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ABSTRACT: Electrochemical activation of glassy carbon,
carbon paper and functionalized carbon nanotubes via high-
applied-potential cyclic voltammetry leads to the formation of
adsorbed, redox active functional groups and increased active
surface area. Electrochemically activated carbon electrodes
display enhanced activity toward nicotinamide adenine
dinucleotide (NADH) oxidation, and more importantly,
dramatically improved adsorption of bioelectrochemically
active azine dyes. Adsorption of methylene green on an
electroactivated carbon electrode yields a catalyst layer that is
1.8-fold more active toward NADH oxidation than an
electrode prepared using electropolymerized methylene
green. Stability studies using cyclic voltammetry indicate 70%
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activity retention after 4000 cycles. This work further facilitates the electrocatalysis of NADH oxidation for bioconversion,

biosensor and bioenergy processes.
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B INTRODUCTION

The effective recycling of nicotinamide adenine dinucleotide
(NADH/NAD") is of great interest, because NADH/NAD"*
acts as an essential cofactor in ubiquitous redox enzymes that
are widely applicable in biosensor, bioenergy and bioconversion
processes. For example, NADH/NAD" is involved in the
naturally occurring enzymatic reactions of glycolysis, Kreb’s
cycle and oxidative phosphorylatlon Blosensors reported for
glucose,2 glycerol S lactate, isocitrate’ and alcohol®™*2 are
based on NADH monitoring systems with relevant dehydro-
genases. Combining cofactor NAD" regeneration with enzyme
catalyzed reactions allows one to utilize a great number of
inexpensive fuels, e.g., methanol*!'® and ethanol,'® and develop
efficient biofuel cells."”"® Applications of NADH-dependent
dehydrogenases to produce value-added chemicals have been
studied as well, such as production of dihydroxyacetone from
glycerol'”™*! and methanol from CO,.”

A key challenge in electrochemically regenerating NAD" is
the high overpotential required due to slow kinetics on
conventional electrodes. Strategies to address this issue include
electrode modification by electrocatalysts, such as qui-
nones, > >® phenazine and phenoxazine dyes,”’ ' poly-
(aniline),® metal oxides®>** and the enzyme diaphorase.'*
Recently, use of different forms of carbon, such as pyrolytic
graphite,® graphene oxide®® and especially porous, high surface
area materials, such as carbon nanotubes (CNT)**?%%7
“Bucky” paper,®® have also been investigated. We prev10usly
described a method to facilitate NADH oxidation by electro-
polymerizing azines on electrodes modified by functionalized

-4 ACS Publications  © 2014 American Chemical Society

6687

carbon nanotubes ( fCNT).Zg’39 In this work, we describe a
novel method to further facilitate NADH electrocatalysis by
adsorption of azine electrocatalysts on electroactivated carbon
surfaces.

Activation is a well-known approach to increasing carbon
electrode reactivity.** The key principle of carbon material
activation is to modify the carbon surface by increasing surface
roughness and introducing carbon—oxygen functionalities.** "
For example, Epstein et al. studied voltammetry-activated
isotropic pyrolytic graphite and suggested the formation of
quinine—hydroquinone groups. 2 Reported carbon activation
procedures include laser irradiation,”"*® high-intensity ultra-
sonication, heating48 and UV—ozone treatment.>* Electro-
chemical pretreatment, however, is attractive because of its
effectiveness in mild operation conditions.*' ~*7*°

Glassy carbon (GC) is a widely used conventional electrode
material due to its high conductivity, hardness and inertness.>
Laser et al. proposed the mechanism of carbon—oxygen group
formation on the surface of GC: chemical adsorption of oxygen
under anodic polarization, followed by oxidation and reduction
of emstlnvg surface groups and the evolution of oxygen from
water.*® Cénas et al. reported quinoidal structures of oxidatively
treated GC and demonstrated its increased catalytic activity for
NADH oxidation.”” Recent reports on electrochemical
activation of GC involve cyclic voltammetry-activated GC for
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chloranil adsorption,* constant
hydroquinone and catechol sensor.

Porous materials such as carbon paper,®® carbon foam® and
carbon nanotubes®”*****! introduce intrinsically high surface
area and may also be electrochemically activated.**>® Oxidative
treatment of carbon nanotubes is a key method for increasing
their hydrophilicity.*”****" However, the literature shows
inconsistency re§arding the effect of electrochemical pretreat-
ment on CNT.**®® For example, Gong et al. reported that
electrochemical activation of vertically aligned CNT at 1.8 V for
3 min in pH 6.5 phosphate buffer electrolyte leads to a
reduction of NADH oxidation overpotential by 450 mV.®>
However, a study by Musameh et al. shows no change of
NADH electrocatalysis after electrochemically oxidizing CNT
at 1.75 V for 3 min in pH 7.4 phosphate buffer.®

This work utilizes high-applied-potential cyclic voltammetry
to activate glassy carbon (GC), carbon paper (CP) and
functionalized carbon nanotubes (fCNT). Electrochemical
activation leads to the formation of redox active groups on
the electrode surface and increased active surface area. These
activated carbon materials allow subsequent adsorption of the
electrocatalyst methylene green (MG), forming a novel
NADH-oxidizing interface. The activity of MG-fCNT toward
NADH oxidation is higher than that of our previously reported
poly(azine)-fCNT electrodes,” demonstrating an improved
facilitation of NADH electrocatalysis.

fotential treated GC for
7

9

B EXPERIMENTAL SECTION

Materials. Glassy carbon rotating disk electrodes (GC) with
diameter of 3 mm were made from type 2 GC rods (Alfa Aesar, Ward
Hill, MA). Before use, these were sanded with 400, 800, 2400 and
4000 grit ultrafine sandpapers (Buehler, IL), polished to a mirror finish
with 0.0S pm alumina slurry and rinsed with distilled water in an
ultrasonic bath for 10 min to remove any residual alumina. Multiwall
carbon nanotubes, functionalized by carboxylation (fCNT, 9.5 nm
diameter, 1.5 ym length and >95% purity) were purchased from
Nanocyl (Sambreville, Belgium, catalog number: NC3101). Carbon
paper was purchased from Electrochem, Inc, (Woburn, MA, catalog
number: EC TP1 030). NADH, methylene green (MG), sodium
tetraborate and sodium nitrate were obtained from Sigma-Aldrich (St.
Louis, MO). N,N-dimethylformamide (DMF) was purchased from
Fisher BioReagents (Hampton, NH). Sodium phosphate monobasic
and sodium phosphate diabasic were purchased from J.T. Baker
(Phillipsburg, NJ). Argon gas was purchased from Airgas (Lansing,
MI). Unless otherwise stated, all materials were used as received.

CNT Coating on GC and CP. As previously reported,”*** CNT
were dispersed in DMF solvent to create 1 mg mL™' ink under
ultrasonication. CNT-coated GC electrodes (CNT-GC) were
fabricated by drop-casting 5 uL of CNT ink on the GC surface and
vacuum drying. For the purposes of elemental analysis, CNT-coated
CP was prepared by air-brushing and dried in vacuum.

Electrochemical Activation of Carbon Electrode. GC and CP
were activated by cyclic voltammetry (CV) with a scan rate of 100 mV
s™! between —1.5 V and +2.5 V vs AglAgCl (4 M KCl) in 100 mM, pH
7.45 phosphate buffer. Platinum wire was used as counter electrode.
Twenty cycles were conducted at 30 °C. fCNT were activated
electrochemically using CV for only two cycles; further cycling would
lead to detachment of the fCNT from the glassy carbon substrate.

Deposition of Azines. Two approaches were used for azine
deposition: adsorption and electropolymerization. For adsorption, the
activated electrodes were soaked in 1 mM MG solution (100 mM pH
7.45 phosphate buffer, 30 °C) for 1 h. For electropolymerization, CV
was performed in MG monomer solution at 50 mV s™' between —0.5
and +1.5 V vs AglAgCl for 20 cycles in 10 mM, pH 9.1 borate buffer
with 100 mM NaNO,.%®

Electrochemical Characterization. All electrochemical character-
izations were obtained using a VSP potentiostat (Bio-Logic VSP,
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Knoxville, TN). An AglAgCl (4 M KCl) reference electrode was
employed with a platinum wire as the counter electrode. The
supporting electrolyte used was 100 mM phosphate buffer, pH 7.45,
30 °C, with argon purged to exclude oxygen.

Capacitance was measured by CV in the range of 0.3 to 0.4 V vs Agl
AgCl with scan rates varying from 30 to 150 mV s™'. Plotting the
current against scan rate, the slope was recorded as the capacitance.
Characterization of redox peaks was performed via CV with scan rate
50 mV s™'. NADH oxidation activity was characterized at 900 rpm by
chronoamperometry using independent step changes in polarization
and NADH concentration. During polarization studies, NADH
concentration was fixed at 1 mM, and steady-state current density at
each working potential was recorded. In NADH concentration studies,
the working electrode potential was fixed at 50 mV vs AglAgCl, and
steady-state current density at each NADH concentration was
recorded.

Morphology Characterization and Elemental Analysis. As
described previously,”® scanning electron microscopy (SEM, JEOL
JSM-7500F, 5.0 kV, 4.5 mm) was used to characterize the morphology
of fCNT and MG-fCNT on the carbon support. Os coating (Neo
Osmium coater, Meiwafosis Co., LTD., Tokyo, Japan) was used to
obtain clear SEM images.® For a § s deposition time, an Os layer of
2.5 nm thickness is reported by the manufacturer. Energy-dispersive X-
ray spectroscopy (EDS) was applied for elemental quantification, using
non-Os coated samples.

B RESULTS AND DISCUSSION

Glassy carbon RDEs, CP and fCNT were electrochemically
activated by CV. MG was then deposited on pretreated carbon
electrodes, and these electrodes were further characterized for
activity toward NADH oxidation.

Electrochemical Activation. Activation of the GC
electrode was achieved by CV over —1.5 to +2.5 V in
phosphate buffer, the voltammograms of which are shown in
Figure 1. In the 1.5 to 2.5 V range, the evolution of oxygen
from water contributes to a large observed oxidation current.
Under such anodic polarization, oxygen chemisorbs on the GC

surface, 8presumably at defects in the basal plane sites, according
56,67,6
to™

C + H,0 — C(0) + 2H" + 2¢~ (1)
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Figure 1. Electrochemical activation of glassy carbon. Cyclic
voltammetry was performed on glassy carbon rotation disk electrode,
20 cycles, 100 mV s™!, 0.1 M phosphate buffer, pH 7.45, 30 °C. Inset:
cyclic voltammograms of glassy carbon electrode before and after
activation in 0.1 M phosphate buffer pH 7.45, 30 °C.
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Figure 2. (a) SEM image of Act-fCNT; (b) example of energy dispersive X-ray spectroscopy (EDS) spectra on Act-fCNT; (c) quantitative
properties of electrochemically activated carbon materials. Quinone loading was calculated by integration of cyclic voltammetric (CV) redox peaks in
0.1 M phosphate buffer pH 7.45, 30 °C, assuming a two-electron redox reaction; oxygen mass content was obtained from EDS.

where C(O) represents the possible carbon—oxygen function-
alities on electrode surface, such as carboxyl, phenol, carbonyl
and quinone.*’

After the carbon surface carbon is oxidized, electrolytes may
penetrate into interlayer spaces, form graphite-oxide layers, and
thereby increase the interlayer distance and active surface
area.®’° Moreover, at such a high polarization potential,
aromatic rings can be oxidatively broken and oxidized to CO or
CO,. This process can facilitate the electrochemical activation
and porous structure formation in GC.%®

At low potential (<0 V, especially around —1 V), the
cathodic current in Figure 1 is attributable to water reduction.
This region is not necessary for electrochemical activation, and
it is possible to bypass this cathodic polarization region
altogether. Further analysis of the impact of activation
conditions is ongoing.

Electrochemically Activated Carbon Electrodes. CV
characterization of the electrochemically activated GC electrode
(Act-GC) is displayed in the inset of Figure 1. We observe a
significant increase of capacitive current as well as an obvious
redox peak with a mid-potential around —0.15 V vs AglAgCL
This mid-potential is comparable to the reported redox
potentials of quinones,”’ indicating the existence of quinine/
hydroquinone couple according to

Q+2H" +2¢” 2 QH, )

The existence of redox active quinine/hydroquinone cou;)les
has been suggested by Epstein et al.>* and Cénas et al.*’ to
account for the observed redox response. Other functional
groups, such as phenol and carbonyl, have a higher capacitance
than bare GC and can lead to an increase in observed double-
layer ca.pacitance.és’é9

For simplicity, we refer here to all redox active groups
produced by activation as “quinones”. Assuming a two-electron
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redox reaction (eq 1), quinone loading was determined
coulometrically to be 29 + S nmol cm™? for electroactivated
GC. A broad redox peak was also observed for electroactivated
carbon paper (CP), prefunctionalized CNT (fCNT) and
further electrochemically activated fCNT (Act-fCNT, CVs not
shown). Quinone loadings for all of these materials were
calculated from CV.

The morphology of Act-fCNT characterized by SEM is
displayed in Figure 2a. A homogeneous porous structure with
50 to 200 nm pores was found, which is very similar to fCNT,
indicating that electrochemically activation does not change the
porous structure of fCNT. For all CP samples, with and
without fCNT, oxygen content was obtained by Energy
dispersive X-ray spectroscopy (EDS, shown in Figure 2b).
The results were correlated with coulometric quinone loading
in Figure 2c, where a linear correlation was found. This
reinforces the attribution of the broad voltammetric peak to
oxygen-bearing quinoidal species.

Capacitance data are displayed in Figure 3 for a range of
materials. Act-GC possesses capacitance as high as (2.4 + 1.0)
x10> uF cm™2, 200-fold above untreated GC and in the same
magnitude as fCNT, suggesting a significant increase in surface
area and/or capacitive species. Electrochemical activation of CP
increases its capacitance to (1.4 + 0.2) x10*> uF cm™ and
quinone loading to 1.9 + 0.7 nmol cm™ (Figure 2c). Both
values are smaller than those for Act-GC, indicating that
electrochemical activation is more effective for GC than CP.
Electroactivation of fCNT increases capacitance by 7% and
quinone loading by 28%. This small increase is likely due to
extensive surface oxidation during functionalization, such that
there is little potential for further increase. Further optimization
of fCNT electrochemical activation is under investigation, but
so far, Act-fCNT is still the most active carbon material in most
respects.
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Figure 3. (a) Capacitive current density of fCNT as a function of
voltammetric scan rate in 0.1 M phosphate buffer, pH 7.4, 30 °C. The
slope indicates capacitance. Inset: examples of cyclic voltammograms
at 80 mV/s; (b) capacitance of carbon materials.

The catalytic activity of the electroactivated electrodes
toward NADH oxidation was studied via polarization and
concentration studies. Figure 4 shows polarization curves in
fixed NADH concentration (1 mM, Figure 4a) and NADH
concentration profiles under fixed applied potential (50 mV vs
AglAgCl, Figure 4b). Activity toward NADH electrocatalytic
oxidation was consistently enhanced by electrochemical
activation. This finding is also consistent with literature
reported by Cénas et al.*” and Prasad et al.”* In this work, a
NADH oxidation current density of 0.28 + 0.02 mA cm™2 was
observed for Act-GC at 50 mV vs AglAgCl in 20 mM NADH
solution (pH 7.45), the same magnitude as that for the Act-
fCNT electrode (0.64 + 0.02 mA cm™2) and more than 100-
fold higher compared to that for untreated GC (untreated GC
data is shown in Supporting Information Figure s1). Electro-
chemically activated fCNT shows a 10% increase in NADH
electrocatalysis activity (fCNT data is shown in Supporting
Information Figure s2), consistent with a marginal increase of
capacitance (Figure 3) and quinone loading (Figure 2c).

The enhanced activity of electroactivated electrodes toward
NADH oxidation may be attributed to increased active surface
area, evidenced by the increase of capacitance, or to NADH
electrocatalysis by surface quinone groups (Q):***%7>77

Q + H' + NADH =2 QH, + NAD" 3)

followed by the recycling of quinone groups on the carbon
electrode surface:

QH, 2 Q+ 2H" + 2¢” (4)

Although increased surface area would increase NADH
oxidation rate directly, it would not be expected to reduce
oxidation overpotential, as quantified by the half-wave potential.
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Figure 4. Activity of electrochemically activated GC and fCNT for
NADH electrocatalysis at 900 rpm in 0.1 M phosphate buffer pH 7.45,
30 °C. The solid lines are mass-transfer-corrected fitting results.”® (a)
Polarization curve in 1 mM NADH; (b) NADH concentration study
at 50 mV vs AglAgCl.

However, the introduction of new surface species, such as
quinones, can reduce the activation energy, resulting in a
reduction in overpotential for NADH oxidation. Table 1 lists

Table 1. Half-Wave Potential in NADH Polarization Curves

electrodes half-wave potential (mV vs AglAgCl (4 M KCl))
GC 745 + 69
Act-GC 277
fCNT 170 + 27
Act-fCNT 167 + 25
PMG-{CNT 90 + 23
MG-fCNT 24 + 4

half-wave potentials for the materials considered after mass
transfer correction.”® As shown in Table 1 and Figure 4a, Act-
GC shows lower half-wave potentials for NADH oxidation than
Act-fCNT, indicating higher loading of quinones, consistent
with higher loading and higher proportion of redox active
group as discussed above. Considering these facts, it is likely
that the activity of Act-GC is mainly attributed to the quinone
groups, while either fCNT or Act-fCNT serves more as the
high surface area material.

Azine Deposition on Activated Carbon Electrodes.
Deposition of MG on the activated GC electrode (Act-GC),
CP (Act-CP) and fCNT (Act-fCNT) were achieved by direct
adsorption and the performance of these electrodes was
compared to that of electrodes prepared by the electro-
polymerization method.

Cyclic voltammograms of the resulting MG-Act-GC electro-
des are shown in Figure Sa, in which two sets of redox peaks
can be observed: the two-step, two-electron redox reaction of

dx.doi.org/10.1021/am500087a | ACS Appl. Mater. Interfaces 2014, 6, 6687—6696
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Figure S. Cyclic voltammograms in 0.1 M phosphate buffer pH 7.45, 30 °C. (a) Adsorbed MG on electrochemically activated GC electrode,
compared with activated GC and untreated GC; (b) adsorbed MG on prefunctionalized CNT, compared with electropolymerization on fCNT; (c)

SEM image of MG-fCNT.

MG (at potential —0.5 / —0.2 V, —0.25/0 V) and the redox
behavior of quinone groups (at potential—0.3/+0.1 V). The
MG redox peak response for MG-Act-GC is 140-fold higher
than that for MG-GC, indicating a much stronger adsorption
on Act-GC. This could attribute to the stronger electrostatic
force between MG and Act-GC, because the oxygen-
functionalities on Act-GC make the electrode surface negatively
charged, while MG, as a basic dye (pK, = 9.9), is positively
charged in pH 7.4 solution.”® Other azine dyes were
immobilized on Act-GC, including methylene blue (MB) and
toluidine blue O (TBO) and found that the most basic dye,
MG, shows the strongest adsorption, as shown in Table 2,

Table 2. Azine Adsorption on Act-GC

dye pKa76 electroactive loading (nmol/cm?)
methylene green 9.9 40 =5
methylene blue 9.3 29 £3
toluidine blue O 6.1 34 +2

further indicating that electrostatic forces lead to immobiliza-
tion of azine dyes on Act-GC. Moreover, because TBO is a
neutral dye and can also be adsorbed on Act-GC, other
adhesive forces must be considered, such as 7—x stacking.77’78

In our previous work, we fabricated high-rate, nanostructured
NADH oxidizing electrodes by electropolymerizing MG on
functionalized CNT (PMG-fCNT).*® In this study, we found
that the MG immobilization on fCNT could be achieved by
adsorption. The resulting electrodes demonstrate improved
electroactivity compared to PMG-fCNT. The redox behavior
of the obtained MG-fCNT was characterized via CV and was
compared to that of PMG-fCNT, as shown in Figure Sb. Peaks
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in the range —0.5 to +0.2 V vs AglAgCl represent the two-step
redox reactions of electroactive MG and PMG. PMG redox
peaks stay in a slightly positive region than those for MG,
consistent with findings on low-surface area electrodes.®®
Integration of the peaks yields electroactive loading of 63 +
5 nmol cm™? for MG-fCNT and 38 + 4 nmol cm~? for PMG-
fCNT. This result indicates that MG-fCNT possesses more
active loading than the previous reported PMG-fCNT.

In Figure Sb, it is difficult to discern the broad quinine/
hydroquinone peaks on MG-fCNT, because they overlap with
MG peaks. The redox peak observed with midpoint potential
—0.6 V vs AglAgCl may be due to impurities in as-received MG,
such as methylene blue (MB).%° MB has a very similar chemical
structure to MG and also possesses catalytic activity toward
NADH oxidation. However its activity is generally lower than
that of MG, as reported by previous researchers.>””® Thus, we
do not believe the presence of MB explains electrode activity.

The morphology and EDS analysis of the MG-fCNT
electrode is shown in Figure Sc. From SEM images, no distinct
clusters can be observed, suggesting a conformal deposition,
similar to PMG-fCNT.*®

The activity of MG-fCNT toward NADH electrocatalysis
was characterized and is shown in Table 1 and Figure 6
compared to previously reported PMG-fCNT-GC. The MG-
fCNT-GC electrode demonstrates ~66 mV lower half-wave
potential (Table 1) and 1.8-fold current density (Figure 6b) for
NADH electrocatalysis, which is corresponding to their CV
comparison as discussed previously, demonstrating the
improved activity of the MG-fCNT interface toward NADH
oxidation.

Absorption vs Electropolymerization. As discussed
above, the mechanism of adsorption involves electrostatic,

dx.doi.org/10.1021/am500087a | ACS Appl. Mater. Interfaces 2014, 6, 6687—6696
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Figure 6. NADH electrocatalysis activity of MG-fCNT and PMG-
FCNT at 900 rpm in 0.1 M phosphate buffer pH 7.45, 30 °C. (a)
Polarization curve in 1 mM NADH; (b) NADH concentration study
at 50 mV vs AglAgCl. Inset: time-dependent curve on MG-fCNT.

van der Waals and z—7 stacking forces. The processes of
electropolymerization include adsorption of MG, reversible
oxidation and reduction of MG and irreversible oxidation of
MG to PMG that involves the formation of a cation

. 128,65,80 . .
radical?®®>% The chemical structure and mechanism of

formation of PMG is still under investigation. It is believed
that PMG has the same redox center as MG (as shown in
Figure 7a).””° Hypotheses on PMG formation include “ring-
to-ring” coupling, which is analogous to the formation of
N,N,N,N-tetramethylbenzidine by oxidation of N,N-dimethyla-
niline,** and “nitrogen-to-ring” coupling, arising from the
observation that destruction of methylene green monomer
leads to the demethylation of amino group.”’ Both “ring-to-
ring” and “nitrogen-to-ring” types were confirmed via electro-
spray mass spectrometry as reported by Vilmos et al.*' The
“nitrogen-to-ring” coupling was further confirmed from XPS
characterization as reported by Rincén et al.”” On the basis of
these observations, the general proposed chemical structure of
PMG is shown in Figure 7b.27%8! Because the coupling sites
are far away from the active center of methylene green, the
polymerization process is not expected to consume or eliminate
redox active sites.

For untreated GC, without the introduction of carbon—
oxygen functional groups, the adsorption of MG on GC is
relatively weak, and electropolymerization yields a higher
electrocatalyst loading and better NADH oxidation activity
than MG (Figure 8). Electropolymerization was also used to
immobilize PMG on Act-GC. The electropolymerized elec-
trode showed lower electroactive species loading than Act-GC
and MG-Act-GC, as shown in Figure 8. Only PMG peaks were
found and quinone peaks were not observed. PMG-Act-GC
also possessed poorer activity toward NADH electrocatalysis
than Act-GC and MG-Act-GC, consistent with its lower
loading of redox active groups. It is possible that the irreversible
oxidation of MG to PMG during polymerization deactivated
some carbon—oxygen functional groups, including quinones,
that were introduced in electrochemical activation. This would

a. H
2e
H3C\ \+/CH3 ;
N H3C CH
wj S ITI +H 3 \,Tj S T/ 3
CHs NG, CHs CHj NO, CHy
NO, CH
. N s 2 N 3
HiC™ 7 * CH,
P
N
H —— “ring-to-ring”
H3C CH
3 \N s ’Tl/ 3
“nitrogen-to-ring” ¢
NO, CH
N 2 3
X
H,;C .+ CH
3 \'Tl s ’Tl/ 3
CHs; NO, CHj

Figure 7. (a) Redox reaction of methylene green; (b) possible structure of poly(methylene green).
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Figure 8. Properties of NADH-oxdizing electrodes. (a) NADH
electrocatalysis current recorded at 50 mV vs AglAgCl in 20 mM
NADH solution, 0.1 M phosphate buffer pH 7.45, 30 °C, 900 rpm; (b)
electroactive loading calculated by integration of redox peaks in CV in
0.1 M phosphate buffer pH 7.45, 30 °C, assuming a two-electron redox
reaction; (c) MG or PMG loading obtained by EDS based on sulfur
content.

lead to lower electroactive loading on PMG-Act-GC, and thus
lower activity toward NADH oxidation.

The quantitative comparison of MG and PMG in terms of
NADH oxidation activity and electrocatalyst loading is
displayed in Figure 8. The MG-Act-GC electrode demonstrates
a 0.70 + 0.04 mA cm™ current density for NADH electro-
oxidation (Figure 8a), a 2-fold increase compared to that of
Act-GC. Considering the two sets of redox peaks observed in
cyclic voltammograms (Figure Sa), electro-oxidation of NADH
on MG-Act-GC is likely to be catalyzed by both the quinone
groups and MG. After electrochemical activation of fCNT, the
amount of MG immobilized, either by adsorption (MG) or
polymerization (PMG), as well as the resulting catalytic activity
remains approximately constant. This could be attributable to a
small increase of quinone loading and/or surface area due to
fCNT electrochemical activation. These results may be
improved upon by optimization of fCNT electrochemical
activation conditions.

Electroactive and mass loading of electrocatalyst are
compared for MG and PMG in Figure 8b,c. MG shows higher
electroactive loading and lower mass loading than PMG on
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functionalized carbon materials, suggesting that adsorption
provides more efficient utilization of immobilized species than
electropolymerization. Taking into account the finding that MG
demonstrates higher electrocatalytic activity toward NADH
oxidation, adsorption appears to be a more materials-efficient
deposition approach than electropolymerization for carbon
materials with surface quinoidal functional groups.

Stability. The stability of the modified electrodes was
measured by CV between —0.8 and +0.6 vs AglAgCl at 900 rpm
in pH 745 phosphate buffer. Electroactive loadings were
obtained by integration of redox peaks in CV, assuming a two-
electron redox reaction. MG-Act-GC shows only a 1% decrease
in electroactive loading after 100 cycles, comparable with
literature data on PMG-GC.*® As shown in Figure 9, the
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Figure 9. Stability of modified electrodes as measured by cyclic
voltammetry (CV) at 900 rpm, 0.1 M phosphate buffer pH 7.45, 30
°C. Electroactive loading was obtained by integration of CV redox
peaks, assuming a two-electron redox reaction.

electroactive loading of MG-fCNT tends to decrease faster
than that of PMG-fCNT under CV conditions. Nevertheless,
MG-fCNT still shows higher loading than PMG-fCNT after
4000 continuous cycles, corresponding to its higher initial
activity toward NADH oxidation as shown in Table 3.

Table 3. Stability Data

after 1000 after 4000  activity retention
initial activity cycles cycles after 4000 cycles
electrodes  (mA/cm?) (mA/cm?) (mA/cm?) (%)
MG- 0.70 + 0.04 0.59 + 0.03 0.48 69
ACT-
GC
MG- 7.0 £ 02 5.5 +04 4.9 70
FCNT
PMG- 3.8 +02 34+03 3.1 81
fCNT

H CONCLUSION

Electrochemical activation leads to oxidation of carbon, forming
carbon—oxygen functionalities. Some of the functional groups
are found to be traces of quinone due to their redox active
property and electrocatalytic ability toward NADH oxidation.
Other functional groups could lead to an increase of
electrochemical capacitance.
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Quinone-like functional groups introduced by electro-
chemical activation appear to directly catalyze NADH
oxidation, as well as increase the absorption of azine dyes.
Adsorption of MG on electrochemically activated carbon
electrodes yields a highly active interface for electro-oxidation
of NADH, enabling improved electrochemical regeneration of
enzyme cofactors. The stability of adsorbed MG appears to be
lower than electropolymerized MG under aggressive cycling
conditions, but greater activity is retained after 4000 cycles.
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