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Direct Electrochemical Regeneration of NADH on Au, Cu and Pt-Au Electrodes
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The regeneration of a reduced form of nicotinamide adenine dinucleotide (NADH)
in a batch electrochemical reactor employing Au, Cu and Pt-Au electrodes was investi-
gated. The yield of enzymatically active NADH regenerated was found to depend on the
electrolysis potential and the electrode material used. At low negative potentials the yield
of active NADH regenerated is similar on both Au and Cu, and relatively high (75 % and
71 %, respectively), but the NAD* reduction rate and the corresponding conversion de-
gree is low. At high (industrially relevant) negative potentials the NAD" reduction rate
and the corresponding conversion degree is high, while the yield of active NADH formed
on Au is low (28 %) and intermediate on Cu (52 %). In order to increase the yield of enzy-
matically active NADH formed at high (industrially relevant) potentials, the Au surface
was modified with Pt. This resulted in an increase in the yield of active NADH from
29.6 % to 63 %. A reaction mechanism taking into account the influence of Pt is proposed.
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Introduction

About one hundred biochemical reactions cata-
lyzed by redox enzymes (dehydrogenases or oxido-
reductases) are dependent on cofactor nicotinamide
adenine dinucleotide NAD(H) (Scheme 1). The co-
factor plays the role of electron and hydrogen shut-
tle. In its reduced and enzymatically active form
(1,4-NADH), the molecule transfers two electrons
and a proton to a substrate in the presence of a suit-
able enzyme, resulting in the oxidation of NADH to
NAD". However, the major limitation for its
large-scale industrial use is its high cost. Therefore,
it would be very beneficial to develop methods that
could regenerate NADH in situ and allow its cata-
lytic quantities to be used in bioreactors. Chenault
and Whitesides', in their review paper on the regen-
eration of NADH for use in organic synthesis, have
classified strategies for NADH regeneration into
four general categories: enzymatic, electrochemical,
chemical/photochemical, and biological. Taking
into account factors influencing the stability and
lifetime of NADH in a solution, as well as process
considerations that are relevant to the use of NADH
in synthesis, they have shown that electrochemistry
offers a range of advantages compared to others
processes; low-cost, simple monitoring of the reac-
tion progress, and easy product isolation. Hence,
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Scheme 1 — Nicotinamide adenine dinucleotide in its oxidized
form (NAD"), and its reduction to enzymatically active 1,4 NADH
and enzymatically inactive dimer NAD,. R stands for adenosine
diphosphoribose.
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the electrochemical reduction of NAD* to NADH
(i.e. NADH regeneration) has attracted considerable
scientific attention over the years.

Fundamental aspects of the mechanisms and
kinetics of NAD™ reduction have been investigated
using mostly bare (non-modified) high-hydro-
gen-evolution-overpotential electrodes, such as
mercury?!! and various carbon materials.'? It has
been shown**¢ that the reduction of NAD* on Hg
proceeds by the transfer of one electron to the
pyridinium ring, but at significantly high cathodic
overpotentials (ca. —1.2 Vvs.SCE at pH 7), fol-
lowed by fast radical coupling to form an enzymati-
cally inactive dimer NAD, (see Scheme 1). The fast
dimerization reaction, coupled with the slow second
reaction step (electron-transfer and protonation,
Scheme 1) is the major reason why the direct reduc-
tion of NAD* on non-modified electrodes results
predominantly in the formation of NAD,, rather
than NADH.*>"!3 Only by polarizing the Hg elec-
trode further to extreme cathodic overpotentials (ca.
—1.6 Vvs.SCE), the formed radical could be
partially protonated and further reduced to both
1,4-NADH and 1,6-NADH.>’

Due to the industrial importance of NADH,
many attempts have been made to modify electrode
surfaces in order to increase the kinetics of the sec-
ond reaction step (electron transfer and/or proto-
nation, Scheme 1), thus preventing the formation of
the dimer and enhancing the stereospecificity of the
reduction reaction. Electrochemical systems using
chemically-modified'*?* and enzyme-modified
electrodes®'2° have been proposed. Baik et al.'*
have investigated the reduction of NAD* using both
unmodified and cholesterol-modified  gold,
gold-amalgam and platinum electrodes. The reduc-
tion of NAD* on a gold-amalgam unmodified elec-
trode has given only ca. 10% enzymatically active
NADH, while the yield in active NADH has in-
creased to 50 % when an unmodified platinum elec-
trode has been used. However, when the gold-amal-
gam electrode has been modified with cholesterol,
the yield of active NADH has increased to ca.
75 %. Our assumption is that the cholesterol layer
attached to the electrode surface served as a physi-
cal barrier that prevented dimerization of formed
radicals, although the authors have not stated this
assumption in the paper. Similarly, Long and
Chen'> have modified a silver electrode with cova-
lently adsorbed L-histidine, which has resulted in
the reduction of NAD* to NADH at a yield of ca.
82 %. Shimizu et al.'® have immobilized Rh*" ion
into a polymeric anion doped-polypyrrole layer
formed on the graphite electrode to regenerate
NADH. Depending on the anion and polymer used,
the yield of enzymatically active NADH has ranged
from 26 % to 52 %, while the highest NAD* con-

version to NADH (both active and inactive) ob-
tained has been ca. 50%. Beley and Collin'” have
also shown that NAD* could be reduced to enzy-
matically active NADH when a reticulated vitreous
carbon electrode is covered by a layer of
polypyrrole rhodium bis-terpyridine. Warriner et
al.'® have modified the surface of a platinum elec-
trode with a poly(3-methylthiophene):poly(phenol
red) film, which served as an electron mediator for
reduction of NAD* to NADH. They have shown
that this configuration, which has been developed
as a biosensor configuration, is capable of regener-
ating a certain amount of enzymatically active
NADH. Similarly, Karyakin et al.'® have used
poly(neutral red)/NAD"/alcohol-dehydrogenase/Na-
fion modified glassy carbon electrode in a biosen-
sor configuration to investigate the possibility of
active NADH regeneration. They have demon-
strated that the detection of acetaldehyde is possible
using this electrode, thus showing that the forma-
tion of active NADH can be achieved. However, in
the latter two papers'®!” the authors have not re-
ported the yield of the active NADH. Lately,
Vuorilehto et al.®® have regenerated active NADH
at a very high yield (ca. 99 %) using an indirect
method with synthesized (pentamethylcyclopenta-
dienyl-2,2’-bipyridine aqua) rhodium (III) as medi-
ator. The mediator was not specifically bound to the
3-dimensional carbon paste cathode but dissolved
in the electrolyte together with the nicotinamide co-
factor and pumped through the bioreactor.

Due to the problem related to the low selectivity
of unmodified and chemically modified electrodes to
NADH regeneration, the enzymatically catalyzed
(electro)reduction of NAD™ has also attracted a con-
siderable attention, for both biosensor development
and larger-scale applications (e.g. bioreactors). Fry et
al.?"2 have published a series of papers on the re-
duction of NAD" to NADH on glassy carbon and
vitreous carbon electrodes modified by a layer of im-
mobilized methyl viologen and lipoamide dehydro-
genase. They have shown that the enzyme catalyzed
reduction of NAD* on such modified electrodes re-
sults in the production of enzymatically active
NADH, but the yield of active NADH produced has
not been explicitly reported. Chen et al** have pre-
sented their results on the evaluation of in situ meth-
ods for the electroenzymatic regeneration of NADH
in a packed-bed membrane reactor, and have con-
cluded that the direct electrochemical regeneration of
NADH is not feasible in the proposed configuration,
but requires the use of methyl viologen and enzyme
lipoamide dehydrogenase. They have also concluded
that the most efficient method is to immobilize the
mediator and enzyme on the electrode using Nafion.
No information on the amount of active NADH has
been reported in the paper. An important contribu-
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tion this field has also been made by Kim et al.>*° in
their papers that discuss the kinetics of the interac-
tion of methyl viologen and diaphorase enzyme for
the electrocatalytic reduction of NAD" using a
gold-amalgam electrode.

However, even if the chemically modified elec-
trodes seem to be an effective approach to prevent
the dimer formation and/or enhance the proto-
nation, it has been shown that these previously used
modified electrodes lack long-term stability and du-
rability due to the loss of the modification layer un-
der the applied reduction conditions. Similarly, the
electro-enzymatic NADH regeneration results in a
rather complex electrode system due to difficulties
related to immobilization of an enzyme and elec-
tron mediator at the electrode surface, loss of the
enzyme activity, electron-mediator leakage and also
rather slow NADH regeneration rate. Therefore, in
order to achieve long-term stability and high yield
of enzymatically active NADH, we have designed
an ‘all-solid’ electrode surface by modifying a
glassy carbon electrode with a sub-monolayer of ru-
thenium.?”-?® We have shown that this type of modi-
fied electrode can produce a very high yield (ca.
96 %) of enzymatically active NADH.

In this paper we are presenting results on the
regeneration of enzymatically active NADH in a
batch electrochemical reactor using both bare (Au
and Cu) and modified (Pt-Au) metallic electrodes.
We will show that the yield of active NADH regen-
erated depends on the electrolysis potential and
type of the working electrode used in the reactor.
We will also prove our hypothesis that an increase
in the yield of active NADH can be achieved by
modifying a bare metal electrode that offers high
hydrogen evolution overpotential (Au) with a
sub-monolayer of a metal that offers low hydrogen
evolution overpotential (Pt).

Experimental

The regeneration of NADH from NAD™ was
studied in ¢ = 0.05 mol dm™ phosphate buffer solu-
tion at pH 7.0 and temperature of 295 K. The buffer
was prepared by dissolving monobasic KH,PO,
(Sigma, P-5379) in ultra-pure deionized water (resis-
tivity p = 18.2 MQcm) and adding 0.10 mol dm
sodium hydroxide (made from concentrated volu-
metric solution, ACP Chemical Inc) to adjust pH. To
avoid interference (adsorption) of phosphate anions,
linear polarization measurements were made in ¢ =
0.1 mol dm= NaClO, (ACS certified from Fisher),
instead of in phosphate buffer. A NAD* solution was
prepared by dissolving a proper amount of S-NAD*
(sodium salt, purity 98 %, Sigma N-0632) in ¢ =
0.05 mol dm phosphate buffer pH 7.0.

A standard three-electrode, two-compartment
electrochemical batch reactor was used in all exper-
iments. The counter electrode was a platinum wire
of high purity (99.99 %, Johnson-Matthey), which
was degreased by refluxing in acetone, sealed in
soft glass, electrochemically cleaned by potential
cycling in 0.5 mol dm sulfuric acid, and stored in
98 % sulfuric acid. During the measurement, the
counter electrode was separated from the main reac-
tor compartment by a glass frit. The reference elec-
trode was a commercially available mercury/mercu-
rous sulfate electrode (MSE; +0.400 V vs. SCE),
but all potentials in this paper are referred to a satu-
rated calomel electrode (SCE). Three different
working electrode materials were used in experi-
ments; gold, platinum-modified gold, and copper.
The gold working electrode was made of a
gold-sputtered glass slide (EMF Corp., glass + 5 nm
Ti + 100 nm Au) of 4 = 6.1 cm? geometric surface
area. Before each experiment, the slide was first
thoroughly cleaned with water and ethanol in an ul-
trasonic bath, and then electrochemically pretreated
(cleaned) in 0.5 mol dm> perchloric acid by
potentiodynamic cycling (40 cycles) between —0.3
and 1.5 V at a potential scan rate of v= 300 mVs.
The modification of the gold substrate by platinum
was done by the electrodeposition of a Pt
sub-monolayer. The sub-monolayer was potentio-
statically deposited onto the prepared Au substrate
at 0.4 V from ¢ = 0.1 mmol dm= H,PtCl, solution
in 0.1 mol dm™ H,SO,. The relative amount of plat-
inum was determined by measuring the charge un-
der the hydrogen oxidation/desorption peak in a
phosphate buffer solution. The Cu electrode used
for NADH regeneration was a plate of 4 = 13.8 cm?
geometric surface area. Before each measurement,
the copper electrode was prepared by mechanical
wet-polishing using #600 and #1500 grit sand pa-
pers, then rinsed with deionized water and ethanol,
and cleaned in an ultrasonic bath for 5 min.

All the measurements were carried out in an
oxygen-free solution, which was achieved by con-
tinuous purging of the reactor with argon gas
(99.998 % pure). The initial volume of the NAD"
solution used in all the NADH regeneration mea-
surements was 30 mL. Electrochemical techniques
of linear polarization and cyclic voltammetry and
chronoamperometry were employed using an
Autolab potentiostat/galvanostat PGSTAT 30, han-
dled by the GPES v.4.9 software, while a Varian
UV/VIS spectrophotometer was used for the quali-
tative and quantitative measurements of the elec-
trolysis products and activity assays.

The yield of enzymatically active NADH ob-
tained by electrolysis of NAD" was determined us-
ing the Sigma Quality Control Test Procedure, EC
1.8.1.4 which was further modified for this purpose
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(see Appendix). First, a volume of V= 0.2 cm™ of
substrate (DL-6,8-thioctic acid amide) and V' = 0.1
cm™ of EDTA were added into 2.6 mL of produced
NADH in the cuvette (3 cm™). The absorbance of
the solution at 340 nm (4;,,) was monitored (re-
corded) using a UV-VIS spectrometer, until reaching
a steady-state value. Then, the enzyme (lipoamide
dehydrogenase) was injected into the cuvette and
the absorbance was recorded until reaching a con-
stant value, indicating that the entire active NADH
formed during the electrolysis was consumed by the
enzymatic reaction. Finally, the yield of active
NADH produced by electrolysis was calculated.

Results and discussion

Linear polarization measurements

Linear polarization experiments were first done
in order to determine the potential region of NAD*
reduction. Fig. 1 shows the linear polarization
curves recorded on polycrystalline gold and copper
electrodes in the absence (dashed line) and presence
(solid line) of NAD" in the electrolyte. An increase
in current at high negative potentials in the support-
ing electrolyte (dashed line) is due to the hydrogen
evolution reaction, which is more kinetically favor-
able on the copper electrode. However, when NAD*
is present in the solution (solid line), a significantly
higher cathodic current is recorded on both sur-
faces, as the result of NAD" reduction. Taking into
account that formal potential of the NAD*/NADH
couple at the given conditions is £ = —0.485 V?°,
the results in Fig. 1 indicate that the NAD" reduc-
tion reaction is, from the electrochemical point of
view, highly irreversible, i.e. it occurs at some ap-
preciable rate (high current densities) only at high
cathodic overpotentials. Nevertheless, the NAD™ re-
duction potential region on Au and Cu (Figure 1)
is in agreement with that obtained on choles-
terol-modified and pure gold-amalgam electrodes'?,
mercury electrode,® glassy carbon!>?® and ruthe-
nium-modified glassy carbon (RuGC) electrode,?’?8
and basal pyrolytic graphite electrode.’® All these
data indicate that the NAD™ reduction overpotential
is not electrode material dependent, i.e. it does not
depend on the electrode Fermi level position. In
fact, in our recent paper’’ we have shown that the
NAD reduction potential is dependent on the ori-
entation of the nicotinamide moiety on the elec-
trode surface. Namely, at higher potentials (positive
of the formal potential), the nicotinamide moiety is
adsorbed on the electrode surface in a vertical-like
orientation, which results in an increased elec-
tron-transfer tunneling distance, and, thus, inhibited
NAD reduction. However, by polarizing the elec-
trode surface to negative potentials (negative of the
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Fig. 1— Linear polarization curves of Au and Cu electrodes
recorded in 0.1 mol dm= NaClO, (dashed line) and 0.1 mol
dm= NaClO, + 6 mmol dm> NAD"(solid line). Scan rate,
v = 300 mVs.

formal potential) the nicotinamide moiety tilts to-
wards the electrode surface to a flat orientation,
which allows the electron-transfer to occur, and thus
the reduction of NAD*. Our polarization modula-
tion infrared reflection absorption spectroscopy?! and
electrochemical impedance spectroscopy® mea-
surements confirmed that the NAD" reduction reac-
tion can be initiated already at —0.5 V and —0.7 'V,
respectively, but the quantities reduced are negligi-
ble. On the other hand, Fig. 1 clearly demonstrates
that, to reduce NAD" at some appreciable rate,
which is necessary in order to regenerate NADH for
industrial purposes, the polarization of the working
electrode to rather high potentials is needed.

Nevertheless, the goal of the project reported in
the current paper was not to design an electrode
surface that would be capable of reducing NAD™* at
lower overpotentials, but to design an electrode sur-
face that would be capable of producing active
NADH at a high yield. Therefore, in order to inves-
tigate the suitability of bare Au and Cu electrodes
for the regeneration of NADH, long-term potentio-
static experiments were done in a batch electro-
chemical reactor using large-area two-dimensional
electrode surfaces. The electrolysis (regeneration)
was done at several selected potentials in the poten-
tial region of NAD* reduction, Fig. 1. UV-VIS
spectroscopy was used to monitor the reaction
progress, and the enzymatic assay was used to de-
termine the yield of active NADH produced.

NADH regeneration on Au and
Cu electrodes

UV/VIS absorption spectroscopy measurements:
monitoring of NAD* reduction reaction progress

Fig. 2a shows the time-dependent UV-VIS re-
sponse of the Au-based system in the wavelength
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Fig. 2 — (a) Absorption spectra recorded at various times
during the electrolysis of a 700 umol dm=3 solution of NAD" in
phosphate buffer pH 7.0 on an Au electrode at —1.1 V. The
curves shift to higher absorbance values with time: 0, 30, 60,
120, 180, 240, 300 and 360 min. (b) Time dependence of nor-
malized absorbance (A/A,) of commercial 1,4-NADH (dashed
line) and 1,4-NADH produced by electrolysis of a 700 umol
dm™ NAD" solution on an Au electrode at —1.1 V (solid line).
A, is the absorbance value recorded before reaction (1) was
initiated, while A is the absorbance recorded at any time after
the initiation of reaction (1).

region of interest. Before the electrolysis started,
i.e. in the NADH-free solution, the UV-VIS spec-
troscopy scan gave only one absorbance peak lo-
cated at 259 nm (not shown here). This is a
well-known peak’ related to the summation of con-
tributions from the nicotinamide and adenine moiety

of NAD* (812\1st+ =17800 dm*® mol™" cm™). How-

ever, as the electrolysis proceeded, a new peak lo-
cated at 340 nm appeared, the intensity of which in-
creased with time (Fig. 2a). This peak is related to
the selective absorbance of NADH (g3 apy = 6230

dm? mol™ ¢cm™), but could also be related to the
absorbance of dimer NAD, (eifAODz = 7215 dm’

mol™' cm™)”. A very similar response was obtained
with the Cu electrode. In Fig. 3 the change in rela-
tive absorbance at 340 nm with time for the regen-
eration of NADH on Au and on Cu electrodes is
shown. For both cases, with an increase in time the
absorbance increases, indicating the progress of the
reaction. At longer times the absorbance ap-
proaches a plateau, indicating the completion of
NAD" reduction. It appears that the equilibrium is
reached faster at lower regeneration potentials, ac-
companied with relatively low conversion. Since
the electrolysis was done at constant potential, the
observed two effects are most likely due to a de-
crease in the electron-transfer driving force (i.e.
overpotential) with a decrease in [NAD*]/[NADH]
ratio with time, which is in accordance with the
Nernst equation.
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Fig. 3 — Time dependence of absorbance recorded at 340
nm during the electrolysis of a 700 umol dm> solution of
NAD* in phosphate buffer pH 7.0 on (a) Au electrode at (O)
—0.95, (A) —1.00, () —-1.05, (V) —1.20 V;, and (b) Cu electrode
at (0) -0.95, (A) —1.00, (3) —1.10, (V) =1.20 V.

Absorbance-based initial NAD*
reduction reaction rate

Fig. 3 shows that both the reduction rate and
the conversion degree increase with an increase in
regeneration potential. In order to get preliminary
information on the influence of the electrolysis po-
tential on the regeneration reaction rate, the initial
regeneration rate, based on the measured absor-
bance change (dA4/df);, was determined from the
slope of the A4,,, vs. time curve at short times at
each potential. To eliminate the influence of the
electrode surface area, the data were first normal-
ized with respect to the corresponding surface area.
The obtained results are presented in Fig. 4. The
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Fig. 4 — Dependence of the absorbance-based initial NAD*
reduction rate on the electrolysis potential calculated from
electrolysis of a 700 umol dm= solution of NAD" in phosphate
buffer pH 7.0 using (O) Au and (A) Cu electrode. The values
were normalized with respect to the geometric surface area of
the electrodes. The lines are included only as a visual aid, and
do not represent efforts to model the experimental data.
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figure shows that with an increase in electrolysis
overpotential, the initial regeneration rate also in-
creases in an almost linear manner, and then levels
off into a plateau at high cathodic overpotentials.
Hence, at low overpotentials the NAD* reduction
reaction appears to be electron-transfer controlled,
while at high overpotentials mass-transport controls
the overall rate of the NAD" reduction reaction. This
is quite in agreement with our linear-polarization
kinetic measurements on a gold rotating-disc-elec-
trode’2.

Determination of yield of active NADH

The results in Fig. 3 and 4 demonstrate that
with an increase in regeneration potential, both the
NAD™ reduction rate and conversion degree in-
crease. However, these results give no information
on the yield of active NADH and inactive NADH
and NAD, formed during the electrolysis. To obtain
this information, activity assays were done accord-
ing to the procedure described in the experimental
part and Appendix. It should be noted that the origi-
nal Sigma assay procedure, which was developed to
test for the activity of lipoamide dehydrogenase,
had to be modified in order to test for the activity of
NADH produced by electrolysis. Fig 2b shows the
trend of normalized absorbance measured at 340
nm with time for the case of commercially available
NADH (98 % active, dashed line) and for NADH
produced by electrolysis of 700 umol dm= of
NAD™" at /=-1.1 V using the gold electrode (solid
line). Determination of the yield of active NADH
produced by electrolysis of NAD* was based on the
following reaction (the detailed experimental proce-
dure is outlined in Appendix):

lipoamide dehydrogenase

NADH + DL-lipoamide

&
NAD™ + dihydrolipoamide

where DL-Lipoamide (substrate) is reduced to
dihydrolipoamide in the presence of lipoamide
dehydrogenase (enzyme). In order for Reaction (1)
to occur, active NADH (cofactor) is required. In or-
der to ensure that all the active NADH produced by
the electrochemical regeneration of NAD™ is con-
sumed in reaction (1), the substrate and enzyme
were added in excess. It is important to remember
that the absorption peak at 340 nm (Figure 2a) is re-
lated to the summed response of active and inactive
NADH, and the dimer. However, since reaction (1)
consumes only the active form of NADH, a de-
crease in absorbance at 340 nm is then proportional
only to the amount of active NADH present in the
solution. By setting the absorbance at 340 nm mea-
sured before reaction (1) was initiated, A,, as the
background (initial) value, and then by monitoring

the decrease in absorbance, A, with time after reac-
tion (1) was initiated, the response presented in Fig
2b was obtained. Then, the yield of active NADH
obtained by electrochemical regeneration of NAD*
was calculated as the difference between the initial
and final normalized absorbance values:

A
Onaon =1~ () 2)
NADH A ot

0

Fig. 2b shows that the experiment with the
commercial NADH (dashed line) confirmed the 98
% activity of the molecule, thus validating the accu-
racy of the modified assay procedure. On the other
hand, the relative absorbance recorded with the
NADH produced by electrolysis of NAD™ levels off
quickly (Fig 2b, solid line), indicating that only a
small amount of the produced NADH is active i.e.
the main product of the electrolysis is the enzymati-
cally inactive NADH and/or the dimer, NAD,. Us-
ing eq. (2) and the result in Fig. 2b it was calculated
that only 29.6 % of the converted NAD™ was enzy-
matically active NADH. The same experiment was
done at various potentials using the Au and Cu
electrodes, and the results are shown in Fig. 5 as the
dependence of percentage of active NADH regener-
ated (i.e. yield) on the electrolysis potential. The re-
sults in the figure demonstrate that the yield of ac-
tive NADH is highly potential dependent. On the
Au electrode, the yield of enzymatically active
NADH varies from 27.7 % at high overpotentials,
up to 75.2 % at low overpotentials, while on the Cu
electrode it varies from 51.8 % up to 70.9 %. This
behavior is quite consistent with the one expected
for organic reactions involving the formation of
radicals.?* With an increase in reduction overpoten-
tial the yield of active NADH formed decreases,
which is due to an increase in the dimerization rate.
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Fig. 5— Yield of active 1,4-NADH produced by electrolysis
of a 700 umol dm= solution of NAD" in phosphate buffer pH
7.0 at various potentials using (O) Au and (A) Cu electrode
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Namely, with an increase in cathodic overpotential,
the NAD™ reduction reaction rate also increases, as
does the surface amount (coverage) of formed
NAD-radicals. Consequently, the probability for
two radicals to dimerize also increases. Yun et al.**
have also reported that the amount of enzymatically
active NADH regenerated using a platinum elec-
trode and a reactor modified with an anion-charge
membrane depended on the electrolysis overpoten-
tial. They have also related the lower yield of
NADH produced at higher overpotentials to the for-
mation of the dimer. In our case, the highest yield
of enzymatically active NADH is found at low
overpotentials for both electrodes, and the corre-
sponding yields are very similar, Fig. 5. On the
other hand, at high overpotentials, a significantly
higher yield of active NADH was obtained on the
Cu electrode than on the Au electrode (at —1.2 V it
was almost twice higher). This indicates that pure
Cu is a better catalyst for NADH regeneration at
high (industrially more relevant) overpotentials
than Au. Fig. 1 (dashed lines) demonstrates that the
hydrogen evolution overpotential is lower on Cu
than on Au. Hence, a possible explanation for the
better NAD*-reduction electrocatalytic properties of
Cu observed at high overpotentials could be that, at
these overpotentials a higher amount of adsorbed
hydrogen (M-H,,,) is present on the Cu surface than
on the Au surface. Consequently, taking into ac-
count the NADH regeneration mechanism (Scheme
1), the higher surface coverage by adsorbed hydro-
gen facilitates the kinetics of the NADH formation
reaction, i.e. the second reaction step that involves
the hydrogenation/protonation of the NAD-radical.

Nevertheless, the yield of active NADH
formed at low overpotentials on both surfaces was
surprisingly high compared to the available litera-
ture data on the direct regeneration of NADH on
other non-modified electrodes®”!3. To the best of
our knowledge, besides reference,** no other litera-
ture reporting a potential dependence of the yield of
active NADH formed on other electrodes is avail-
able, and thus it is not possible to compare the trend
in Fig. 5 to those obtained by other researchers.
However, at reported “optimum conditions”, only
10 % of active NADH was formed on Au-Hg!%,
while a higher yield, 50 %, was obtained on Pt'4
and Hg’.

Degree of NAD* conversion

The results in Figure 4 show that the initial
NAD" reduction rate is slightly faster on the Cu
electrode than on the Au electrode. However, in or-
der to compare the two electrodes, it would be more
convenient to monitor the NAD™ conversion degree
for a longer time. For this purpose absorption was

first converted into NADH+NAD, concentration
using the Beer-Lambert law, 4 =¢ - [ - ¢, where 4
corresponds to the measured absorbance, € to the
absorption coefficient for both NADH and NAD,, /
to the length of the cuvette (/=1 cm), and ¢ to the
sum of NADH and NAD, concentration. Then, us-
ing the extinction coefficients for NAD, and NADH
listed before in the text and also the ratio between
these two species formed during the electrolysis
(Fig. 5), the dependence of NAD" concentration on
time was calculated for the Au and Cu electrodes
(Pt-Au will be discussed later) and shown in Fig. 6a
in terms of the NAD" conversion. Since the reaction
rate depends on both the electrode surface area and
solution volume, the time axis was normalized in
order to eliminate these two effects. The graph
shows that the final conversion of NAD* was ca.
35 % when the Au electrode was used, and 50 %
when the Cu electrode was used. Higher conversion
on the Cu electrode was also obtained at other po-
tentials. Currently, the exact origin of this differ-
ence is unclear, but it might be related to the hydro-
gen-induced enhancement of diffusion of NAD"
from the solution to the surface. Namely, Fig. 1
shows that Cu is a better hydrogen evolution cata-
lyst than Au. The electrolysis of NAD" was done in
the potential region of hydrogen evolution and,
hence, this reaction represents a parallel cathodic
reaction. The results in Fig. 4 and our previously
published results® clearly show that the NAD" re-
duction reaction is a mass-transport limited reac-
tion. With electrolysis time, the concentration of
NAD" in the bulk solution decreases, which results
in the decreased flux of NAD™ towards the surface,
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Fig. 6 — (a) Time dependence of NAD" conversion during
the electrolysis of a 700 umol dm= solution of NAD" in phos-
phate buffer pH 7.0 on (O) Au (at —1.2 V), (A) Cu (at —1.2 V)
and (1) Pt-Au (at —1.1 V) electrode;

(b) Dependence of the corresponding normalized NAD* con-
centration on electrolysis time. The time axis was normalized
with respect to the electrode area and initial volume of the
electrolysis solution (30 cm?).
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and thus the decreased NAD™ reaction rate (Fig.
6a). However, since the amount of produced hydro-
gen on the Cu surface is larger than on the Au sur-
face, the produced hydrogen bubbles induce the
convection of the solution next to the surface,
which ultimately contributes to an increased
mass-transport of NAD™ towards the surface, and
thus the faster NAD™ reduction kinetics and the cor-
responding conversion degree. The conversion de-
gree obtained on another two catalysts that express
higher hydrogen evolution activity than pure Au,
Pt-Au (circles in Fig. 5, X=63 %) and Ru-glassy
carbon (reference 28, X =67 % at —1.2 V) also sup-
port this explanation.

Kinetics of NAD* reduction

Our previous results’*?> demonstrated that the
NAD" reduction reaction performed under both
potentiodynamic (linear polarization voltammetry,
LPV, and differential pulse voltammetry, DPV,
measurements) and potentiostatic conditions (elec-
trochemical impedance spectroscopy, EIS, measure-
ments) is of first order with respect to NAD*. In
these experiments the reaction rate was measured as
the dependence of either current density (LPV/DPV)
or charge-transfer resistance (EIS) on the NAD*
concentration in the bulk solution. On the other
hand, the data in Fig. 6a represents the dependence
of NAD" conversion on time, and could also pro-
vide information on the kinetics of the NAD" re-
duction reaction under the applied electrolysis con-
ditions. All the electrolysis experiments were done
in a buffer solution pH 7.0 and the measurement of
pH before and after the electrolysis confirmed that
the pH remained constant during the electrolysis.
Hence, the concentration of hydrogen does not
change during the electrolysis. Consequently, the
reaction rate for the reaction in Scheme 1, 7y,
(mol ecm™ s7'), can then be written as:

_d[NAD+]_ 1 dNNAD+
Nt T Ty A

=—k},,,»INAD*1“(3)

where k7, + (cm® mol)*~! s is the apparent /o-
mogeneous reaction rate constant with respect to
the rate of change in the concentration of [NAD™]
(mol cm3), and takes into account both the actual
reaction kinetics, hydrogen concentration and the
mass-transport effect, Ny, is the number of moles
of NAD" reacted in a unit reactor volume ¥ (cm?),
and @' is the partial reaction order with respect to
NAD*. However, since the investigated reaction is a
heterogeneous reaction occurring at the electrode
surface, the rate of the reaction depends on the elec-
trode surface area 4 (cm?). Therefore, it would be
more appropriate to express the reaction rate and
corresponding coefficient in terms of the rate of

change of moles of NAD" per unit surface area of
the electrode (mol cm™ s7'), rather than per unit
volume of the solution (mol cm™ s7!). This basis is
more appropriate for heterogeneous (electrochemi-
cal) reactions®. Hence, this modified rate law for
the system investigated can be written as:

1 d‘1\'[NAD+ +qa’
"het,NAD* T 4 4 = —kyapr NAD ™ 7 (4)
where &, (em® mol)* ! cm s is now the ap-
parent heterogeneous reaction rate constant. For the
first-order reaction, &' = 1, the above equation be-
comes:

(Myap ) [NAD" ]
= n =

" [NAD"],

A
I ka1 )

(nNAD+ )O

where (Ny,p+), represents the number of moles of
NAD™ present in the solution of volume V before
the electrolysis, i.e. the initial NAD™ concentration
[NAD™], at time zero. Note that since the volume of
electrolyte solution does not change during the
electrolysis, the left-hand side of eq. (5) (presented
in terms of mol-ratios) can be expressed as concen-
tration ratios. Hence, if the reaction of NAD™" reduc-
tion is of first order, eq. (5) shows that a plot of
In((NAD* J/INAD™ ],) versus AtV should give a

straight line of slope k,,,+. Indeed, when the elec-
trolysis data presented in Figure 6a are presented in
accordance with Eq. (5), a linear relationship is ob-
tained for short electrolysis times, Fig. 6b. At lon-
ger electrolysis time, the behavior deviates from
linearity, which is both due to the decreased NAD™
flux towards the electrode surface and NAD" reduc-
tion driving force (overpotential), as already dis-
cussed previously in the text. The agreement be-
tween the experimental data (symbols) and the
model (line) for the first order reaction kinetics,
Eq. (5), shown in Fig. 6b is quite in accordance
with the results obtained from LPV, DPV and EIS
measurements’?. Now, from the slope of the lines in
Fig 6b the apparent heterogeneous reaction rate
constant k,,,+ was calculated to be 1.7 - 10 ¢ ms™
on Au, and 2.3 - 10 cm s™! on Cu. The correspond-
ing ratio, 1.35, is quite in agreement with the result
in Fig. 4, which shows that the initial NAD* reduc-
tion reaction rate at —1.2 V is 1.25 times larger on
Cu than on Au. Nevertheless, the above k,,,+ val-
ues are relatively low, indicating that the overall ki-
netics of NAD™ reduction reaction is slow under the
experimental conditions applied. However, it
should be noted that the calculated k,,,+ values are
apparent values since they are both mass-transport
and hydrogen-concentration dependent. Our LPV
measurements with a gold rotating-disc-electrode
were able to eliminate the influence of mass-trans-
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port, and the resulting k,,,+ value calculated at the
same overpotential as in Fig. 6b was four orders of
magnitude higher. This clearly illustrates the high
contribution of mass-transport on the NAD" reduc-
tion rate, as already discussed previously in the text

(Fig. 4).

NADH Regeneration on Pt-modified
Au Electrodes

Fig. 5 shows that if NADH is regenerated at
low potentials (e.g. at —1.0 V), a relatively high
yield of active NADH can be obtained on pure Au
and Cu electrodes. However, the regeneration of
NADH at these low potentials is not industrially in-
teresting due to a very slow NAD™ reduction rate
and low conversion. On the other hand, the NAD*
conversion is higher at high (industrially relevant)
potentials, but the yield of active NADH regener-
ated is rather low, especially when the Au electrode
is used (Fig. 5). Hence, in order to increase the
yield of active NADH produced at high potentials,
several different electrode modification procedures
have been proposed by our laboratory3®. Namely,
the working electrode can be modified by either or-
ganic self-assembled-monolayers of alkanethiols
(e.g. 1-decanethiol) or amino acids (e.g. cystine), or
by nano-islands of a good hydrogen evolution cata-
lyst (e.g. Pt). The purpose of modifying the elec-
trode surface is to physically prevent the dimeri-
zation of the two neighboring radicals or/and to in-
crease the rate of the hydrogen addition step
(Scheme 1), and in that way to increase the yield of
active NADH.

In this paper we have investigated the possibil-
ity of modifying the gold surface by platinum
nano-islands, Fig. 7. The rationale lies in the NAD*
reduction reaction mechanism presented in Scheme

2 2

H H -H

(PYCNADS (pr) (RADS (P

Fig. 7 — Schematics of the NAD" reduction reaction mecha-
nism on a Pt-Au electrode. The NAD-radical is formed on the
Au part of the surface. This is followed by its hydrogenation
with hydrogen adsorbed on the Pt sites (step 1), and then by the
second electron transfer to produce NADH (step 2).

1. As already mentioned, the NAD-radical proto-
nation step is the slow step in the overall reaction
mechanism, which on the bare Au electrode polar-
ized at high negative potentials results in the forma-
tion of inactive dimer, NAD, (72 %), rather than ac-
tive NADH (28 %), as demonstrated in Fig. 5. In
order to increase the kinetics of the hydrogen-addi-
tion step, it would be preferable to have hydrogen
close to the reaction site, i.e. adsorbed on the elec-
trode, instead of supplying it from the aqueous so-
lution. In addition, the hydrogenation of the
NAD-radical, rather than its protonation, would fur-
ther increase the kinetics of the second step. For
this purpose, the electrode surface was modified by
a sub-monolayer of Pt, which is a good hydrogen
evolution catalyst, Fig. 7. Platinum should ensure
that hydrogen, needed in the second reaction step,
is already present at the reaction site in the potential
region of NAD" reduction (Fig. 1) as Pt-H,,, and
the mechanism of hydrogen addition would then be
by fast hydrogenation, not rather slow protonation.
Also, the Pt sub-monolayer nano-islands would
physically prevent the two neighboring radicals
from coming into contact and dimerizing. This
should ultimately result in an increased yield of ac-
tive NADH regenerated. This hypothesis is sche-
matically presented in Fig. 7.

As outlined in the experimental section, the
modification of the gold substrate was done by the
electrodeposition of a sub-monolayer of Pt. The
sub-monolayer was deposited potentiostatically
onto a prepared Au substrate according to the pro-
cedure developed by Uosaki et al.’’. In order to in-
vestigate the relationship between the amount of Pt
deposited on the Au surface (Pt loading) and the
corresponding yield of active NADH produced,
long-term potentiostatic electrolysis was carried out
at —1.1 V using such modified electrodes. This po-
tential value was chosen since the yield of active
NADH formed on pure gold at this potential is low
(29.6 %, Fig. 5), and if the above hypothesis had
worked, the observed difference would be maxi-
mized under these conditions. In addition, at this
potential the NAD™ conversion and reduction rate is
relatively high, which is relevant for possible indus-
trial applications of the regeneration method.

In order to characterize the electrochemical be-
havior of the Pt-modified Au electrode, i.e. to verify
that Pt is deposited on the Au surface, cyclic
voltammograms were recorded in a potential domain
between —1.2 V and 0.55 V on bare Au and Pt-Au,
Fig. 8. The figure demonstrates that there is a signifi-
cant difference between the behavior of bare Au
(dashed line) and Pt-Au (solid line) electrodes. At
high cathodic potentials (£, <—0.75 V) the Pt-Au
electrode yields a considerably higher hydrogen evo-
lution current density, which is due to the presence
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Fig. 8 — Cyclic voltammograms of a bare Au electrode
(dashed line) and a Pt-Au electrode (solid line) recorded in
phosphate buffer pH 7.0, scan rate, v = 500 mV s~

of Pt sites on the electrode surface. Moreover, it can
be observed that at a fixed current density the corre-
sponding hydrogen evolution overpotential is by ca.
300 mV lower on Pt-Au than on bare Au. Further, at
more positive potentials a well-defined broad anodic
peak is recorded in the anodic scan. The appearance
of the (less-defined and smaller) peak in the return-
ing scan indicates that these two peaks correspond to
the oxidation of hydrogen that is both adsorbed on
and absorbed in surface Pt sites, but also due to the
oxidation of molecular dihydrogen formed at high
HER overpotentials (7 <—0.75 V). All these obser-
vations indicate the presence of Pt on the Au surface.
Due to the contribution of all three above mentioned
effects, it was possible to estimate only an apparent
amount of platinum on the gold surface by measur-
ing the charge under the anodic peak, but not the true
Pt surface area.

Fig. 9 displays the variation of the yield of ac-
tive NADH produced at —1.1 V with the apparent
amount of Pt on the Au surface. The result clearly
shows that the yield of active NADH produced de-
pends on the amount of Pt deposited on the Au sur-
face. With an increase in surface coverage by Pt,
the yield of active NADH produced also increases,
reaching a maximum value of 63 % at 0 = 1.28 mC
cm2. However, with a further increase in the Pt sur-
face loading (i.e. coverage) the yield of active
NADH decreases. An origin of this behavior could
be related to the competitive effect of the two cath-
odic reactions, hydrogen evolution and NAD™ re-
duction, and also to the surface density/distribution
of NAD-radical hydrogenation sites, which are the
perimeter of Pt islands, ie. the three-interphase
Pt/Au/electrolyte region. At low Pt surface cover-
age, the distance between the adsorbed NAD™ mol-
ecule and the (closest) neighboring Pt-H, 4 site is
large. Hence, the formed NAD-radical has to dif-
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Fig. 9 — Dependence of the yield of enzymatically active
1,4-NADH produced by electrolysis of a 700 umol dm™ solu-
tion of NAD™ in phosphate buffer pH 7.0 on the apparent
amount of platinum deposited on the gold surface. Electrolysis
potential, E = —1.1 V.

fuse along the surface towards the Pt-H, 4, site in or-
der to be hydrogenated. This, in turn, increases the
probability for two neighboring NAD-radicals to
dimerize and form the enzymatically inactive
NAD,. On the other hand, at high Pt surface cover-
age the predominant reaction is hydrogen evolution.
In addition, with an increase in diameter of Pt is-
lands, the number of Au/Pt/electrolyte interphase
regions (i.e. Pt island perimeters) where the hydro-
genation of the produced NAD-radical occurs de-
creases and thus the probability of the dimerization
increases. A balance between these effects observed
at the low and high Pt loadings is needed, which
seems to be around the Pt surface loading corre-
sponding to charge Q = 1.5 mC cm™, Fig. 9. Never-
theless, these experiments proved our hypothesis
that by the modification of the Au surface with Pt
results in an increased yield of active NADH pro-
duced, from 29.7 % on bare Au to 63 % on the opti-
mized Pt-Au (Fig. 9). These results are also compa-
rable to those obtained by the modification of a
glassy carbon electrode with Ru.?”-?

Another beneficial effect of the modification of
the Au surface by Pt is an increased NAD* conver-
sion degree, Fig. 6a (squares). The graph demon-
strates that the NAD™ conversion on Pt-Au is almost
twice the conversion on pure Au (63 % vs. 35 %, re-
spectively), and is also higher than on pure Cu. The
origin of this behavior was already explained previ-
ously in the text, and was related to the increased
mass-transport by convection induced with produced
hydrogen. Fig. 6b (squares) also demonstrates that
the NAD" reduction reaction on Pt-Au is of first or-
der with respect to NAD*. The corresponding appar-
ent heterogeneous reaction rate constant k,,,+ was
calculated to be 4.2 - 10* cm s ! at —1.1 V, which is
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3.8 times higher than the value obtained on pure Au
at the same potential. This clearly shows that the
modification of the Au surface also results in in-
creased NAD" reduction kinetics. Since the &y, is an
apparent value that takes into account mass-transport
effects, its increase going from Au - Cu - Pt-Au
could also be related to the increase in NAD™ flux to-
wards the electrode surface as a consequence of en-
hanced mass-transport by hydrogen.

Conclusions

The regeneration of NADH in a batch electro-
chemical reactor was investigated in a phosphate
buffer solution pH 7.0. Au, Cu and Pt-Au were
used as regeneration (working) electrodes. It was
shown that the yield of active NADH produced on
the Au and Cu electrodes depends on the electroly-
sis potential and the electrode material. At low neg-
ative potentials the NAD" reduction rate and the
corresponding conversion degree is low, while the
yield of active NADH produced is relatively high.
On the other hand, at high negative potentials the
NAD" reduction rate and the corresponding conver-
sion degree is high, but the yield of active NADH
produced is low, especially on Au. The latter was
explained on the basis of high surface concentration
of NAD-radicals formed at high potentials, which
in turn increases the probability for their dimeri-
zation to produce the enzymatically inactive NAD,.

The hypothesis that an increased yield of active
NADH can be obtained by modifying the Au sur-
face with Pt was proven. At —1.1 V the yield of ac-
tive NADH formed increased from 29.6 % on bare
Au to 63 % on Pt-Au. This was explained on the
basis of both the enhanced kinetics of the second
reaction step (hydrogenation of the NAD-radical)
and physical prevention (minimization) of the
dimerization of the neighboring NAD-radicals. It
was also shown that by modifying the Au surface
with Pt an increase in the NAD™ conversion degree
and NAD" reduction kinetics can be achieved.

The NAD" reduction reaction was determined to
be of first order with respect to NAD* on all three
electrode surfaces. The corresponding apparent heter-
ogeneous reaction rate constants are rather low, which
is due to the slow mass-transport of electroactive spe-
cies from the solution to the electrode surface.
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Appendix: Enzymatic Assay

PRINCIPLE:

lipoamide dehydrogenase

NADH + DL-lipoamide

NAD* + dihydrolipoamide

Abbreviations used:

NADH = nicotinamide adenine dinucleotide, reduced form
NAD" = nicotinamide adenine dinucleotide, oxidized form
DL-Lipoamide = DL-6,8-thioctic acid amide

Dihydrolipoamide = DL-6,8-dihydrothioctic acid amide

CONDITIONS:
T=25°C, pH 7, A349 nm» light path 5=1 cm

METHOD:
UV-Vis spectrometer

REAGENTS:
A. 100 mmol dm phosphate buffer, pH 7 at 25°C

(Prepare 100 cm? in deonized water using potassium phos-
phate, monobasic, anhydrous, Sigma P-5379. Adjust to pH
7 with 1 mol dm= NaOH).

B. 28 mmol dm™ DL-6,8-thioctic acid amide

(Prepare by dissolving 57.4 mg of DL-6,8-thioctic acid am-
ide, Sigma T-5875, in 6 cm? ethanol (nondenatured). Dilute
this solution with 4 cm™ reagent A. Prepare fresh).

C. 300 mmol dm> ethylenediaminetetraacetic acid (EDTA)
with ¢ =2.0 % Albumin solution, pH 7.

(Prepare 10 ¢cm® in deionized water using EDTA, Sigma
ED4S and albumin bovine, Sigma A-0281. Adjust to pH 7
with 5 mol dm= HCI).

D. Nicotinamide adenine dinucleotide, reduced form (NADH)
produced by electrolysis of a 700 umol dm™ solution of

NAD" in phosphate buffer pH 7.0.
E. Lipoamide Dehydrogenase Enzyme Solution

(Immediately before use, prepare a 10 cm™ solution con-

taining 0.6 unit cm™ of lipoamide dehydrogenase, Sigma
L-2002 in cold reagent A).

PROCEDURE:

Pipette (in cm?) the following reagents into suitable cuvettes:

Reagent Ref 1 Ref 2 Test
A (bufter) 2.6 2.6 -
B (DL-Thio) 0.2 0.2 0.2
C (EDTA) 0.1 0.1 0.1
D (NADH) - - 2.6
E (enzyme) - - 0.1

First, zero the absorbance at 340 nm with Ref 1 and Ref 2, and
then remove Ref. 2 and replace it with Test. 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.
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ist of symbols

— absorbance

— surface area, cm?

— activity

— concentration, mol dm™
— potential, V

— current density, mA cm™

k — reaction rate coefficient, cm? mol™! s7!

— length, m

— amount of substance, mol

— charge density, C cm™

— resistance, Q

— reaction rate, mol cm™ s}, mol cm 2 s7!
— temperature, °C

— time, h, min

— volume, cm?

— conversion, %

— yield, %

— absorbance coefficient, dm® mol ! cm™!
— resistivity, Qm

- overpotential, V
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