Fig. 5.15. Although the plot looks similar to that one 

previously shown (e.g. Fig. 5.1), it should be noted that the anodic limit was significantly 

extended to positive potentials, 0.6 V. 
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Figure 5.15: Linear polarization voltammograms of a GC electrode recorded in the 
supporting electrolyte (dotted line) and supporting electrolyte containing 4 mM NAD+ 
(solid line). Scan rate, sr =  100 mV s–1. Temperature, T = 295 K. 
 

The trend of the curves can be explained in the same way as the trend in Fig. 5.1, 

and will thus not be presented here in detail. Briefly; the plot in Fig. 5.15 can be divided 

into two major potential regions. The region negative of ca. –1.3 V is the NAD+ reduction 

reaction region, as evidenced by the well-pronounced NAD+ reduction peak at –1.5 V. 

Since NAD+ reduction involves electron transfer, this potential region is not convenient 

for studying the interactive adsorption behavior of NAD+. However, Fig. 5.15 shows that 

positive of –1.3 V, the two LVs overlap, and that there is no evidence of any redox 

reaction occurring on the GC surface. Therefore, this potential region is suitable for 

investigating the adsorption of NAD+ on the GC surface since adsorption measurements 

are influenced by electron-transfer reactions. The electrode is ideal “polarizable” in this 

potential region, which is commonly called “the electrochemical double-layer (DL) 
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region” of the GC electrode. Thus, adsorption measurements preformed in this PhD 

project were made within this DL region, at electrode potentials of 0.5, 0.05 and –0.8 V. 

These potentials correspond to the GC surface that is respectively, positively charge, 

neutral, and negatively charge. Hence, the study allowed us to investigate the influence of 

surface charge on the interactive behavior of NAD+ with the GC electrode surface. 

First, results on the thermodynamic NAD+ behavior will be presented (i.e. 

equilibrium adsorption results), followed by results on the kinetics of NAD+ adsorption. 

 

5.2.1 NAD+ Adsorption Thermodynamics 

 

In order to investigate the adsorption of NAD+ on a GC electrode surface under 

equilibrium conditions, differential capacitance measurements were carried out at 

different concentrations of NAD+ in the bulk electrolyte (0.1 M NaClO4). Fig. 5.16 shows 

a set of selected differential capacitance curves recorded at a potential of 0.05 V. It was 

expected that if NAD+ adsorbed on the GC electrode surface, the capacitance would 

decrease due to the blockage of electrode surface by adsorbed NAD+ molecules. This is 

in accordance with the electrochemical double-layer theory. Namely, NAD+ (and most of 

organic molecules) has a significantly lower relative permittivity than water (ca. 2-3 vs. 

80, respectively). Hence, by replacing water molecules at the electrode/electrolyte 

interface during adsorption, the double-layer capacitance decreases. 
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Figure 5.16: Differential capacitance curves of a GC electrode recorded at 0.05 V in  
0.1 M NaClO4 containing selected concentrations of NAD+ (a) 0.01, (b) 0.1, (c) 0.3, (d) 
1, and (e) 3 mM. Frequency f = 25 Hz; and ac amplitude = ± 5 mV. Temperature, 
T = 295 K. 

 

Fig. 5.16 clearly demonstrates that the addition of NAD+ in the supporting 

electrolyte indeed results in a decrease in differential capacitance, as the result of 

adsorption of NAD+ on the GC surface. The differential capacitance reaches a 

quasi-constant (plateau) value at longer times evidencing the attainment of 

quasi-equilibrium. In addition, with an increase in NAD+ bulk solution concentration, the 

values of the differential capacitance at the plateau decrease, indicating an increase in 

surface concentration (or surface coverage) of NAD+ (Fig. 5.16, curves b-e). Thus, these 

measurements directly confirmed that NAD+ indeed adsorbs on the GC electrode surface 

at the electrode potential studied. 

From DC measurements in Fig. 5.16, the apparent GC electrode surface coverage 

by NAD+ was calculated [103]: 
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 θi = CDL
o −CDL

i

CDL
o −CDL

min  (5.11)

where θi is the apparent NAD+ surface coverage, C  (F cm–2) is the 

electrochemical double-layer capacitance in a NAD+-free solution, C  is the 

electrochemical double-layer capacitance at a specific equilibrium concentration of 

NAD+ in the bulk solution, C

DL
o

DL
i

DL
min  is the electrochemical double-layer capacitance at a 

maximum (saturated) NAD+ surface converge.  Fig. 5.17a shows the corresponding 

dependence of the NAD+ surface coverage at 0.05 V obtained from ac voltammograms in 

Fig. 5.16 using Eq. (5.11). 
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Figure 5.17: (a) Dependence of NAD+ surface coverage on NAD+ bulk solution 
concentration. The data were obtained from ac voltammograms recorded in 0.1 M 
NaClO4 containing various concentrations of NAD+ (Fig. 5.16), and at electrode potential 
0.05 V. (b) The data from plot (a) presented in a form of a linearized Langmuir 
adsorption isotherm. Symbols represent experimental data while the line represents the 
Langmuir isotherm model. Temperature, T = 295 K. 
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The trend in Fig. 5.17a demonstrate that the NAD+ surface coverage rapidly 

increases with an increase in bulk NAD+ concentration and then reaches a plateau at a 

NAD+ concentration of 1 mM. The latter indicates fully saturated NAD+ coverage on GC 

electrode surface. In order to easier compare the influence of electrode potential on the 

NAD+ adsorption equilibrium, the NAD+ adsorption data are presented together in 

Fig. 5.18 for all three electrode potentials studied. It should be noted that an assumption 

was made that the saturated (100%) surface coverage by NAD+ was reached at each 

potential, according to Eq. (5.11). 
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Figure 5.18: (a) Dependence of NAD+ surface coverage on NAD+ bulk solution 
concentration. The data were obtained from ac voltammograms recorded in 0.1 M 
NaClO4 containing various concentrations of NAD+, and at electrode potentials of 
(Ο) 0.5 V, () 0.05 V, and (Δ) –0.8 V. (b) and (c) The data from plot (a) for (b, Δ) –0.8 V 
and (c, Ο) 0.5 V presented in a form of a linearized Langmuir adsorption isotherm. 
Symbols represent experimental data while the line represents the Langmuir isotherm 
model. Temperature, T = 295 K. 

 65



CHAPTER 5: RESULTS AND DISCUSSION 
  

Fig. 5.18a demonstrates that as the electrode becomes more positive, the 

adsorption plateau is reached "faster", i.e. at relatively lower NAD+ concentration in the 

bulk solution. This indicates that the adsorption process is possibly driven by electrostatic 

interactions between the NAD+ molecule and the GC electrode surface. The total charge 

of the NAD+ molecule in aqueous solutions at pH of the adsorption experiments (5.8) is 

negative [45, 46]. Thus, when the electrode is positively charged, the adsorptive 

interactions of the negatively-charged NAD+ molecule with the positive electrode surface 

are stronger, as indeed evidenced in Fig. 5.18. However, the question that might be asked 

is "Why then the negatively-charged NAD+ molecule adsorbs on the negatively-charged 

GC electrode surface (at –0.8 V)?" One should bear in mind that the adsorption of 

organic molecules on solid surfaces in an aqueous environment is governed by a range of 

different interactions, including not only the electrostatic interactions, but also entropy 

and enthalpy change, van der Waals forces, hydrogen bonding, etc. In the case of 

adsorption of NAD+ at –0.8 V, despite the same charge of the molecule and the electrode 

substrate, the result demonstrate that one or more of the other factors outlined above 

contributes to the driving force for adsorption. In aqueous solutions, this usually 

represents an increase in entropy of the system, due to the replacement of water 

molecules in the double-layer region (by the adsorbent) and due to conformational 

changes of the adsorbent [103-105]. 

In order to obtain thermodynamic data on the NAD+ adsorption at different 

electrode potentials, the adsorption process was modeled by a suitable adsorption 

isotherm. Although the adsorption curves in Figs 5.17 and 5.18 display a typical 

Langmurian-type shape, several other isotherms were also tested. However, the Langmuir 

isotherm gave the best agreement between the experimental and modeled data  [103, 104, 

106, 107]: 

 
][1

][
+

+

+
=

NADB
NADB

ads

ads
iθ  (5.12a)

or in a linearized form: 
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where Bads is known as the adsorption affinity constant (dm3 mol–1), which is 

related to the affinity of NAD+ molecule towards surface adsorption sites at constant 

temperature. Thus, if the Langmuir isotherm represents the thermodynamic description of 

the adsorption process, in this case that of NAD+, a plot of [NAD+]×θ –1 versus [NAD+] 

should yield a straight line of a slope equal to unity, and intercept . Indeed, 

Figs. 5.17b, 5.18b and 5.18c demonstrate a linear trend (an average correlation 

coefficient for the three plots, R2 = 0.9997 ± 0.0001). In addition, the slope of the lines is 

very close to one (an average slope for the three plots is 0.985 ± 0.007), which agrees 

with Eq. (5.12b). The corresponding adsorption affinity constant values are listed in 

Table 5.2. 

1−
adsB

Apparent Gibbs free energy values (ΔGads) of adsorption of NAD+ on the GC 

electrode surface were further calculated at the three electrode potentials [103, 104, 106, 

107]: 

 ⎟
⎠
⎞

⎜
⎝
⎛ Δ−

=
RT
G

solvent
B ads

ads exp
][

1  (5.13)

where R (J mol–1 K–1) is the gas constant, T (K) is the temperature, and [solvent] is 

the molar concentration of the solvent, which in this case is water 

([H2O] =  55.5 mol dm–3). The corresponding apparent Gibbs free energy of adsorption 

values calculated at the three different potentials are presented in Table 5.2. 

Table 5.2: Adsorption affinity constant and apparent Gibbs free energy of adsorption of 
NAD+ on a GC electrode surface at various electrode potentials. 

E / V Bads × 10–3 / dm3 mol–1 ΔG / kJ mol–1 

–0.80 10.35 –32.80±0.25 

0.05 31.45 –35.61±0.86 

0.50 83.33 –38.02±0.40 
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Analysis of the data in the Table 5.2 shows that the adsorption affinity constant, 

and thus also the apparent Gibbs free energy of NAD+ adsorption, is highly 

surface-charge dependent. Namely, by polarizing the electrode to more positive (anodic) 

potentials the value of adsorption affinity constant increases, indicating an increase in 

tendency of NAD+ to adsorb on the more positive surface. The origin of this behavior 

was already discussed in relation to Fig. 5.18, and is related to the electrostatic 

interactions between NAD+ and the GC electrode surface. 

The values of apparent Gibbs free energy of adsorption in Table 5.2 evidence 

spontaneous and relatively strong adsorption of NAD+ on the GC electrode surface, i.e. 

that the equilibrium for the adsorption process lies well in favor of adsorption of NAD+ 

on the GC surface. Close values were previously obtained in our laboratory for the 

adsorption of NAD+ on a gold surface (– 43 kJ mol–1and –39 kJ mol–1on a positively and 

negatively charged surface, respectively) [103]. Takamura et al. [33] reported a close 

value, –31 kJ mol–1, but for the adsorption of nicotinamide (NA) on gold. 

In conclusion, equilibrium adsorption measurements confirm that NAD+ 

spontaneously and strongly adsorbs on the GC electrode surface, and that the adsorption 

process (from the thermodynamic point of view) is surface charge dependent. 

 

5.2.1 NAD+ adsorption kinetics 

Fig. 5.16 gives information on the NAD+ adsorption equilibrium at long 

adsorption times (differential capacitance plateau). However, the results in the Fig. 5.16 

also provide information on the NAD+ adsorption kinetics. For example, if we take a 

curve recorded at a specific concentration and monitor its trend, we can see that the 

differential capacitance decreases with time, first sharply due to an increase in electrode 

surface coverage by NAD+, then gradually approaches an equilibrium plateau. The 

time-dependant change in differential capacitance in Fig. 5.16 can thus be directly related 

to the NAD+ adsorption kinetics. 

In order to further analyze the differential capacitance data in terms of the 

adsorption kinetics, the differential capacitance values were converted into NAD+ surface 
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coverage values, θ, using Eq. (5.11), and selected curves are presented in Fig. 5.19 for the 

three electrode potentials investigated in this work. 
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Figure 5.19: Time dependence of the NAD+ relative surface coverage recorded at 0.5 V 
(solid line), 0.05 V (dashed line), and –0.8 V (dotted line) in 0.1 M NaClO4 + 1 mM 
NAD+. The data were obtained from differential capacitance measurements and using Eq. 
(5.11). Temperature, T = 295 K. 
 

Fig. 5.19 clearly shows that the kinetics of NAD+ adsorption on a GC electrode 

surface changes significantly by changing the electrode potential. Namely, when the 

electrode is positively charge (0.5 V), the surface coverage increases sharply and reaches 

an equilibrium plateau (equilibrium) in ca. 880 seconds (Fig. 5.19, solid line). On the 

other hand, when the electrode is negatively charged (–0.8 V), the coverage increases 

slowly and do not reach an equilibrium within the time frame of the experiment 

(Fig. 5.19, dotted line). Hence, similarly to the results in Figs. 5.17 and 5.18, the origin of 

the potential-dependant behavior in Fig. 5.19 could be described in the same way, i.e. by 

the influence of electrostatic interactions between NAD+ and the GC electrode surface. 

 69



CHAPTER 5: RESULTS AND DISCUSSION 
  

Thus, it appears that these interactions do not only influence the interactive behavior of 

NAD+ at the GC surface at equilibrium conditions (i.e. the adsorption "bond" strength), 

but also they govern the NAD+ adsorption kinetics. Previous work from our laboratory 

reports similar results in the case of NAD+ adsorption on a gold electrode surface [103]. 

In order to model the experimental data, a two-step kinetic model was used. An 

attempt to use a simpler kinetic model was made, but the agreement between the 

experimental data and the model was rather poor. The two-step model is schematically 

presented in Fig. 5.20.  

 

Glassy Carbon

NAD+

NAD+
ads,rev

ka

kf

kd

NAD+
ads,stable

 
Figure 5.20: Schematic of NAD+ adsorption kinetics model.  

 

In the first step, NAD+ initially adsorbs on a GC surface in a reversible manner. 

However, this NAD+
ads,rev is not thermodynamically stable on the GC surface, and may 

either revert back to NAD+ in the solution (desorb), or transform into a more 

thermodynamically-stable surface conformation of the molecule, NAD+
ads,stable, The latter 
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process is assumed to be irreversible. This adsorption kinetics model can be described by 

the following kinetic equations [108, 109]: 

 ( ) ( ) 121
1 1 θθθ

θ
fda kkck

dt
d

+−−−=  (5.14)
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where 21 θθθ +=  and 10 ≤≤ θ  is the fraction of surface covered by NAD+ in 

both reversible and irreversible configurations, 1θ  is the fraction of the surface covered 

by the thermodynamically unstable NAD+
ads,rev configuration (reversibly bound NAD+) 

while 2θ  is the fraction of surface covered by thermodynamically stable NAD+
ads,stable 

configuration (irreversibly bound NAD+), ka (dm3 mol–1 s–1) is the adsorption kinetic 

constant, kd (sec–1) is the desorption kinetic constant, and kf (sec–1) is the transformation 

(surface rearrangement) constant. 

In order to fit the experimental data to the kinetics model, the parameter ka, kd and 

kf were systematically varied using the Solver function in Excel so that the sum of the 

squares of errors between the simulated and the experimental data was minimized. 

Fig. 5.21 shows an example of the fit. 
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Figure 5.21: Dependence of NAD+ surface coverage on time calculated from differential 
capacitance measurements preformed at electrode potentials of –0.8 V. Symbols 
represent experimental data, whereas the line represents simulated data following the 
adsorption kinetics model in Fig. 5.20. [NAD+] = 1 mM. 
 

It can be seen from Fig. 5.21 that the proposed kinetics model yields an excellent 

agreement between the experimental (circles) and simulated data (line), thus justifying its 

application. Kinetic parameters obtained by the fitting procedure are presented in 

Table 5.3. 

Table 5.3: Parameters of the NAD+ adsorption kinetics as a function of GC electrode 
potential. The data were obtained by fitting the experimental data from Fig. 5.19 using 
the proposed two-step kinetic model presented in Fig. 5.20, [NAD+] = 1 mM. 

E / V ka × 10–2 / dm3 mol–1 s–1 kd × 102 / s–1 kf × 102 / s–1 

–0.80 11.00 12.50 10.40 

0.05 78.05 29.30 22.20 

0.50 352.80 40.00 24.10 
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Table 5.3 shows the effect of surface charge (electrode potential) on the adsorption 

kinetics of NAD+ on GC electrode surface in term of adsorption, desorption and 

transformation rate constants. Namely, increasing the potential to more positive (anodic) 

values, ka, kd and kf increase. Nevertheless, only the two latter constants could be 

relatively compared, since they have the same unit. The table shows that the desorption 

constant is slightly higher than the transformation constant. However, the rate of the 

formation of the two surface forms of NAD+ (thermodynamically unstable and stable) is 

next analyzed. Further, the results in the table show that the change in electrode potential 

has a much greater influence on the adsorption rate constant, ka, than on the other two 

constants. This indicates that the surface potential predominantly influences the forward 

adsorption step. 

In order to get more detailed mechanism of NAD+ adsorption on a GC electrode 

surface θ, θ1 and θ2 were calculated using the proposed kinetic model and plotted as a 

function of time as shown in Fig. 5.22. 
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Figure 5.22: Time dependence of total NAD+ surface coverage (θ), surface coverage 
with reversibly (θ1) and irreversibly (θ2) attached NAD+ obtained by modeling the data in 
Fig. 5.21 using Eqs. (5.14) – (5.16). 
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Fig. 5.22 shows that within the first ca. 300 seconds of adsorption, an initial 

increase in total NAD+ surface coverage (θ) is mostly due to the adsorption of NAD+ on 

the GC electrode surface to form the thermodynamically unstable NAD+
ads,rev, θ1. A 

maximum in surface coverage with this form of NAD+ was obtained at 445 seconds, and 

it is 27.5%. After the maximum, θ1 gradually decreases and does not reach a constant 

value within the time frame of the experiment. On the other hand, the surface coverage 

with a thermodynamically stable form of NAD+
ads,stable gradually increases in the entire 

time interval studied, and starts becoming predominant after 700 sec. The result in 

Fig. 5.22 indicates that at long adsorption times, the predominant form of NAD+ on the 

GC electrode surface is thermodynamically stable NAD+
ads,stable.  

It would now be interesting to compare the influence of surface potential on the 

kinetics of formation of NAD+
ads,rev and NAD+

ads,stable, separately. For this reason, a time 

behavior of θ1 and θ2 was plotted on two separate graphs, Fig. 5.23 and Fig. 5.24 

respectively. 
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Figure 5.23: Time dependence of GC surface coverage by thermodynamically unstable 
NAD+

ads,rev (θ1) obtained by modeling the data in Fig. 5.19 using Eqs. (5.14) – (5.16). GC 
electrode potentials were: 0.5 V (solid line), 0.05 V (dashed line) and –0.8 V 
(dotted line). 
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Three major behaviors could be noted from Fig. 5.23. First, with an increase in 

electrode potential to more positive values, a maximum in GC surface coverage by 

thermodynamically unstable form of NAD+ (NAD+
ads,rev) is reached at shorter times. 

Second, the slope of the rising part of the curve (very short adsorption times) increases 

with an increase in electrode potential (Table 5.4). Third, at longer adsorption times, the 

surface coverage by NAD+
ads,rev decreases with an increase in electrode potential. Thus, 

the kinetics of both the formation, but also the 'disappearance' (which induces desorption 

and transformation of NAD+
ads,rev) is faster at positive potentials. 

 

Table 5.4: Initial rate of NAD+
ads,rev formation on the GC electrode surface at different 

electrode potentials. [NAD+] = 1 mM. 

 

E / V dθ1/dt × 104(s–1) 

–0.80 11.00 

0.05 78.00 

0.50 353.00 

 

Similarly, Fig. 5.24 shows the effect of electrode potential on the formation of a 

thermodynamically stable form of adsorbed NAD+ on GC electrode surface 

(NAD+
ads,stable). 
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Figure 5.24: Time dependence of GC surface coverage by thermodynamically stable 
NAD+

ads,stable (θ2) obtained by modeling the data in Fig. 5.19 using Eqs. (5.14) – (5.16). 
GC electrode potentials were: 0.5 V (solid line), 0.05 V (dashed line) and –0.8 V 
(dotted line). 

 

Fig. 5.24 shows that (i) the initial rate of formation of NAD+
ads,stable (θ2) increases 

with an increase in electrode potential, and (ii) that at a constant time, the surface 

coverage by NAD+
ads,stable also increases in the same manner. 

It was shown in this section of the thesis that the kinetics of NAD+ adsorption is 

highly dependant on the GC electrode surface potential (charge), and it increases with an 

increase in surface potential to positive values. The adsorption process involves the 

formation of two forms of NAD+ on the surface; the thermodynamically unstable 

(NAD+
ads,rev) and stable (NAD+

ads,stable ) form.  
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5.2.3 ATR-FTIR measurements   

The previous two Sections (5.2.1 and 5.2.2) demonstrated that, under the 

experimental conditions performed, NAD+ adsorbs on the GC surface regardless of the 

surface charge, although the surface charge was found to play a major role on the 

thermodynamics and kinetics of NAD+ adsorption. In order to get a 'fingerprint' of the 

NAD+ adsorption surface layer, infrared analysis was further performed. 

First, NAD+ was adsorbed on a GC electrode surface from a 1 mM NAD+ solution 

and at a constant potential, during a period of 3 hours. Referring to Fig. 5.17, one can see 

that this concentration results in a saturated (maximum) GC surface coverage by NAD+. 

Next, such a prepared surface was characterized by attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR), and the resulting spectrum is presented in 

Fig. 5.25. 
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Figure 5.25: ATR-FTIR spectrum of NAD+ adsorbed on a GC electrode surface from 0.1 
M NaClO4 solution containing 1 mM NAD+ at electrode potential of 0.05 V. 

 

Several characteristics peaks of NAD+ are visible on the spectrum. The 

corresponding band assignments are listed in Table 5.5. 
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Table 5.5: Band assignments of NAD+ adsorbed on a GC surface obtained using 
ATR-FTIR spectroscopy presented in Fig. 5.25. 

ATR-FTIR 
wavenumber 
/ cm–1 

Assignment 
ATR-FTIR 
wavenumber 
/ cm–1 

Assignment 

1750 w C=O Stretch (N) 1199 s R2 / N (R near N) 

1696 w C=O Stretch (N) 1170 s R 

1634 m NH2 bend (A) 1110 w R 

1595 m C5–C6 stretch (A) 1078 w P=O symmetric stretch 

1540 vs, br C–N stretch 991 s Ring stretch Py 

1491 s A 937 vw, sh C–NH2 stretching 

1405 m N 902 m P 

1376 vw, sh A 870 m P 

1330 w A 856 m R1 / P (R near A) 

1280 w P=O asymmetric stretch 819 w R 

 
Abbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, 
shoulder; br, broad; N, nicotinamide; A, adenine; P, phosphate; R, ribose; R1 ribose near 
A and R2 ribose near N. 

 

It is well known that ribose does not absorb in the 1800-1200 cm–1 region of the 

IR spectrum. Thus, in Fig. 5.25, the major bands above 1200 cm–1 are associated with the 

adenine ring system, while all the major bands below 1200 cm–1 correspond to the ribose 

moiety. The weak peaks at 1750 and 1696 cm–1 can be assigned to the carboxamide 

carbonyle (C═O) stretch of the nicotinamide ring [110-112] while the peak at 1634 cm–1 

is the bending of NH2 in the adenine moiety [110, 113, 114]. Further, the peak at 1595 

cm–1 represents C5-C6 stretching [110, 114] while the very strong and broad peak at 1540 

cm–1 represents the C-N stretching vibration in the nicotinamide moiety [110, 115]. The 

strong peak at 1491 cm–1 and two weak shoulders at 1376 and 1330 cm–1 represent 

adenine, while the peak at 1405 cm–1 can be assigned to nicotinamide [115]. The weak 
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peaks at 1078 and 1280 cm–1 can be assigned to the asymmetric P═O stretch of the 

pyrophosphate bridge that links the nicotinamide and adenosine moieties [116-119]. On 

the other hand, the two strong peaks at 1199, 1170 and two weak peaks at 1110 and 819 

cm–1 correspond to the ribose moiety [110, 113, 120], while the peak at 856 cm–1 

represents the ribose moiety near adenine [113]. The strong peak at 991 cm–1 corresponds 

to ring stretching of pyridine [111], while a very weak shoulder at 937 cm–1 represents 

C-NH2 stretching [121]. Finally, the peaks at 902 and 870 cm–1 represent the phosphate 

groups [113, 120]. 

 

In general, the vibrations visible in the spectrum in Fig. 5.25 agree with those 

reported in the literature. Thus, the ATR-FTIR measurements further confirmed that 

NAD+ indeed adsorbs on the GC electrode surface. In conclusion, the results presented in 

this entire section of the thesis indicate that reduction of NAD+ indeed involves NAD+ 

adsorption on the GC electrode surface, as one of the reaction steps. 
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5.3 Direct electrochemical regeneration of enzymatically-active 

1,4-NADH 

This thesis section focuses more on the applied part of the project. The section is 

divided into two major sub-sections. 

• Section 5.3.1 presents results on 1,4-NADH regeneration on non-modified (bare) 

electrodes. The influence of electrode potential on the purity of enzymatically-active 

1,4-NADH regenerated from NAD+ is discussed. 

• Section 5.3.2 concentrates on the development of bi-functional nano-patterned 

electrodes and their performance in regenerating 1,4-NADH from NAD+. 

All the 1,4-NADH regeneration experiments presented in Section 5.3 were done in a 

batch electrochemical reactor. 

 

5.3.1 Electrochemical regeneration of 1,4-NADH on non-modified electrodes 

Non-modified (bare) metal electrodes would be best candidates for 

electrochemical application, and consequently 1,4-NADH regeneration. However, as 

already mentioned, many research groups concluded that these electrodes are not capable 

of regenerating 1,4-NADH at high-purity, and the major product is NAD2  (Step 2b, 

Scheme 1). This is due to the slow NAD-radical protonation (Step 2a, Scheme 1). 

However, one can see that the kinetics of Step 2a (Scheme 1) depends on the 

concentration of H+ at the reaction site. This H+ can react with the adsorbed NAD-radical, 

according to the Eley-Rideal mechanism, or it can be first adsorbed on the electrode 

surface as M-Hads and then react with the neighboring NAD-radical, following the 

Langmuir-Hinshelwood mechanism [122]. If the reaction follows the latter mechanism, 

then the kinetics of the reaction, and thus the amount of enzymatically-active 1,4-NADH 

produced (relative to NAD2), would be dependent on the hydrogen surface coverage. The 

latter, in turn, depends on both the electrode material and electrode potential. However, 

these two effects have not been investigated by other laboratories in relation to the 

1,4-NADH regeneration reaction, and the aim of this section of the thesis is to provide 

information that would fill this gap. It will be shown that the 1,4-NADH regeneration 
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kinetics indeed depends on the 1,4-NADH regeneration potential and electrode material, 

both predominantly controlling the Hads surface coverage and the M-Hads bond strength. 

Electrode potential was conveniently controlled externally (using a potentiostat), while 

the strength of the M-Hads bond was varied by choosing different electrode materials 

(M = Ti, Cd, Co, Ni). 

First, the effect of electrode potential on the 1,4-NADH regeneration kinetics will 

be discussed. A glassy-carbon (GC) electrode was initially used in these experiments, due 

to its corrosion/dissolution inertness and the possibility of comparing the results to those 

previously discussed in the thesis (Sections 5.1.1 and 5.1.2). 

 
5.3.1.1 Glassy carbon electrode  

It was reported in Sections 5.1.1 and 5.1.2 that the number of electrons exchanged 

in the NAD+ reduction reaction is equal to 1.6 (Table 5.1). This indicates that the 

reduction of NAD+ on GC proceeds through the formation of both 1,4-NADH (60 mol%) 

and NAD2 (40 mol%). However, it should be noted that this conclusion is restricted only 

to the experimental conditions used in the analysis, most notably to the electrode 

potential region of NAD+ reduction peaks in potentiodynamic experiments (ca. –1.5 V) 

and to the type of electrode polarization method, which was potentiodynamic. However, 

in an industrial setting, 1,4-NADH regeneration would not be performed under 

potentiodynamic conditions, but rather potentiostatic. Now, the question is – what would 

be corresponding regeneration potential that would ensure the highest recovery (purity) 

of enzymatically active 1,4-NADH? 

In order to answer this question, regeneration of 1,4-NADH from NAD+ was 

performed in a batch electrochemical reactor using a GC electrode polarized at various 

potentials. The 1,4-NADH potential region of interest was defined on the basis of 

potentiodynamic experiments presented in Fig. 5.26. The important features of the curves 

were already discussed in the thesis in relation to Figs. 5.1, 5.4 and 5.15, and thus will not 

be repeated here. Briefly; the curves in Fig. 5.26 demonstrate that NAD+ is being reduced 

at potentials negative of ca. –1.3 V. Consequently, the potential region of interest for 

potentiostatic 1,4-NADH regeneration was chosen to be from –1.4 V to -2.3 V. Potentials 

 81



CHAPTER 5: RESULTS AND DISCUSSION 
  

positive of –1.4 V were not chosen due to the fact that the 1,4-NADH regeneration 

reaction would be too slow, as evident from the difference in currents between the two 

curves in Fig. 5.26. On the other hand, the cathodic potential limit was extended beyond 

that in Fig. 5.26. This is because of the high overpotential of the hydrogen evolution 

reaction (HER) on the GC electrode, as evidenced by curve (1) in Fig. 5.26. Hence, to 

ensure high surface coverage of GC by Hads, the regeneration potential region was 

extended to –2.3 V. 
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Figure 5.26: Linear polarization voltammograms of GC electrode recorded in (1) the 
supporting electrolyte, and (2) in the supporting electrolyte containing 4 mM NAD+. Scan 
rate, sr = 100 mV s–1. 
 

The electrolysis of NAD+ was then performed at several selected electrode 

potentials, from –1.4 V to –2.3 V. During the electrolysis, the absorbance of the solution 

was measured using an UV/Vis spectrophotometer set up at 340 nm, in order to monitor 

the NAD+ conversion (Fig. 5.27). After reaching semi-equilibrium at a particular 

electrode potential, the percentage of 1,4-NADH recovered from NAD+ was then 

determined by the enzymatic assay described in the experimental part of the thesis 
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(Section 4.7). It should be noted that the absorbance at 340 nm corresponds to various 

NADH isomers, including enzymatically-active 1,4-NADH and NAD2, and thus cannot 

be used to determine the actual amount of 1,4-NADH. 
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Figure 5.27: Time dependence of absorbance at 340 nm recorded during electrolysis of 1 
mM NAD+ in a batch electrochemical reactor operated at (Ο) –1.5 V and ()–2.3 V. 

  

Fig. 5.27 shows the time evolution of absorbance at 340 nm. At low NAD+ 

reduction potential (circles), the conversion of NAD+ (to NAD2 and 1,4-NADH, 

Scheme 1) is rather slow. On the other hand, at a high reduction potential (squares), the 

NAD+ reduction reaction rate is much faster, and an absorbance plateau is reached after 

ca. 240 minutes of electrolysis. Further, the final absorbance value at this potential, and 

thus the final (equilibrium) NAD2 and 1,4-NADH concentration produced, is higher than 

at -1.4 V, which is in accordance with conditions of electrochemical equilibrium. 

Since both NAD2 and 1,4-NADH absorb at 340 nm, to distinguish between the 

two species, an activity assay was performed, following the procedure described in 
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Section 4.7. Briefly, the assay is based on the conversion of DL-lipoamide to 

dihydrolipoamide in the presence of lipoamide dehydrogenase [123]. This reaction 

requires a stoichiometric quantity of 1,4-NADH: 

 1, 4 − NADH + DL-lipoamide lipoamide dehydrogenase⎯ →⎯⎯⎯⎯⎯⎯  NAD+  + dihydrolipoamide (5.17)

Hence, one can expect to see a decrease in absorbance at 340 nm during the 

occurrence of reaction (5.17) due to the oxidation of 1,4-NADH to NAD+. The relative 

ratio of absorbance at 340 measured before reaction (5.17) starts, and after its completion, 

gives the percentage of enzymatically-active 1,4-NADH, in the 1,4-NADH/NAD2 

mixture. The assay was first calibrated using commercially available NADH that contains 

98% of enzymatically-active 1,4-NADH. 
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Figure 5.28:  The percentage of enzymatically-active 1,4-NADH recovered on a GC 
electrode, obtained by reduction of 1 mM NAD+ in a batch electrochemical reactor 
operating at different electrode potentials. 

 

Fig. 5.28 shows the relative recovery percentage of enzymatically-active 

1,4-NADH produced by electrolysis of 1 mM NAD+ in a batch electrochemical reactor 

operated at various potentials (note that the percentage refers to the relative fraction of 

1,4-NADH in the product mixture, and not to the degree of conversion of NAD+ to 
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1,4-NADH). At the lowest electrolysis potential, –1.4 V, the 1,4-NADH recovery 

percentage is low (ca. 32%). However, it sharply increases to ca. 66 % at –1.5 V, and it 

then remains statistically relatively constant to –1.9 V. The corresponding statistical 

analysis confirmed that there is a significant statistical difference in the recovery of 

1,4-NADH produce at –1.4 V and –1.5 V (p = 0.002). On the other hand, although the 

trend in the percentage of 1,4-NADH recovered going from –1.5 to –1.9 V is generally 

negative, p values between two neighboring points in this potential region are p = 0.16 

and 0.09, respectively, and for all three points it is p = 0.06, confirming that there is, 

actually, no statistical difference among the values. However, increasing the electrode 

potential from –1.9 V to –2.1 V and then to –2.3 V, results in a statistically significant 

increase in the percentage of 1,4-NADH recovered (p = 0.019 and 0.025, respectively), 

yielding a surprising 100% recovery of 1,4-NADH at –2.3 V. 

The behavior in Fig. 5.28 is quite puzzling; especially the fact that such a high 

recovery of enzymatically-active 1,4-NADH (100%) can be achieved on a bare electrode 

surface polarized at high cathodic potentials. Possible justification / explanation for the 

behavior in Fig. 5.28 could be explained on the basis of Scheme 1, which shows that the 

rate of NAD-radical protonation, and thus the rate and recovery of 1,4-NADH 

production, depends on both the rate of second electron transfer and the rate of 

protonation (Step 2a). By increasing the electrode potential to more negative (cathodic) 

values (Fig. 5.28), the electron-transfer rate increases, as well as the amount of Hads 

adsorbed on the GC surface. Both of these should contribute to an increase in NADH 

production rate from NAD-radical, and thus to an increased recovery of enzymatically-

active 1,4-NADH, as indeed observed in Fig. 5.28. The existence of a ‘plateau’ between 

–1.5 and –2.1 V can be explained on the basis of competition between the NAD-radical 

protonation rate (Step 2a, Scheme 1) and the molecular hydrogen evolution rate which 

both depends on the amount of Hads on the GC surface. In addition, the influence of 

electrode surface potential on the surface orientation of a NAD+ and/or NAD-radical 

molecule, and thus on the proximity of the electron/hydrogen acceptor site on the 

molecule to the electrode surface, should play a role [103]. To the best of the author's 

knowledge, no such high recovery (100%, Fig. 5.28) of 1,4-NADH has been previously 

reported on bare (non-modified) electrodes. 

 85



CHAPTER 5: RESULTS AND DISCUSSION 
  

Knowing the composition of the final product mixture formed at –2.3 V (which is 

100% 1,4-NADH), and referring to the UV/Vis calibration curve presented in the 

experimental part of the thesis, Fig. 4.3, it is possible to calculate the conversion of 

NAD+ to enzymatically-active 1,4-NADH, and this value is 23%. Although, the 

percentage of 1,4-NADH recovered from NAD2 is 100% at –2.3 V, the corresponding 

conversion is relatively low, making the use of a two-dimensional GC electrode in a real 

regeneration reactor, questionable. However, it should be noted that the NAD+ 

conversion rate could conveniently be increased by employing an electrode of a larger 

surface area and by improving the hydrodynamics regime in the reactor. 

One can increase the NAD+ conversion on a GC electrode by employing a 

multiple electrode setup, but this would result in an increase in the electrochemical 

reactor volume. A solution to this problem would be to use a carbon-based surface of a 

very high roughness, i.e. very large surface-to-volume ratio. The hypothesis is that carbon 

nanofibers (CNFs) would fulfill this requirement, given that (i) this is a carbon-based 

material like GC, (ii) CNFs have a very large surface-to-volume ratio (the extrinsic 

factor), and (iii) CNF is a nano-sized material, thus offering a higher electrochemical 

activity (the intrinsic factor). Therefore, an attempt was made to use a CNF electrode to 

electrochemically regenerate 1,4-NADH from NAD+, and the results are presented in the 

next section of the thesis. 

 

5.3.1.2 Carbon nanofibers (CNFs) 

In this work, the use of CNFs deposited on a stainless steel mesh, as a cathode in 

a batch electrochemical reactor for the regeneration of enzymatically-active 1,4-NADH is 

reported for the first time. CNFs were produced using a synthesis method developed in 

the Plasma Processing Laboratory of McGill University [83]. 

It will be shown that the NAD+ conversion rate is significantly increased on the 

CNF cathode, in comparison with the GC electrode. It will also be shown that a 99% 1,4-

NADH recovery from NAD+ can be obtained when using the CNF cathode, thus making 

it a potential electrode candidate for large-scale applications in bioreactors. 
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5.3.1.2.1 Characterization of Carbon nanofibers 

Fig. 5.29 shows electron micrographs of CNFs grown on the stainless steel mesh 

support at various magnifications. These CNFs consist of a tube-like structure, 

approximately 2 μm in length and 40-100 nm in diameter. Fig. 5.29c displays a 

transmission electron micrograph of several CNFs. It was observed that the CNFs consist 

of many graphene layers, some of which are parallel to the fiber axis, while others are 

extremely convoluted. Fig. 5.29d shows the results of the TGA analysis in air. The mass 

loss occurred at 848 K, which is typical for well-graphitized carbon [124]. No mass loss 

attributed to amorphous carbon (<773 K) was detected, evidencing that the CNFs 

produced were of high purity. In order to verify the stability of the CNF cathode, SEM 

images were taken before and after the NADH regeneration (Figs. 5.29a, e and 

Figs. 5.29b, f, respectively). The results demonstrate that the CNF cathode was stable; 

there were no significant structural, morphological, and topographical changes. 
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Figure 5.29: SEM micrographs of carbon nanofibers (a and e) before measurement, 
(b and f) after measurement, (c) TEM image and (d) TGA curve. 

  

5.3.1.2.2 Electrochemical Regeneration of 1,4-NADH on CNFs 

In order to investigate the NAD+ reduction kinetics, and the efficiency of CNFs in 

producing (regenerating) enzymatically-active 1,4-NADH from NAD+, potentiostatic 

(electrolysis) experiments were performed in the batch electrochemical reactor at a fixed 

electrode potential of –2.3 V. The rationale for performing the regeneration at this 
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potential is that earlier measurements on the 1,4-NADH regeneration in a batch 

electrochemical reactor employing a two-dimensional GC electrode showed that at this 

potential a 100% recovery of 1,4-NADH from NAD+ can be obtained, without any 

production of non-enzymatically-active NAD2
 and NADH isomers (Fig. 5.28). 
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Figure 5.30: (a). Time dependence of absorbance at 340 nm recorded during the 
electrolysis of 1 mM NAD+ in phosphate buffer in a batch electrochemical reactor 
operated at –2.3 V, using a CNFs cathode. (b) Comparison of the response of the CNFs 
cathode (triangles) to the response of the bare (CNFs-free) stainless steel 316 mesh 
(circles) and the GC electrode (squares). The axis titles are the same as in (a). The 
geometric surface area of the three electrodes was 12.5 cm2. 
 

Fig. 5.30a shows the time evolution of absorbance at 340 nm, during the reduction 

of NAD+ on the CNFs cathode. This result can only be used to monitor the progress of 

NAD+ reduction reaction, but not the progress of 1,4-NADH formation as both NAD2 

and 1,4-NADH absorb at this wavelength.  The result shows that after ca. 90 minutes, a 

plateau was reached indicating that reaction (semi)equilibrium has been reached. Using 

UV/Vis calibration plot (Fig. 4.3), and taking into account that only 1,4-NADH was 

produced by electrolysis, from the result in Fig. 5.30a it has been determined that the 

NAD+ conversion reached 48% after 90 minutes. 
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As it was hypothesized, a cathode made of CNFs should offer a significant 

increase in the rate of NAD+ reduction kinetics in comparison to the GC electrode used in 

the previous section of the thesis. Fig. 5.30b shows a comparison among the kinetics of 

NAD+ reduction on the CNFs cathode to that on the GC cathode and a 316 stainless steel 

mesh cathode (note that for all three electrodes geometric area exposed to the electrolyte 

was 12.5 cm2). The 316 stainless steel mesh was used as the second control, since (i) it is 

not two-dimensional surface as the GC electrode, and (ii) CNFs were deposited on this 

mesh. The result in Fig. 5.30b proves that the hypothesis is correct. Indeed, the kinetics of 

NAD+ reduction is fastest on the CNFs cathode. Only 90 minutes was required to reach a 

NAD+ reduction reaction (semi)equilibrium state on the CNFs cathode, while it took 

240 minutes on the GC electrode and 360 minutes on the stainless steel mesh to achieve 

(semi)equilibrium. In addition, the conversion of NAD+ was also highest on the CNFs 

cathode (48%), while the GC and stainless steel mesh cathodes produced significantly 

lower levels (23 and 32%, respectively), as shown in Fig. 5.31. 
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Figure 5.31: Conversion of NAD+ to 1,4-NADH using different electrodes in a batch 
electrochemical reactor operated at –2.3 V. The geometric surface area of the three 
electrodes was 12.5 cm2. [NAD+] = 1 mM. 
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The next step in the attempt to prove the hypothesis was to determine the 

enzymatic activity of the product of NAD+ reduction. The activity assay was performed 

in the same way as explained in Section 4.7.  

The enzymatic assay performed on samples taken from the reactor that employed 

the CNFs cathode confirmed that 99.3 ± 0.6 % of the reduced NAD+ was converted into 

enzymatically-active 1,4-NADH, while the amount converted in the reactor that 

employed the stainless steel mesh was only 12 %. This proves that CNFs deposited on a 

stainless steel mesh are highly electrocatalytically-active and selective towards 

conversion of NAD+ into enzymatically-active 1,4-NADH. The fundamental origin of the 

increased electrocatalytic activity and selectivity of CNFs was related to the enhancement 

of the NAD-radical protonation kinetics (Step 2a, Scheme 1) by providing more ‘active’ 

hydrogen adsorbed on the CNFs surface, as already explained in the thesis in relation to 

the GC electrode. 

The results presented in this and previous section demonstrated not only that the 

composition of the final product mixture (i.e. the percentage of 1,4-NADH in the product 

mixture) depends on the electrode potential, but also that the product mixture can contain 

only 1,4-NADH (100% recovery), despite the fact that bare (non-modified) GC and 

CNFs electrodes were used (which has not been reported in the literature). Furthermore, 

the CNF cathode was shown to enable fast electrochemical NAD+ reduction kinetics 

(Fig. 5.30b) and high NAD+ conversion relative to the GC and stainless steel mesh 

cathodes alone (Fig. 5.31). 

It was then further hypothesized that the recovery of 1,4-NADH regenerated from 

NAD+ is dependent not only on the electrode potential, but also on the strength of the 

metal electrode - hydrogen bond (M-Hads). Namely, a metal that binds hydrogen more 

strongly (e.g. Ti) will attain a higher hydrogen surface coverage at more positive 

electrode potentials (lower NAD+ reduction overpotentials). Consequently, the higher the 

hydrogen surface coverage, the faster the kinetics of Step 2a (Scheme 1), and higher the 

recovery of 1,4-NADH from NAD+. In an attempt to prove the hypothesis, several 

selected bare (non-modified) metal electrodes (M = Ti, Ni, Co and Cd, in addition to the 

already investigated GC electrode) were investigated in a batch electrochemical reactor. 
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The respective M-Hads bond strengths are 348.3, 195.9, 192.6 and 119.7 kJ mol-1 [125]. 

Hence, it was hypothesized that Ti would give a maximum 1,4-NADH recovery 

percentage at the most positive potentials (relative to other metals), while Cd would give 

it at more negative cathodic potentials. As it will be shown later in the thesis, this turned 

out to be the case. 

5.3.1.3 Titanium electrode 

In order to determine a potential region in which NAD+ undergoes 

electrochemical reduction on Ti, linear voltammetry (LV) measurements were first 

performed using Ti as working electrode. Earlier measurements on GC electrode 

(Fig. 5.26) showed that a well-defined cathodic peak was observed at ca. –1.5 V in a 

NAD+ containing solution, indicating that the reduction of NAD+ occurs in this potential 

region. Fig. 5.32 shows the response of a Ti electrode recorded in the absence (dashed 

line) and presence (solid line) of NAD+ in the electrolyte. 
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Figure 5.32: Linear voltammograms of a Ti electrode recorded in 0.1 M phosphate 
buffer solution in the absence of NAD+ (dashed line) and in the presence of 4 mM NAD+ 
(solid line). Scan rate: 10 mV s-1. Temperature, T = 295 K. 
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The response of the Ti electrode in the absence of NAD+ is as expected (dashed 

line); with an increase in cathodic potential past ca. –1.0 V, the resulting current also 

increases, which is due to the increase in the kinetics of the hydrogen evolution reaction 

(HER) [24, 28, 36]. Surprisingly, the response of the electrode in the NAD+ containing 

solution was quite different than expected. Namely, while on GC, Au and GC-Ru 

electrodes a well-defined NAD+ reduction peak can be observed at ca. –1.5 V [24, 29, 30, 

36] (see Fig. 5.26 for GC), the peak is absent in Fig. 5.32. In addition, the NAD+ 

reduction current/peak on the GC, Au and GC-Ru electrodes is significantly higher than 

the background current (in the absence of NAD+), while the response on the Ti electrode 

(Fig. 5.32, solid line) is quite opposite, in which the recorded current is significantly 

lower than the background current (dashed line). A possible reason for the observed low 

current could be the adsorption of NAD+ on the electrode surface, which blocks the HER, 

occuring on Ti more readily (i.e. at lower overpotential) than on GC, Au and GC-Ru. In 

fact, it is known that both GC and Au are poor HER catalysts. 

To investigate if NAD+ indeed adsorbs on the Ti electrode surface, the Ti sample 

that underwent linear polarization (Fig. 5.32, solid line) was characterized by polarization 

modulation infrared reflection absorption spectroscopy (PM-IRRAS), and the resulting 

spectrum is presented in Fig. 5.33.  
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Figure 5.33: PM-IRRAS spectrum of a NAD+ layer adsorbed on a Ti surface. The 
monolayer was adsorbed from 0.1 M phosphate buffer solution containing 4 mM NAD+ 
solution by linear potentiodynamic polarization between –0.6 V and –1.9 V at scan rate 
of 10 mV s–1. Temperature, T = 295 K. 

The spectrum could be analyzed similarly to that presented earlier in the thesis 

(Fig. 5.25); however, it should be noted that the latter was obtained by adsorption of 

NAD+ on the GC surface in the double-layer region, not in the region of NAD+ reduction, 

as on Ti above). The well-pronounced peak at 1130 cm–1 corresponds to the response of 

the ribose moiety of NAD+, while the peak at 1540 cm–1 represents the C-N stretching 

vibration in the nicotinamide moiety [103]. The vibration at 1654 cm–1 corresponds to the 

bending of NH2 in the adenine moiety. Thus, the PM-IRRAS measurements confirmed 

that NAD+ indeed adsorbs on the Ti electrode surface during the linear polarization in the 

potential region in Fig. 5.32, confirming that the decrease in the current in Fig. 5.32 is 

due to the blocking of the electrode surface by adsorbed NAD+. 

In order to regenerate enzymatically-active 1,4-NADH, long-term potentiostatic 

(electrolysis) experiments were done at several selected potentials in the potential region 

of NAD+ reduction (from –1.4 to –2.3 V) in a batch electrochemical reactor using a Ti 

electrode. As explained earlier, the progress of the reaction (conversion of NAD+) was 
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monitored by UV/Vis through measuring the absorbance at 340 nm, and the percentage 

of 1,4-NADH recovered from NAD+ was determined by the enzymatic assay outlined in 

the experimental part of the thesis. Fig. 5.34 shows the percentage of 1,4-NADH 

recovered by reduction of NAD+ on a Ti electrode as a function of electrode potentials 

(again, note that the percentage refers to the relative amount of 1,4-NADH in the product 

mixture, which could also contain NAD2 and other NADH isomers, not to the amount of 

NAD+ converted to 1,4-NADH). 
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Figure 5.34: The percentage of enzymatically-active 1,4-NADH recovered on a Ti 
electrode, obtained by reduction of 1 mM NAD+ in a batch electrochemical reactor 
operating at different electrode potentials. 

 

Fig. 5.34 demonstrates that the percentage of recovered active 1,4-NADH is 

strongly dependent on the electrode potential. At the lowest cathode potential (–1.4 V), a 

maximum recovery (96.0 ± 2.6 %) of 1,4-NADH was obtained, and by increasing the 

potential to more negative values the recovery decreased gradually down to 54.0 ± 2.2 % 

(at –2.3 V). This behavior could be explained in the following manner; since, the 

electronic structure of Ti is such that the 3d orbital has only two unpaired electrons and 
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since hydrogen is an electron donor, the Ti-Hads bond is strong (348.3 kJ  mol–1), and one 

can thus, expect that at low HER electrode potentials (–1.4 V here, Fig. 5.32), the surface 

coverage of Hads on Ti is relatively high, compared to metals that form weak M-Hads 

bonds. Since the NAD-radical protonation (Step 2a, Scheme 1) is a strong function of 

active hydrogen concentration, one can then expect to obtain a relatively high recovery of 

1,4-NADH already at –1.4 V, as indeed demonstrated in Fig. 5.34. Then, why is there the 

decrease in the percentage of 1,4-NADH recovered with an increase in electrode potential 

to more negative values? This can be related to the competitive behavior of the 

NAD-protonation and H2 evolution (HER) reactions, both starting with the formation of 

Ti-Hads [126]:  

 adsii HTeHT −→++ −+   (5.18)

Due to the strong affinity of hydrogen for adsorption on titanium (because of the 

almost empty 3d orbitals in Ti), the kinetics of reaction (5.18) is fast even at low negative 

(cathodic) potentials in the HER region (Fig. 5.32). The second step in the HER is the 

formation of molecular hydrogen through one (or both) of the following reactions [126]:  

 i2adsi THeHHT +→++− −+   (5.19)

 i2adsi T2HH2T +→−  (5.20)

The kinetics of the second step increases with an increase in electrode potential to 

more negative values and, thus, the total HER kinetics, which is evident in Fig. 5.32 

(dashed line). Contrary, at more positive cathodic potentials the total HER kinetics is thus 

slow. Taking into account the high strength of the Ti-Hads bond, this yields high surface 

coverage by hydrogen, Ti-Hads (Eq.(5.18)), at positive potentials, and consequently the 

fast NAD-radical protonation kinetics (Step 2a, Scheme 1). This enables a high amount 

of 1,4-NADH to be recovered from NAD+, Fig. 5.34. However, with the increase in 

electrode potential to more negative values, the HER kinetics increases (Fig. 5.32, dashed 

line) and the surface coverage of Ti-Hads thus decreases. This in turns, results in a 

decrease in the NAD-radical protonation kinetics (Step 2a, Scheme 1) and an increase in 
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the NAD-radical dimerization kinetics (Step 2b, Scheme 1). As the result, there is a 

decrease in the percentage of 1,4-NADH recovered from NAD+, i.e. an increase in the 

percentage of NAD2 formed, as seen in Fig. 5.34. 

 

5.3.1.4 Cadmium electrode 

Similarly to the Ti electrode, 1,4-NADH regeneration experiments were also 

performed with a Cd electrode at various electrode potentials, and the corresponding 

results are presented in Fig. 5.35. 
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Figure 5.35: The percentage of enzymatically-active 1,4-NADH recovered on a Cd 
electrode, obtained by reduction of 1 mM NAD+ in a batch electrochemical reactor 
operating at different electrode potentials. 

 

The trend in Fig. 5.35 is opposite to that presented in Fig. 5.34, which was 

expected. Here at the lowest cathode potential (–1.4 V) a minimum percentage recovery 

(64.0 ± 1.4 %) of   1,4-NADH was obtained, but by increasing the potential to more 

negative values, the percentage recovery increased gradually, reaching a maximum of 
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93.0 ± 1.4% at –2.1 V, and then decreasing to 86.0 ± 3.6% at –2.3 V. As explained 

earlier, the percentage of 1,4-NADH regenerated from NAD+ (relative to NAD2) is 

dependent not only on the electrode potential, but also on the strength of the metal 

electrode - hydrogen bond (M-Hads). Since, the Cd-Hads bond is weak (119.7 kJ  mol–1), at 

low HER electrode potentials (–1.4 V) the Cd surface coverage by Hads is, therefore, 

relatively low, compared to Ti that forms a strong M-Hads bond. The reason for the low 

coverage of Hads on Cd at low cathodic potentials is the weak adsorption affinity of 

hydrogen towards Cd, which is due to the completely filled d orbitals. Therefore, the 

kinetics of the hydrogen adsorption reaction (5.18) and, thus, the formation of the ‘active’ 

hydrogen (Hads) is slow at low negative (cathodic) potentials. Consequently, the lower the 

hydrogen surface coverage, the slower the kinetics of Step 2a (Scheme 1), and the lower 

the percentage of 1,4-NADH recovered from NAD+. On the other hand, by increasing the 

electrode potential to more cathodic values the surface coverage of Hads on the Cd surface 

increases, and thus the kinetics of Step 2a (Scheme 1). This, in turn, results in an increase 

in recovery of 1,4-NADH, which is indeed visible in Fig. 5.35. The increase in electrode 

cathodic potential past –2.1 V has a negative impact on the recovery of 1,4-NADH, 

which is due to the increase in the kinetics of the competitive HER (Eq. 5.20). 

 

5.3.1.4 Cobalt and nickel electrodes 

The previous two sections demonstrated that when a M-Hads bond is strong (such 

as Ti-Hads) the highest recovery of 1,4-NADH is obtained at low cathodic potentials 

(Fig. 5.34), since at this potential, the electrode surface is already covered by Hads which 

is a preferable species for the protonation of the NAD-radical (Step 2a, Scheme 1), as 

opposed to the hydrogen ion from the solution (H+). The opposite is obtained in the case 

of a weak M-Hads bond (such as Cd-Hads, Fig. 5.35). It would now be interesting to 

examine if the intermediate M-Hads bond strength would produce a maximum in 

1,4-NADH recovery somewhere between these two cases, i.e. between the two extreme 

potentials (–1.4 and –2.3 V). For that purpose, Co and Ni electrodes were tested. 

Fig. 5.36 shows the corresponding results obtained using a Co electrode. The 

maximum in the 1,4-NADH recovery (82.0 ± 1.9 %) was indeed obtained at a slightly 

more negative potentials (–1.5 V) in comparison to Ti (–1.4 V). The Co-Hads bond 
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strength is 192.6 kJ  mol–1, which is weaker than the Ti-Hads bond strength 

(348.3 kJ  mol–1) and stronger than that of Cd-Hads (119.7 kJ  mol–1). Consequently, a 

high Hads surface coverage of Co could be expected at potentials more negative than that 

on Ti, but more positive than that on Cd. Accordingly, the kinetics of the NAD-radical 

protonation reaction (Step 2a, Scheme 1) could also be expected to follow the same 

behavior, which is indeed shown in Fig. 5.36. A decrease in the 1,4-NADH recovery at 

potentials more negative than –1.5 V (Fig. 5.36) is due to the increase in the HER 

kinetics. 
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Figure 5.36: The percentage of enzymatically-active 1,4-NADH recovered on a Co 
electrode, obtained by reduction of 1 mM NAD+ in a batch electrochemical reactor 
operating at different electrode potentials. 

 

If we now take nickel, the Ni-Hads bond strength is 195.94 kJ  mol–1, which is 

very close to the Co-Hads bond strength, and thus, one can expect to see a maximum in 

1,4-NADH recovery somewhere between -1.4 V and –2.3 V, as well (as actually seen in   

Fig. 5.37). The maximum value obtained was 92.0 ± 1.4 %. The trend in Fig. 5.37 could 
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be described in the same manner as those in Figs. 5.34 to 5.36, and will thus not be 

repeated here. 
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Figure 5.37: The percentage of enzymatically-active 1,4-NADH recovered on a Ni 
electrode, obtained by reduction of 1 mM NAD+ in a batch electrochemical reactor 
operating at different electrode potentials. 

 

The most important feature of the work presented in this thesis Section (5.3.1) is 

that it was demonstrated by our laboratory that a high recovery of active 1,4-NADH 

could be obtained on non-modified electrodes, which has not yet been reported in the 

literature. In addition, the effect of regeneration potential on the percentage of 1,4-NADH 

that can be recovered from NAD+ was demonstrated, and the fundamental origin of the 

behavior observed was explained. It was shown that all electrode surfaces employed 

recovered more than 80% 1,4-NADH, reaching even 100% on some surfaces. No such 

higher recovery of 1,4-NADH has been reported on bare (non-modified) electrodes. 

However, since there is no published research except [28] on the influence of electrode 

potential on the percentage recovery of 1,4-NADH produced by electrolysis of NAD+, 

 100



CHAPTER 5: RESULTS AND DISCUSSION 
  

direct comparison of the data presented in this thesis, to the literature data is not quite 

possible. Nevertheless, some general comparison still can be made. Thus, our previous 

work on regeneration of 1,4-NADH on Au and Cu electrodes [28] showed that at very 

low cathodic potentials (–1.4 VMSE), the two electrodes can produce 75 and 71% pure 

1,4-NADH, respectively. On the other hand, at higher electrolysis potentials (–1.8 VMSE), 

only 28% and 52% of 1,4-NADH was produced on Au and Cu, respectively. Other works 

[24] showed that when a ruthenium-modified GC electrode was used at –1.5 VMSE, the 

product mixture contained 65% pure 1,4-NADH. At slightly higher cathodic potentials, –

1.60 and –1.65 VMSE, the recovery of 1,4-NADH increased to 98% and 94%, 

respectively, and then with the further increase in cathodic potential to –1.7 and –1.8 

VMSE, the percentage significantly decreased to 42% and 14%, thus giving a ‘volcano-

type’ potential-dependant trend. 

The literature survey further shows that the amount of 1,4-NADH regenerated on 

a platinum electrode ranges from 30 to 50%  [45, 51, 127]. On mercury, it ranges from 10 

to 76% [34, 38-42], a tin oxide electrode produced 10% 1,4-NADH [1], and on a 

reticulated vitreous carbon electrode the amount of 1,4-NADH regenerated was only 

0.6% [37], while on gold-amalgam it was 10% [45]. However, the reader should note 

that, unfortunately, some research groups have reported amount of 1,4-NADH 

regenerated electrochemically, on the basis of only considering the 340 nm peak in the 

UV/Vis [47, 128], instead of testing the purity by the enzymatic assays. However, this 

peak corresponds not only to the amount of 1,4-NADH produced, but also to the presence 

of produced NADH isomers and the dimer, NAD2, the latter two being enzymatically-

inactive. Thus, these values cannot be trusted. 

 

5.3.2 Electrochemical regeneration of 1,4-NADH on modified electrodes 

It is clear from Section 5.3.1 that bare (non-modified) metal electrodes are good 

candidates for electrochemical regeneration of enzymatically-active 1,4-NADH. 

However, only GC and CNF electrodes were capable of producing the highest 1,4-NADH 

purity (99-100%), but at very high cathodic potentials. It would be much more 

economical to produce a high-purity of 1,4-NADH at lower potentials, and although the 
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Ti electrode was capable of producing 96% pure 1,4-NADH, for some applications of the 

co-enzyme, this purity is still not high enough. 

Taking into account that high-purity 1,4-NADH was produced on GC and CNF 

electrodes only at high cathodic potentials (–2.3 V), which is due to the fact that the 

surface is covered with Hads only at these potentials, one can hypothesize that if the GC 

surface is 'nano-patterned' with nano-particles (nano-islands) of a material capable of 

adsorbing Hads easily at low cathodic potentials, the highly pure 1,4-NADH could then be 

produced at these low potentials. In addition, the nano-islands would serve as a physical 

barrier between the two neighboring NAD-radicals, and would thus minimize the 

probability for their dimerization. This hypothesis was already described in Chapter 3 of 

the thesis - see Scheme 2. 

In order to test the hypothesis, a GC electrode was used as a substrate, and it was 

then patterned with nano-particles (NPs) of a good hydrogen evolution catalyst (Pt or Ni). 

As just postulated above, the role of NPs would be to adsorb hydrogen (M-Hads) in the 

lower potential region of NAD+ reduction, and this ‘activated’ hydrogen would then 

readily react with a NAD-radical adsorbed on the adjacent GC site (Scheme 2), thus 

minimizing the probability of the dimer formation. 

In this section, results on the development and application of bi-functional GC-Pt 

and GC-Ni electrodes for electrocatalytic regeneration of enzymatically-active 

1,4-NADH are discussed. It will be shown that when the GC electrode was patterned with 

Pt and Ni NPs, a 100% purity (i.e. recovery) of 1,4-NADH was achieved at much lower 

overpotential compared to GC and CNF electrodes, proving the hypothesis presented in 

Scheme 2. It will also be shown that the purity of 1,4-NADH recovered is dependent on 

the NPs surface coverage and electrode potential. 
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5.3.2.1 Characterization of a GC-Pt electrode 

A SEM micrograph of Pt nanoparticles (NPs) deposited on a GC surface is 

presented in Fig. 5.38a.  
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Figure 5.38: (a) A SEM micrograph of Pt NPs deposited on a freshly prepared and 
electrochemically activated GC electrode surface. Pt NPs were electrodeposited on the 
GC surface from 0.5 M H2SO4 containing 1 mM H2PtCl6× 6H2O by cycling the electrode 
from -0.6 to 0.1 V at a scan rate of 50 mV s–1 for 5 scans. (b) Pt NP size distribution. This 
electrode is termed “Electrode A”, in the thesis. 

 103

http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O
http://www.chemexper.com/cheminfo/servlet/org.chemcalc.ChemCalc?isograph=on&mformula=H2Cl6Pt.6H2O


CHAPTER 5: RESULTS AND DISCUSSION 
  

The micrograph shows that the surface distribution of Pt NPs on the GC surface is 

uniform (EDX analysis confirmed that the NPs are indeed platinum, Fig. A. 3 in 

Appendix A). Only negligible agglomeration of NPs is present. The mean Pt NP size is 

79 nm, and the size distribution is relatively narrow (Fig. 5.38b). It was determined that 

4.6% of the GC surface is covered by Pt NPs. This electrode is termed “Electrode A”, 

further in the thesis. Small (i.e. nano) Pt particle size, good physical separation and 

uniform surface distribution of the NPs, could lead to a highly electrocatalytically active 

electrode surface capable of efficiently reducing NAD+ to 1,4-NADH, which will indeed 

be evidenced later in the text. 

In order to characterize the electrochemical behavior of GC-Pt Electrode A, a 

cyclic voltammogram (CV) was recorded in 0.5 M H2SO4 solution in a wide potential 

region, between hydrogen and oxygen evolution, and presented together with the CVs of 

bare GC and bare Pt, in Fig. 5.39.  
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Figure 5.39: Cyclic voltammograms of the bare GC (dashed lines), bare Pt (dotted lines) 
and GC-Pt (solid lines) electrode recorded in 0.5 M H2SO4, at scan rate 100 mV  s–1. 
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The CV of the bare GC electrode (dashed lines) does not show any redox peaks in 

the potential region investigated, demonstrating its electrochemical inertness. On the 

other hand, the CV of the bare Pt electrode (dotted line) shows characteristic peaks 

related to hydrogen desorption and adsorption, Pt-Hads (potential regions a and b, 

respectively) and Pt oxide film formation and reduction (potential regions c and d, 

respectively) [104, 129-131]. The CV of GC-Pt Electrode A (solid line) is almost the 

superposition of the bare GC and Pt response. Namely, it shows the characteristic 

hydrogen adsorption and desorption peaks (regions a and b), the Pt oxide formation and 

reduction peaks (regions c and d), and also an anodic ‘hump’ in the potential region 

between ca. –0.35 V and 0.1 V, the latter being a response of the GC surface. Thus, Fig. 

5.39 further confirms the presence and electrochemical activity of Pt on a GC electrode 

surface. 

In order to determine the potentiodynamic behavior of GC-Pt Electrode A in the 

potential region of NAD+ reduction, a linear polarization voltammogram was recorded in 

the presence (solid lines) and absence (dotted lines) of NAD+ in the supporting 

electrolyte, Fig. 5.40a. For comparison, the behavior of bare GC electrode under the same 

experimental conditions is presented as an inset to the Fig. 5.40 (Fig. 5.40b - this is the 

same plot as in Fig. 5.26, but is again shown here for the reader's convenience). 
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Figure 5.40: Linear polarization voltammograms of (a) GC-Pt and (b) bare GC electrode 
recorded in 0.1 M NaClO4 (dotted line) and in 0.1 M NaClO4 + 4 mM NAD+ (solid line). 

 

The linear polarization voltammogram of the bare GC electrode recorded in the 

NAD+-containing solution (Fig. 5.40b, solid line) shows a well-defined cathodic current 

peak at potential ca. –1.5 V, corresponding to the reduction of NAD+ [1, 24, 29, 38, 45, 

47, 56], whereas the peak is absent in the background electrolyte (dotted line). On the 

other hand, no NAD+ reduction peak was recorded on the GC-Pt electrode, and the 

current in the NAD+-containing solution was lower than that in the background 

electrolyte (Fig. 5.40a). This was to expect since Pt is the best hydrogen evolution 

catalyst, and the current recorded in the potential region of NAD+ reduction in Fig. 5.40a 

is the sum of the NAD+ reduction and hydrogen evolution reaction (HER) current. The 

decrease in the current in the NAD+-containing solution is due to the blockage of the 

electrode surface (towards the HER) by adsorbed NAD+, and possibly also produced   

1,4-NADH and NAD2 molecules, similarly to the result on Ti (Fig. 5.33). FTIR-ATR 
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measurements confirmed the presence of these species on electrode surfaces, after 

electrolysis. 

 

5.3.2.2 Electrochemical regeneration of 1,4- NADH on GC-Pt electrode 

The first set of measurements on 1,4-NADH regeneration by GC-Pt Electrode A 

focused on the investigation of the influence of electrode potential on the purity of 

1,4-NADH, i.e. the percentage of 1,4-NADH in the product mixture recovered from 

NAD+.  
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Figure 5.41: Time dependence of absorbance at 340 nm recorded during electrolysis of  
1 mM NAD+ in a batch electrochemical reactor employing  GC-Pt Electrode A operated 
at (Δ)–1.4 V, (�)–1.5 V and (O) –1.6 V. 

 

Fig. 5.41 shows the time evolution of absorbance at 340 nm at selected electrode 

potentials. At a low NAD+ reduction potential, –1.4 V (triangles), the conversion of 

NAD+ (to NAD2 and/or 1,4-NADH, Scheme 1) is rather slow and an absorbance plateau 
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is reached after ca. 20 h of electrolysis. However, with an increase in potential from –1.4 

to –1.5 V (squares) and to –1.6 V (circles), the rate of NAD+ reduction also increases and 

a plateau is reached after ca. 18 h and 6 h, respectively. Also, the final absorbance values 

at the latter two potentials, and thus the final (equilibrium) NAD2 and 1,4-NADH 

concentrations produced, are higher than at –1.4 V, which is in accordance with 

conditions of electrochemical equilibrium [36]. Based on these results it could be 

concluded that the kinetics of the NAD+ reduction reaction increases with an increase in 

electrode potential to more negative values, similarly to the results on GC (Fig. 5.27). 

As mentioned before in the thesis that the absorption peak at 340 nm corresponds to 

the response of NAD2 and various NADH isomers. Thus, to determine the percentage of 

enzymatically-active 1,4-NADH in the product mixture, it was necessary to perform the 

activity assay, as explained in Section 4.7 [123]. 

At an electrolysis potential of –1.4 V, the percentage of enzymatically-active 

1,4-NADH recovered from NAD+ on GC-Pt Electrode A was found to be 65.0 ± 1.9%. In 

comparison, only 32.0 ± 0.02% of enzymatically-active 1,4-NADH was recovered on 

bare GC electrode under the same experimental conditions (Fig. 5.28) [36]. Thus, the 

patterning of a GC surface by Pt NPs (Fig. 5.38(a)) resulted doubling the purity of 

1,4-NADH regenerated in comparison to the bare GC electrode surface. 

It was shown in Section 5.3.1 that the percentage of enzymatically-active 1,4-

NADH recovered by reduction of NAD+ strongly depends on electrode potential. To 

investigate the effect of electrode potential on the recovery of 1,4-NADH using GC-Pt 

Electrode A, electrolysis experiments were also performed at potentials negative of –1.4 

V, and the corresponding results are presented in Fig. 5.42. 
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Figure 5.42: The percentage recovery of enzymatically-active 1,4-NADH from NAD+ on 
GC-Pt Electrode A (Fig. 5.38), obtained by reduction of 1 mM NAD+ in a batch 
electrochemical reactor operating at different electrode potentials. 

 

The results demonstrate that by increasing the electrode potential from –1.4 V to  

–1.5 V, a significant increase in the percentage of recovered 1,4-NADH was obtained, 

from 65.0 ± 1.9 % to 95.0 ± 0.7 %, respectively. A further, increase in electrode potential 

to –1.6 V resulted in even further increase in the 1,4-NADH recovery to 100 %. These 

experiments prove the hypothesis on the role of Pt NPs on the GC surface as the 

hydrogen protonation (adsorption, Pt-Hads) sites, as outlined in the objective section 

(Scheme 2). 

However, a further increase in electrode potential from –1.6 V to –1.7 V and then 

to –1.8 V resulted in a decrease in the percentage of active 1,4-NADH recovered, to 89.0 

± 1.5 % and 76.0 ± 2.1 %, respectively, Fig. 5.42. The trend in Fig. 5.42, i.e. the presence 

of a 1,4-NADH recovery maximum, could be explained by considering both the 

mechanism of NAD+ reduction reaction (Scheme 1) and the activity of Pt in the hydrogen 

evolution reaction (HER, Eq. 5.20). As explained earlier, protonation of a NAD-radical is 

considered to be kinetically slower than the dimerization of two neighboring radicals 
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(Scheme 1), resulting in the production of an enzymatically-inactive NAD2 dimer. Hence, 

to increase the kinetics of the protonation (Step 2a, Scheme 1), it is preferable to provide 

(adsorb) hydrogen very close to the site of NAD-radical formation (Scheme 2). The 

higher the hydrogen (Hads) surface coverage, the higher the probability the 

surface-adsorbed NAD-radical will be protonated, thus producing enzymatically-active 

1,4-NADH. For example on GC electrode surface, with an increase in electrode potential 

to more negative values, the electrode surface coverage by adsorbed hydrogen also 

increases [36]. In addition, the increase in electrode potential to more negative values 

also enhances the rate of electron transfer to both NAD+ and NAD-radical (Scheme 1). 

Consequently, one could expect to also see an increase in the recovery of 1,4-NADH 

formed, which was indeed observed on a bare GC electrode (Fig. 5.28) [36]. However, 

Fig. 5.42 does not follow this trend, but shows a presence of a maximum at –1.6 V, 

obviously caused by the presence of Pt NPs on the GC surface. It is well known that Pt is 

the best hydrogen evolution catalyst, which form a Pt-Hads bond of an intermediate 

strength, 251.2 kJ  mol–1  (which lays between that of Ti and of Cd) [125]. Taking this 

into account and the explanation for the behavior of Ti and Cd electrodes outlined in 

Section 5.3.1.3 and 5.3.1.4, respectively, one can easily deduce the origin of the behavior 

of the GC-Pt electrode presented in Fig. 5.42. 

Hence, with an increase in electrode potential from –1.4 V to –1.6 V (Fig. 5.42) 

the coverage of Pt NPs by adsorbed hydrogen (Pt-Hads) increases (Eq. 5.18), while the 

second HER step, the production of molecular hydrogen (Eqs. 5.19 and/or 5.20), is still a 

slow step on Pt NPs at these low cathodic potentials (relative to the kinetics of the first 

step). Thus, in accordance with Scheme 1, the kinetics of the NAD-radical protonation 

(Step 2a, Scheme 1) also improves with an increase in the surface coverage of Hads, 

producing an increase in the percentage of enzymatically-active 1,4-NADH recovered 

from NAD+, as opposed to the percentage of enzymatically-inactive dimer NAD2 

(Fig. 5.42). However, the further increase in electrode potential from –1.6 V to –1.8 V 

favors the kinetics of the second HER step, corresponding to the production of molecular 

hydrogen from Pt-Hads (Eqs. 5.19 and/or 5.20) [125], thus diminishing the amount of Hads 

available for the NAD-radical protonation reaction. Consequently, the recovery of 

1,4-NADH decreases (Fig. 5.42). 
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Therefore, –1.6 V appears to be an optimum electrode potential for the 

regeneration of enzymatically-active 1,4-NADH from NAD+ under the experimental 

conditions employed, giving a 100% recovery. For comparison, literature shows that 

reduction of NAD+ on a gold-amalgam unmodified electrode gave only ca. 10% 

enzymatically-active 1,4-NADH, a bare gold electrode gave 30% of active 1,4-NADH 

[29], while the amount of active 1,4-NADH increased to 50% and 75% when an 

unmodified platinum and a cholesterol-modified gold-amalgam electrode were used [45]. 

When a GC electrode was modified by Au, the conversion of NAD+ to active 1,4-NADH 

was 67% [47]. Furthermore, our laboratory's previous results show that when a GC 

electrode was modified with Ru NPs, the recovery of 1,4-NADH achieved was 98% [24]. 

Thus, it appears that the Pt-nano-patterned GC electrode offers so far the highest 

electrocatalytic activity in the conversion of NAD+ to 1,4-NADH at low cathodic 

potentials, effectively enabling a 100% recovery. 

 

5.3.2.3 Influence of Pt NPs surface coverage and size 

To investigate the influence of Pt NPs surface coverage and size on the percentage 

recovery of 1,4-NADH, three different GC-Pt electrodes were produced, Fig. 5.38 

(Electrode A) and Fig. 5.43 (Electrodes B and C). 

 Electrode B a

 

 111



CHAPTER 5: RESULTS AND DISCUSSION 
  

d / nm

0 40 80 120 160 200 240 280

C
ou

nt
s

0

100

200

300

400

500

Average size:
97 nm
Area fraction:
6.5%

(b)

 
 

 

 

 

  

 

   

 

 

 

 

 Electrode C c

 112



CHAPTER 5: RESULTS AND DISCUSSION 
  

d / nm

0 40 80 120 160 200 240 280

C
ou

nt
s

0

100

200

300

400

500
Average size:
155 nm
Area fraction:
13.2%

(d)

 
Figure 5.43: (a,c) SEM micrographs of GC electrodes patterned with Pt NPs of different 
size and surface coverage. Pt NPs were electrodeposited on the GC surface from 0.5 M 
H2SO4 containing 1 mM PtHCl6 by cycling the electrode in a potential range from –0.6 to 
0.1 V at a scan rate of 50 mV s–1 for 10 scans (Electrode B ) and 20 scans (Electrode C). 
Plots (b) and (d) show the corresponding Pt NPs size distribution, respectively. 

 

The micrograph and Pt NPs size distribution for Electrode A (Fig. 5.38), which 

was prepared by employing 5 potential polarization cycles. However, doubling the 

number of potential polarization cycles, from 5 to 10, resulted in the formation of bigger 

Pt NPs, characterized by a mean particle size of 97 nm and higher Pt surface coverage, 

6.5%, as shown in Figs. 5.43a and 5.43b, respectively (Electrode B). Here, NPs are not 

spherical in shape, but rather represent agglomerates of a few smaller NPs. In addition, 

the NP size distribution is wider than on the surface of Electrode A (Fig. 5.38b). A 

further increase in number of potential polarization cycles from 10 to 20 resulted in a 

further increase in the Pt NPs size and surface coverage, yielding a mean NP size of 155 

nm and a 13.2% surface coverage, Figs. 5.43c and 5.43d, respectively (Electrode C). 

Also, the NP size distribution has further widened in comparison to Electrode A (Fig. 

5.38b) and Electrode B (Fig. 5.43b), especially in the lower NP diameter range, 

suggesting a significant degree of NP agglomeration. 
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As documented earlier, the highest recovery (100%) of enzymatically-active 

1,4-NADH with Electrode A was obtained at an electrode potential of –1.6 V, Fig. 5.42. 

Therefore, the electrocatalytic activities of Electrodes B and C in 1,4-NADH 

regeneration, were tested at the same electrode potential and the results are presented in 

Fig. 5.44. 
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Figure 5.44: The percentage (purity) of enzymatically-active 1,4-NADH recovered from 
NAD+ on GC-Pt electrodes with different Pt NP size and surface coverage (Figs 5.38 and 
5.43), by reduction of 1 mM NAD+ in a batch electrochemical reactor at a potential of 

 V. 6.1−
 

It is clear from the Fig. 5.44 that Electrode A shows the highest catalytic activity 

towards regeneration of enzymatically-active 1,4-NADH, producing a 100% pure 

1,4-NADH. On the other hand, Electrodes B and C enabled the formation of the product 

mixture (i.e. the recovery) containing 90% and 80% of 1,4-NADH, respectively. A 

possible reason for the higher recovery of enzymatically-active 1,4-NADH on Electrode 

A is a smaller size and narrower size distribution of Pt NPs on the GC surface (Fig. 5.38). 

Namely, with an increase in Pt NP size, the probability that the hydrogen adsorbed on the 

Pt surface, far from the Pt/GC interface, is used for protonation of the NAD-radical 
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decreases, while the probability for production of molecular hydrogen increases. Thus, 

with the increase in distance from the Pt/GC interface to the Pt NP center, the ratio of 

hydrogen (Hads) used for NAD-radical protonation decreases, and thus the percentage of 

1,4-NADH recovered from NAD+ decreases. 

Although the very high cost of 1,4-NADH can justify the use of expensive Pt at the 

surface coverage relevant to that on Electrode A (Fig. 5.38), it would be beneficial if Pt 

was replaced by a less expensive metal, while still achieving the high (preferably 100%) 

1,4-NADH recovery. Considering the hypothesis postulated in the objective of the thesis 

(Scheme 2), i.e. the idea of providing “active” (i.e. electrode-adsorbed) hydrogen, 

M-Hads, for the NAD-radical protonation by nano-patterning a GC surface with a good 

hydrogen evolution catalyst, an attempt of replacing Pt by Ni was made. The rationale for 

choosing Ni is that, (i) this metal form the Ni-Hads bond of intermediate strength, 195.9 

kJ  mol–1, which is close to that of Pt-Hads, (ii) it thus has the highest hydrogen evolution 

electrocatalytic activity among non-noble metals [125], (iii) it is considerably cheaper 

than Pt, (iv) it is much more abundant, and (v) it is stable in a neutral media in the 

potential region of 1,4-NADH regeneration. 

 

5.3.2.4 Characterization of GC-Ni electrode 

Patterning of a GC surface by Ni NPs was done by cyclic voltammetry, as 

described in the experimental part of the thesis, and an example of the GC-Ni electrode 

surface is presented in Fig. 5.45, together with the Ni NP size distribution. 
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Figure 5.45: (a) A SEM micrograph of Ni NPs deposited on a freshly prepared and 
electrochemically activated GC electrode surface. Ni NPs were electrodeposited on the 
GC surface from 2 mM nickel (II) nitrate hexahydrate in acetate buffer pH 4, by cycling 
the electrode in the potential range from –0.8 V to 0 V, at a scan rate of 50 mV  s–1, for 
10 cycles. (b) Ni NP size distribution. 

 

The micrograph demonstrates that a good Ni NPs surface coverage and uniform NP 

distribution was achieved. The mean particle size is 83 nm and the size distribution is 
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relatively narrow, while the achieved surface coverage is 40.5%. Despite the large Ni NP 

surface coverage, it will be demonstrated further in the text that the GC-Ni electrode 

shown in Fig. 5.45 is an extremely efficient 1,4-NADH regeneration electrode. 

Furthermore, to the best of the author's knowledge, the results in Fig. 5.45 represent the 

smallest Ni NP size, the narrowest NP size distribution, and the most uniform Ni NP 

electrode surface coverage reported in the literature, on the formation of Ni NP on an 

electrode surface by electrodeposition [82, 132-135]. 

 

5.3.2.5 Electrochemical regeneration of 1,4- NADH on GC-Ni electrode 

Electrocatalytic activity of the GC-Ni electrode in 1,4-NADH regeneration from 

NAD+ was investigated as a function of electrode potential in a batch electrochemical 

reactor, under the same experimental conditions used in Fig. 5.42 with GC-Pt Electrode 

A, and the results are presented in Fig. 5.46. 
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Figure 5.46: The percentage recovery of enzymatically-active 1,4-NADH from NAD+ on 
a GC-Ni electrode from Fig. 5.45, by reduction of 1 mM NAD+ in a batch 
electrochemical reactor operating at different electrode potentials. 
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The trend in the Fig. 5.46 is very similar to that one in Fig. 5.42, characterized 

first by an increase in the percentage of recovered 1,4-NADH with an increase in 

electrode potential, followed by a decrease in the former. Given that the mechanism of 

hydrogen reduction on Ni is similar to that on Pt, the trend in Fig. 5.46 can be explained 

in the same way as that one in Fig. 5.42. However, the surprising discovery was that the 

GC-Ni electrode was capable of enabling a 100% recovery of 1,4-NADH, and this was 

possible at an even more positive potential (–1.5 V) than on GC-Pt Electrode A 

(Fig. 5.42). 

In conclusion, considering the energy input (which here is the electrode potential), 

the cost of the electrode, and the percentage of recovery of 1,4-NADH, the GC-Ni 

electrode (Fig. 5.46) appears to be the electrode of choice for 1,4-NADH regeneration 

among all electrodes presented here (GC, CNF, Ti, Co, Cd, Ni, GC-Pt and GC-Ni). In 

fact, the author of the thesis hypothesize that the CNF electrode 'decorated' by Ni NPs 

would be the best choice, since this electrode would also offer a much higher 

electrochemically active surface area than the two-dimensional GC-Ni electrode, thus 

enabling much faster 1,4-NADH regeneration kinetics. However, this hypothesis is left to 

be tested for future work on the project. 
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6.  CONCLUSIONS 

This PhD project focused on the development of electrodes for the direct 

(non-mediated) electrocatalytic regeneration of enzymatically-active 1,4-NADH that 

would enable high regeneration efficiency and selectivity, be stable and cost effective. 

First, fundamental aspects of the mechanisms and kinetics of the NAD+ reduction 

reaction and NAD+ adsorption on a bare glassy carbon electrode were investigated. 

Second, the influence of electrode potential and electrode material on the purity of 

regenerated 1,4-NADH was investigated. And third, the influence of functionalization of 

a glassy carbon electrode with nano-islands (nano-particles) of Pt and Ni on the purity of 

1,4-NADH regenerated was investigated. 

These are the main conclusions that could be drawn from the work: 

i. LV, DPV and EIS measurements were used to evaluate the kinetics of NAD+ 

reduction reaction on a GC electrode. A very good agreement among results 

produced by the three techniques was demonstrated. It was found that the NAD+ 

reduction reaction  is: 

(a) first order with respect to NAD+, 

(b) irreversible, and 

(c) mass-transport controlled. 

ii. 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 both 

1,4-NADH (60mol %) and NAD2 (40mol %). 

iii. 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. 

iv. NAD+ adsorbs on a GC electrode surface in the electrochemical double-layer 

region. The adsorption process can be described by the Langmuir isotherm. The 

corresponding Gibbs energy of adsorption evidences that the adsorption process is 

highly spontaneous. 
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v. The regeneration of 1,4-NADH from NAD+ in a batch electrochemical reactor 

employing non-modified electrodes (GC, CNFs, Ti, Ni, Co and Cd) is feasible. 

The purity (recovery) of 1,4-NADH regenerated on these electrodes is highly 

potential- and material-dependant, and it can go to 100% on GC and CNFs 

polarized at a high cathodic potential. The origin of the material/potential 

dependency can be related to the strength of the metal-hydrogen (M-Hads) bond, 

and thus to the potential dependence of the Hads electrode surface coverage. 

vi. The purity of 1,4-NADH that can be regenerated from NAD+ at low cathodic 

potentials can be increases to 100% by nano-patterning of a GC surface with Pt 

and Ni, to produce bi-functional GC-Pt and GC-Ni electrodes. 

vii. Considering the energy input, the cost of the electrode, and the percentage of 

recovery (purity) of 1,4-NADH, the GC-Ni electrode is the electrode of choice for 

1,4-NADH regeneration among all electrodes investigated. 
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7.  ORIGIONAL CONTRIBUTIONS 

Nicotinamide adenine dinucleotide 1,4-NADH is a cofactor used in several 

hundred redox enzymatic reactions. However due to it’s extremely high cost, it is 

currently used only in a limited number of processes. Hence, there is a need to develop 

in-situ 1,4-NADH regeneration methods for different possible industrial processes, 

biosensors and biofuel cells. For this purpose, new electrodes that enable the production 

of high-purity 1,4-NADH need to be developed. This was the main objective of this 

thesis project. 

The following are the original contributions of this work: 

1. Discovery of the influence of electrode potential on the mechanisms of NAD+ 

reduction reaction, i.e. on selectivity of the electrocatalytic process in producing 

pure 1,4-NADH. 

2. Establishment of the relationship between the strength of the metal 

electrode-hydrogen bond (M-Hads) and the purity of 1,4-NADH regenerated from 

NAD+. 

3. Development of a CNFs cathode capable of producing 100% pure 1,4-NADH 

from NAD+, at an increase reaction rate. 

4. Development of bi-functional GC-M (GC = glassy carbon, M = Pt, Ni 

nano-particles) electrodes capable of producing 100% pure 1,4-NADH, and the 

establishment of the role of “M” in the NAD+ reduction reaction. 
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8.  SUGGESTIONS FOR FUTURE WORK 

In this work bifunctional (nano-patterned) GC-Pt and GC-Ni electrodes were 

developed for the direct electrocatalytic regeneration of enzymatically-active 1,4-NADH. 

The work is of both fundamental and practical importance. The following fundamental 

and applied research could be done in the future: 

1. Investigation of the efficiency of developed bifunctional electrodes in a real 

biochemical reactor for a prolonged time. 

2. Deposition of Ni nanoparticles on CNFs to investigate the kinetics of NAD+ 

reduction reaction and the amount of enzymatically-active 1,4-NADH 

produced. 

3. Modification of GC electrode surface with nano island of other metals (Ir, Rh) 

in order to regenerate enzymatically-active 1,4-NADH. 

4. Optimization of the Ni nanoparticles surface coverage for other industrially 

important hydrogenation reactions. 
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Fig. A. 1: Rotating GC-disc-electrode linear polarization voltammograms recorded in 
20 mM   and 0.2 M KCl. Rotation velocities: (1) 100, (2) 120, (3) 160, 
(4) 240 and (5) 300 rpm. Scan rate, sr = 10 mV s–1. 
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Fig. A. 2: Koutecky–Levich plot of ( ) O.3HCNFeK 264  on a GC electrode surface 
obtained from the Fig. A. 1. 

 

 

  
 (A.1) 

 
where n = 1 is the number of electrons participating in the redox reaction, F = 96,485 C 

mol−1 is Faraday constant, A is the area of the electrode (cm2), D = 6.70 ± 0.02 × 10–6 

cm2 s–1 is the diffusion coefficient of the molecule in solution, [ ] 

= 2 × 10–5 mol cm–3 is the concentration of the molecule in the bulk solution, and 

ν = 0.01 cm2 s–1 is the kinematic viscosity of the solution and ω is the rotation rate of 

electrode (rad s–1). 

( ) O.3HCNFeK 264

 
Using the slop in Fig. A. 1 and Eq. A.1: 
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Fig. A. 3: EDX spectrum of Pt nano-island deposited on GC electrode surface. 
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Appendix B 
 
Cyclic voltammetry: irreversible electrode process 

Reaction Equation:  PR skne ⎯⎯ →⎯
− ,

Fitable parameters: 

Log(Normalized electron trabsfer rate at E0=0), ( )0log fbk  

(exchanged electrons)*(transfer coefficient) nα  

normalized current Inorm(I = Inorm* )))(( Abtχ  

constant background current (A) 

Initial guesses available for: E0, nα , Inorm, background current 

Comments: The parameter ( )0log fbk  is a 10-base logarithm of the electron transfer rate, 

normalized with respect to the time scale of the experiment nFVDRTkk fbfb /00 = , where 

V is the scan rate and  is the electron transfer rate at E=0, used in reduced Butler-

Volmer equation 

0
fhk

( )( ) ( )( )( )00 /exp/exp EERTnFckERTnFckI RsRfb −−=−= αα  

According to the theory, the peak current is equal to ( ) )(*2/1 btbDnFAcbulk χπ

)(bt

, where the 

first term is equal to the fitable parameter Inorm and the function χ , RTnFV /b α= , 

represents the shape of the voltammetric peak. The peak value of this function is equal to 

0.4958 for linear sweep voltammetry, and for staircase voltammetry it depends on the 

electron transfer rate , the transfer coefficientsk α , the step height, step time and the 

current sampling parameterα . The function )(btχ  is defined as: 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟
⎠

⎞
⎜
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+−⎟
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⎛−×

−
−= ∑

∞

=

+

s

ob
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a
j
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j

k
D

Fn
RTEE

RT
Fnj

j
bt

π
α

απ
π

χ lnexp
)!1(

)1(1)( 0

1

1  

There is no need to set the number of exchanged electrons, because the term nα is fitted 

as a whole. 
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Differential pulse voltammetry: irreversible electrode process 

Reaction Equation:  PR skne ⎯⎯ →⎯
− ,

Fitable parameters: 

Characteristic potential E* (V) 

Log(Normalized electron transfer rate at E0=0), ( )0log fbk  

(exchanged electrons)*(transfer coefficient) nα  

Peak current Ip (A) 

constant background current (A) 

Initial guesses available for: number of exchanged electrons, Ep, 

( )0log fbk , nα , Ip , background current 

Comments: 

There is no need to set the number of exchanged electrons, because the term nα is 

fitted as a whole. 

The characteristic potential E* is defined as 

( ) ( ) sfb knFRTEknFRTE ln/ln/ 00 αα +==∗  , where Rmfbfb Dtkk /00 =  and 

sRmss kDtkk ./=  and are the electron transfer rates used in Butler-Volmer 

equation 

fhk 0

( )( ) ( )( )( )00 /exp/exp EERTnFckERTnFckI RsRfb −−=−= αα  
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Appendix C 
 
Table C.1: EEC parameters obtained by fitting the EIS experimental spectra recorded at 
different potentials in 0.1 M NaClO4 + 4 mM,  pH 5.8 using the EEC model presented in 
Fig. 5.10. 

 

Eappl (V) -1.0 -1.3 -1.4 -1.45 -1.5 -1.525 -1.55 -1.575 -1.6 

CPE1 × 105 
(Ω-1 cm-2 sn) 7.87 8.54 8.68 8.70 9.81 9.96 10.46 10.54 10.77 

± SD 0.99 0.29 0.44 0.65 1.11 0.90 1.20 0.71 0.53 

n1 0.88 0.88 0.88 0.88 0.86 0.87 0.91 0.88 0.87 

± SD 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 

R1 (kΩ cm2) 0.91 0.56 0.35 0.32 0.48 0.36 0.12 0.11 0.11 

± SD 0.14 0.19 0.08 0.11 0.03 0.04 0.02 0 0 

CPE2 × 105 
(Ω-1 cm-2 sn) 11.56 19.53 28.62 43.79 149.60 82.43 48.62 33.84 27.71 

± SD 1.07 2.24 1.72 16.19 11.81 2.96 0.76 0.72 1.78 

n2 0.51 0.42 0.37 0.47 0.41 0.40 0.39 0.34 0.30 

± SD 0.01 0.02 0.03 0.08 0.01 0.01 0.02 0.02 0.01 

R2 (kΩ cm2) 17.45 19.61 2.42 0.60 - - - - - 

± SD 2.84 5.27 0.13 0.15 - - - - - 

Ri (kΩ cm2) 18.36 20.17 2.77 0.92 0.48 0.36 0.12 0.11 0.11 

± SD 3.06 5.46 0.08 0.13 0.03 0.042 0.02 0 0 
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Table C.2: EEC parameters obtained by fitting the EIS experimental spectra recorded at –1.5 VMSE and various NAD+ concentrations 
in NaClO4 pH 5.8 using the EEC model presented in Fig. 5.10. 

ci (mM) 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

CPE1 × 103 
(Ω-1 cm-2 sn) 16.12 4.64 2.81 2.26 1.55 1.54 1.47 1.35 1.28 1.19 1.23 

± SD 0.20 0.45 0.15 0.74 0.35 0.34 0.36 0.40 0.42 0.43 0.38 

n1 0.76 0.81 0.81 0.81 .84 0.83 0.82 0.83 0.83 0.83 0.82 

± SD 0.12 0.06 0.01 0 0.01 0 0.01 0 0.01 0.01 0.01 

R1 (kΩ cm2) 0.07 0.16 0.30 0.40 0.44 0.55 0.65 0.73 0.80 0.83 0.92 

± SD 0.03 0.06 0.16 0.19 0.19 0.20 0.28 0.26 0.21 0.21 0.25 

CPE2 × 103 
(Ω-1 cm-2 sn) 3.59 4.25 4.25 4.07 4.64 4.6 4.89 5.36 6.08 6.22 6.42 

± SD 1.21 0.68 0.52 0.25 0.25 0.32 0.19 0.27 0.51 0.71 0.82 

n2 0.58 0.56 0.56 0.57 0.56 0.56 0.57 0.56 0.56 0.56 0.56 

± SD 0.04 0.02 0.01 0 0 0.01 0 0.01 0 0 0.01 

R2 (kΩ cm2) 14.04 13.75 12.16 11.51 11.17 10.09 8.88 8.40 7.54 6.95 6.39 

± SD 1.14 3.22 3.87 3.20 3.64 2.87 2.82 2.36 1.94 1.24 0.82 

Ri (kΩ cm2) 14.11 13.91 12.46 11.91 11.60 10.64 9.53 9.13 8.34 7.78 7.31 

± SD 1.14 3.16 3.73 3.01 3.45 2.69 2.53 2.10 1.72 1.04 0.58 
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