
II~d i a n Journal of Chemistry 
Vol. 42A, Apri l 2003. pp. 769-773 --

Electrochemical behav iour of N AD+ -modified carbon pas te electrodes 
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The effects of elec trochemica l pretreatment time on the elec trochemica l response o f AD+- mod ified ca rbon paste! 
elec trodes have been analy sed. Prolonged pretreatment results in an improvement ill the ca tal ys is of NADH ox idation. First. 
pretreatment produces a remotion of pasting li quid that increases the number of surface sites for NA DH ox idation. But thi s 
surface activation reaches a limiting va lue and. at longer pretreatment time . ac ti va tion is produced by the con tribut ion of 
reduced surface functionalities. NAD+-modified carbon paste electrodes have also been fabrica ted by incorporating 
appropri ate quantit ies of NAD+ directly into the paste mixture. A nalogous to so lution-pi1:lse NAD+. Ihe electrodes 
constructed in thi s manner present true surface acti ve groups and are ab le to cata lyse! NADH oxidati on. Prci rea lllle! nt dOe!' 
not result in a loss of their electrocata ly ti c properti es. 

Introduction 
It is we ll known that the reduced form of 

nicotinamide adenine dinucleotide (NA OH), the mai n 
coenzyme of dehydrogenases, is ox idi sed 
elec trochemical ly olll y with high overvoltages l

. 

Carbon paste electrodes mod if ied with NAD+ all ow to 
decrease thi . overpotential"·,l .The elec trode was 
prepared by anod ic po lari sati on at potentials ca. 1.25 
V (SCE) in neutral and mild alkaline solutions 
containing NA O+. The reversib le system responsible 
for this catalysis was identi Fied as the adenine moiety 
of NAO+. 

The performance of carbon paste electrodes can be 
improved by electrochemica l pretrea tments5

.
n. 

Previous work indicates that potentiodynamic cyc ling 
for acti va ti on results in higher catal y ti c response fo r 
'AOH ox idati on even w ith the paraffin-riches t 

elec trode composi ti o n~, which is the best 
configurati on from a practical viewpo int. Cathodic 
polarisation also produces a cata lyt ic current 
improvemen t that is independen t o f the ca rbon paste 

. J 
compos ttt on . 

In the present paper an attempt is made to improve 
the pretreatment procedure in order to enhance 
. ensllI vtty In the development or amperometri c 
biosensors. I t has also been demonstrated that carbon 
pa. te can be used to co- immobi li se enzy me and 

A O+ for the design of biosensors . The I AO+­
modified carbon pa. te elec trode has been used as 
amperometric transducer in determin ation s of 
glycerol I and sorbi tol 7

. Then, the elec trode response 

of NAO+ incorporated direc tl y into the paste mixture 
was characteri sed with cyc li c vo ltammetry and this 
behav iour was compared to that obtained wi th NAO+ 
in so lution. 

Materiais and Methods 
The experimental set-up has been described 

prev ious ly-'. The working elec trode was a piston-like 
carbon paste electrode with a Tenon body and 
stainl ess steel contact. The diameter or the electrode 
sur face was 3 mm. Carbon pastes we re prerared by 
hand mixing the graphite (Graphite ex trapure. M erck) 
and the paraffin-oil (vasol , Merck) . Paste 
fo rmulati on is expressed in terms or the weight ratio 
of paraffin/graphite. Al l poten tia ls \Vere measured 
aga inst a saturated ca lome l electrode (SCE) and a 
platinulll fo il was used as counter elec trode. 

Unl ess stated otherw ise. me<.!surements were 
performed in 0. 1 M sodium phosphate, p H 10 . olution 
in a purifi ed nitrogen gas saturated atmosphere. All 
chem icals were reagent grade and so lutions were 
freshly made in twi ce distill ed water. NAO+ and 
NA OH were purchased from Sigma Chemical 
Company. 

Resu lts and Discussion 
£I eel roel/ ell/ ico/ prel r eo III/ ell I 

It was deillonstl'ated that the ca talytic current for 
NAOH ox idati on at NAO+-modiri ed electrodes is 
enhanced if a previous pretreatmen t is appl i ed~. Th is 
pretreatmt'n t procedure consis ts of potential cycling 
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between - 0.5 and 2 V at 5 V S- I for 5 min in a 0.1 M 
phosphate buffer pH 10. Immediately after, NAD+ 
was added to a final concentration of 10-3 M and the 

elec trode was cycled between - 0.25 and 1.4 V at 
0.020 V S- I in order to obtain the NAD+-modifi ed 
carbon paste electrode. Then the electrode was 
washed and transferred to a phosphate solution 
wi thout N AD+. When the background current was 
constant at 0.0 V, NADH was added to a final 
concen tration of 10-4 M whil e stirring, and the 
catalyti c current was measured. For pretreatment 
times longer than 5 min, the amperometric response to 
NADH increased when the graphite-rich electrodes 
were used. But 111 these cases an increased 
background current was obtained at the same time, 
and the electrodes did not gi ve reproducible 
responses. However, as the percentage of pas ting 
liquid increased an improvement in the cata ly ti c 
signal was obtained without any loss of 
reproducibility. The voltammogram obtained fo r a 
pasting liquid/graphite rati o of 0.44 after a 
pretreatment of I S min is presented in Fig. I. It can be 
observed that the initial potentiodynamic run in the 

anod ic directi on shows a broad <lnodic peak at -0. 1 V 
and, at more pos iti ve potentials, the peak associated 
with the ox idation of NAD+. In the subsequent scans, 
the voltammetri c response exhibited redox peak with 

a formal potential of about - 0.0 I 0 V , i ndicati ng the 
presence of the adsorbed redox products. The anodic 
peak that appears at - 0. 1 V in the first cyc le did not 
appear if the pretreatment was applied for only 5 min . 
Furthermore, its peak current, corrected for the 
background current, increased w ith increasing 
pretreatment time. The currents measured for NADH 
ox idation at 0.0 V ( icat.l) for different pretreatment 
times arc shown in Tab le I . Each of these values is 
based on three independent measurements. When the 
carbon paste electrodes were pretreated without the 
posteri or cyc ling in NAD+-so lution, the surface was 
activated and the ox idation current of NA DH was also 
determ i ned at 0.0 V (i c,,:.2). r t can be observed that 
wi th increasing pretreatment time, the electrocatal y tic 
activity for NADH (i cat .2) does not present the 
importan t increase obtai ned when after thi s procedure, 
the electrode was modified with th NAD+-ox idation 

products (i cat.I)' 

Prev iously, it was found that after a pretreatment of 
5 min, the relati ve increase in the cata ly ti c current is 
higher for the ri ch-paraffin e l ec trodes~ . On the 
contrary, after longer pretreatment ti mes, the relali ve 
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Fig. I--Cyclic voitamlllograms obtained with a carbon paste 
eiectrode in a 0.1 M phosphate so lution pH 10 containing 10-.

1 

NAO+. Only the first scan and the second anod ic scan arc 
depicted. T he carbon paste electrode was first cyc led betwcen 
- 0.5 and 2.0 V at 5 V s- J for 15 min. Paraflln to graphite ratio: 
0.44. Scan rate: 0.020 V s- J. 

Table I--Cata lytic current ror NADH ox idation a ~ a function of 
pretreatmclll time. The ic;II va lues refer to the ca tal ytic current 
measured at 0.0 V in a 0. 1 M phosphate solution p H 10 fur a 10 .4 

M NAOH. using: prctreJted carbon paste electrodes 
(potentiodynamic cyc ling between -0.5 and 2.0 V at :) V s- J) 
modiried with NAO+ ox idation products ( i,a .. l) and carbon paste 
electrodes pretreated (i"a" I)' 

Pretreatment time (min) IC.IL I U tA) i"" .. , ( pA l 

5 0.075 0.475 
10 0.084 0.55.') 
15 0.094 0.610 
30 0.096 n.ns 

increment was practically independent of the pasting 
liquid conten t. 

On the other hand, the re lati ve increase or the 
conductor surface area obta ined employi ng 
chronoamperometric measurements of the oxidat ion 
~Fe(CNk3HcO , was 3. 14 when the pretratment was 
applied4 during 5 min (ref. 4). Thi s va lue was not 
substanti ally modified when the act ivati on time was 
increased. 

The dependence between the amperometri c 
response to A DH examination using a pretrea ted 

A D+-modifi ed carbon paste electrode and the 
so lution pH used in the pretreatment was not altered 
with the pretreatment ti me. Thus, there were no 
signi ficant changes over pH value from 8 to 10. For 
pH values above 10. a decreas't in the catalytic current 
was observed for a given pretreatment time. Carbon 
paste electrodes did not susw i n prolonged 
pretreatment at p H higher than 12 due to the vigorous 
generation of oxygen bubbles. Therefore. a so lution or 
pH 10 seems to be the best. 
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To gain insight into the process th at occurs during 
pretreatment , t he carbon pas te elec trode was fi rst 

polari sed at - 0.5 V for 5 min and then was treated in 
order to ox idi se the adenine moiety in NAO+ The 
first cyc le exhi bits a broad anodic peak such as that in 
Fig. I . I n the subsequent scan , the peaks due to the 

catal yti c system can be observed. The peak at - 0.1 V 
is not associated with the presence of AO+ becau se 
it was al so observed after cathodisati on in a so lution 
without NAO+. The anodic peak is considered 
therefore to ori ginate from a surface bound spec ies 
fo rmed at the negati ve potential. 
One may postulate that when the potentiodynamic 
cycling between -0.5 and 2 V at 5 V S- I was appli ed 
during pro longed times, an important contribution to 
ac ti vati on was caused by the surf ace reduced 
functi onaliti es . Thi s explanation is based in the 
following observa ti ons: (a) Cathodic polari sati on 
y ielded a product whose elec troox idati on is main ly 

associated with the peak at - 0. 1 V . Thi s peak al so 
appeared after pretreatment, although it was 
observable only after ac ti vat ion peri ods longer than 5 
min . M oreover, the height of thi s peak increased 
when pretreatment time increased. (b) After 
pro longed pretreatmen t, the relati ve increment in the 
catal y ti c current for NAOH was practically 
independent of the amount o f pasting liquid in the 
pas te (only paraffin-ri ch elec trodes were anal ysed). 
Th is behaviour was al so found when cathodic 
polari sati on was appli ed. Conversely, a dependence 
between thi s increment and the percentage of the 
pasting liquid in the paste was observed after 5 min . 
Cc) Ex tending the durati on of pretrea tment did not 
lead to a substantiall y Increase in the area of the 
conductor surface as occurred when a negati ve 
potential was appli ed. 

Takeuchi and Murral have suggested th at a large 
frac ti on of pas ting liqui d is presented as droplets 
thi ckl y interspersed on the graphite surface. 
Accordi ng to this model , i t was postul ated that ac ti ve 
surface si tes ror A OH ox idati on ex ist at the three­
phase boundary of carbon w ith aqueous medi a and 
pas ting liquid4

. The pretreatment produces a remoti on 
or organic molecules and, in the case o f pasting 
liquid-ri ch pas tes, thi s results in more paraf f in 
exposed to the aqueous solution. Then, the number of 
surface si tes avai lab le increases with pas ting liquid 
content. On the contrary, it was postul ated th at 
cathodic polar isation does not produce a signi f icant 
desorpti on of organic molecules and rep lacement by 

water. Thus, there seems to be a limiting va lue fo r 
surface acti vati on by the above quali tati ve model. 
where further acti va ti on time does not improve the 
cataly tic current for NADH ox idati on. As the 
pretreament time is increased, the acti vati on or the 
carbon surface must be due pri mari I y to the 
contribution o f reduced surface functi onaliti es. 

Electrochelllical beha viour of eleCirodes \\'i,h NAO+ 
dispersed into the carbon pastc 

Carbon paste containing NA O+ lead to relative 
higher background current s, but thi s situation was 
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Fig. 2-Cyclic vo italll illog rams obta ined wi lh carbon paste 
electrodes contui ning x % AIY incorporated inln the paste in 0.1 

M phosphate solution p H 10 :I t 0.020 V s I. T he ill itial apodlc 
switching potential was 1.4 V. Puraffin to graphite rati o: O.-l-l. 

Scan rale: 0.020 V S- I . x = (a) 2: (b) 15 and (c) 20. ( ) 1st: (- --) 
2nd and C ···· ) 10th scan. 
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Fig. 3----Cyc li c voltalllillograills obtained wi th a 15'jlo NAD+ 
carbon paste electrode . The electro lyte solut ion was 0. 1 M 
phosphate so lution p H 10 (- ) wi thout and (---) with 10-4 M 

ADH. Paraffin to graphite ra ti o: 0.44. Scan rate: 0.020 V S- I. 

changed when the vo ltammetri c behav iour was 
examined over a narrower potential range. In Fig. 2 
the cyc l ic vo ltammograms for carbon paste electrodes 
containing different amounts of AO+ are depicted. 
Al l the pa tes have a high paraffin/graph ite ratio in 
order to increase their stabi l ity . A 2 % NAO+ 
electrode resulted in redox peaks obscured by the high 
signal of the base (Fig. 2a). In the case of 15 % NAO+ 
well-defi ned peaks were obtained (Fig. 2b), and in 
spite of the solubility of NAO+ in aqueous media 
con tinuous cyci ing did not result in a noti ceab le 
decrease of electroactivity. Conversely , the 
configuration of 20 % AO+ was unstable and the 
voltammetric peaks are completely lost during cyc ling 
(Fig. 2c). It can be observed that rhe fo rmal potenti al 
sh ifts to more positi ve potentials compared to that for 
lower amoun t of NAO+ in the paste, as occurred wi th 
increasing AO+ concentration in so lution. 

When cycl ic vo ltammograms for the 15% NAO+ 
electrode were obtained in the presence of NAOH, an 
enhancement in the ox idation current and a decrease 
in the cathodic wave were obtained, Jenoting a very 
strong electrocataly tic effect (Fig. 3). The magnitude 
of the catal y tic cun'ent was proportion al to the NAOH 
in solution . The catalytic behaviour toward NAOH 
was then sim ilar to that of the solution-phase NAO+. 

The rati o of peak currents, corrected for the 
background current for cyc li c voltammograms at 
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Fig. 4--Cyc li c vo ltallllllograllls of a 15 '* NA D+ carbon paste 
electrode in 0.1 M phosphate solution pH 10 (- ) without and (---) 
with 10-4 M AD H. The electrode was first cyc led between - 0.5 
and 2.0 V at 5 V S- I for 15 min . Paraffin to graphite ratio : 0.44. 
Scan rate: 0.020 V S- I. 

different scan rates, was close to unity and only a 
small separati on between the peaks was observed at 
the highest scan rates, indicating a reversible redox 
sw itching of surface bond species. Thus , the 
electroacti ve sites on the carbon paste behave as true 
surface active groups influenced by the properti es of 
the electrol y te. 

From the peak separation (L'.Ep) was possi ble to 
calculate the heterogeneous rate constan t (kJ . usi ng 
the method proposed by Laviron 'J . A master curve of 

m vs L'.Ep, where m = (RT! F)(kJnv) . y ielded the value 
o f m corresponding to different me sured values of 

L'.Ep, and ks was obtained from th va lue of m. The 
transfer coefficient was taken as 0.5. The main va lue 

of ks is 8.5 S- I, wh ich compares favourably with the 
values of others modified electrode. that were used to 
cata lyse the oxidation of NAOH 11l. 11 . 

The intluence of pretreall'nent on the 
electrochemical response of carbon paste elec trodes 
wi th NAO+ incorporated into th paste was also 
explored. In thi s case, the ox idati on of the adepine 
group in NAO+ occurred during the pretreatment. The 
oxidati on products were strongly adsorbed on the 
electrode surface as shown in Fig. 4, which pre. en ts 
the voltamll1ogram obtained when the same electrode 
was subsequentl y potentiodynamical ly polari sed 
between -0.25 and 0.3 V. As expected. an increased 
background current was measured. The value or k, 
slightly increased after the pretreatment procedure. 
The cycl ic voltammogram obtai ned in a 0.1 M 
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phosphate solution containing 10-4 M NADH is also 
shown in Fig. 4. It is ev ident that pretreatment applied 
to thi s type of electrode did not inhibit the catalysis of 
NADH ox idation. 
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