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Functionalised graphene (G) and nitrogen doped graphene (NG) nanomaterials are excellent candidates
for electrocatalytic sensing of biomolecules and for developing biosensors, due to their unique physico-
chemical and electronic properties. Electrochemical characterisation and comparison of basic or acidic
functionalised G and NG has been carried out, as well as of composite materials based on NG with the
conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) and the redox polymer poly(neutral red)
by cyclic voltammetry and electrochemical impedance spectroscopy. Electroactive areas and heteroge-
neous electron transfer constant, of the GCE modified with the graphene derivatives have been evaluated,
in order to choose the best material for electrode modification. The NG modified GCE enabled excel-
lent electrocatalytic regeneration of the enzyme cofactors 3-nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD), underlining the applicability of NG for the development of new
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1. Introduction

Direct electron transfer at bioelectronic interfaces is one of
the key questions in developing biosensor technology, as well as
significantly enriching biofuel cell development. The redox cen-
tres of most enzymes are embedded deep inside the enzyme, and
facilitating efficient electron transfer to the electrode surface is a
challenging task [1]. Several methods have been adopted in order
to establish electrical communication between redox enzymes and
electrodes, first by using carbon nanotube, metal nanoparticle or
graphene modified electrodes as sensor substrates, and secondly
by employing electron transfer mediators, tethering of redox relay
units to enzymes, or reconstitution of the apo-enzyme on relay
cofactor units associated with electrodes [1-6].

During the past few decades, carbon-based nanomaterials have
been widely used in electrochemical sensors due to their excellent
catalytic activity, superior conductivity, large surface area, ease of
functionalisation and biocompatibility [7]. They include the con-
ventional carbon black, graphite, carbon nanotubes, fullerenes, up
to the latest innovation of 2D graphene nano sheets. Graphene has
been an attractive material due to its excellent conductivity, feasi-
bility for microfabrication, high surface area, mechanical strength,
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optical transparency and biocompatibility [8,9]. Graphene consists
of sp? hybridised carbon atoms, in which the valence and the con-
duction band overlap at the Brillouin zone, making pure graphene a
zero band gap semiconductor, which limits its application potential
due to its chemical inertness [10,11].

Doping with heteroatoms such as boron or nitrogen is an excel-
lent method to open up the band gap and provide pathways for
efficient electron transfer processes, transforming graphene into a
p- or n-type semiconductor, a promising material in electrochem-
ical biosensing, in supercapacitors and in fuel cells [10-13]. Up
until now, such heteroatom doping was found to be successful
in carbon nanotubes [14,15]. The introduction of a band gap can
generate remarkable properties in graphene, analogous to CNTs.
The one-dimensional nature of CNTs makes it difficult to control-
lably assemble CNTs whereas the 2D nature of graphene makes
it suitable for microfabrication. Another important advantage of
graphene over CNTs is the absence of metallic impurities [16,17].
Theoretical studies on adsorbate or substitutional B, N or O doped
graphene has proved that substitutional doping, when heteroatoms
are incorporated into the honeycomb structure of graphene, is more
effective than the adsorption of heteroatoms on the graphene sur-
face [12]. Substitution with an electron-rich heteroatom such as N,
P etc. will result in n-type characteristics whereas an electron defi-
cient atom like B induces a p-type characteristics, both of which
cause an increase in free charge carriers in the graphene frame-
work, thereby enhancing conductivity. Hence tuning the band gap
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by chemical doping enhances the charge carrier concentration [18]
and leads to promising applications in semiconductor electronics
such as field effect transistors [11], and as electrocatalyst in the
oxygen-reduction reaction (ORR) in fuel cells and in sensors [19].

The present study focuses on the electrochemical character-
isation of functionalised graphene (G) and N-doped graphene
(NG) and their application in sensing and biosensing. The N-
doping of graphene has been done by thermal annealing in the
presence of ammonia and the nitrogen atom in the graphene frame-
work can exist in “graphitic”, pyridinic or pyrrolic forms, each of
which can provide different characteristics to the graphene frame-
work [19,20]. Pure and N-graphene were compared with their
derivatives, which were acidic (HNO3) or basic (KOH) function-
alised G and NG [21,22]. Composite materials based on NG with
the conducting polymer poly(3,4-ethylenedioxythiphene) (PEDOT)
and the redox polymer poly(neutral red) (PNR) were also syn-
thesised. To fully exploit the electrochemical properties of the
different types of graphene and composite graphene, electrochem-
ical characterisation was performed at graphene modified GCE
by cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) without and with the standard electroactive species
K4[Fe(CN)g]. To our knowledge, the electrochemistry of NG and its
acidic and/or basic functionalised analogues and polymer compos-
ites with NG have not yet been thoroughly investigated, so that
the present work brings a deeper knowledge and comparison of
their electrochemical characteristics. The graphene material with
the best electrochemical properties has been applied to the detec-
tion of important cofactors present in oxidase and dehydrogenase
based enzymes, i.e. 3-nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FAD), the regeneration of which is
the crucial step during an enzyme reaction, and thence for biosen-
sor performance.

2. Experimental
2.1. Reagents and buffer electrolyte solutions

All reagents were of analytical grade and were used without fur-
ther purification. Graphene and N-doped graphene, prepared by
thermal reduction of graphite oxide, were characterised in [23].
Graphite, chitosan (low molecular weight), 2,3-dihydrothieno[3,4-
b]-1,4-dioxin (EDOT), glutaraldehyde, neutral red (NR) 65% dye
content, nicotinamide dinucleotide, monobasic and dibasic potas-
sium phosphate, sodium chloride and sodium poly(styrene
sulfonate) (NaPSS) were from Sigma-Aldrich, Germany. Flavine
adenine dinucleotide, potassium hexacyanoferrate(Il) trihydrate,
potassium chloride, monobasic sodium phosphate and were
obtained from Fluka, Switzerland.

For electrochemical experiments, the supporting electrolytes
were 0.1 M KCl or sodium phosphate buffer saline (NaPBS) (0.1 M
phosphate buffer + 0.05 M NaCl, pH = 7.0). Polymerisation of NR was
carried out in 0.025M potassium phosphate buffer solution plus
0.1 M KNO3 (pH 5.5) containing 1 mM NR and of EDOT in 0.1M
NaPSS containing 10 mM EDOT.

Millipore Milli-Q nanopure water (resistivity >18 M2 cm) was
used for the preparation of all solutions. All experiments were per-
formed at room temperature (25+1°C).

2.2. Instrumentation

Electrochemical experiments were performed in a three elec-
trode cell, containing a glassy carbon electrode (GCE) (area
0.237cm?2) as working electrode, a Pt wire counter elec-
trode and an Ag/AgCl (3.0M KCl) reference electrode, using

a potentiostat/galvanostat p-Autolab system (Metrohm-Autolab,
Netherlands).

Electrochemical impedance spectroscopy (EIS) experiments
were carried out with a potentiostat/galvanostat/ZRA, (Gamry
Instruments, Reference 600). An rms perturbation of 10 mV was
applied over the frequency range 100 kHz to 0.1 Hz, with 10 fre-
quency values per frequency decade.

The pH measurements were carried out with a CRISON 2001
micro pH-meter (Crison Instruments SA, Barcelona, Spain) at room
temperature.

2.3. Functionalisation of graphene and N-graphene and
preparation of modified electrodes

Graphene (G) and nitrogen doped G (NG) were used as received
or treated either in 3M HNO3 or in 7 M KOH. For the acidic treat-
ment, the graphene or graphite (Gr) powder was stirred during for
12 h, while for the treatment with base, stirring was during 4 h fol-
lowed by another 20 h static soaking in ambient conditions. The
functionalised particles were then washed and filtered with Milli-Q
water until the solution become neutral. The material obtained was
dried at ~60 °C overnight. In this way we obtained HNO3;_G/NG/Gr
and KOH_G/NG. Due to the fact that HNO3 treatment of NG was
detrimental, the dispersion not being homogeneous and the mod-
ified electrodes being very unstable, this material was not used
further in this study.

Both functionalised and un-functionalised G and NG were dis-
persed in 1% (w/v) chitosan dissolved in 1% (v/v) acetic acid, to form
a 0.1% dispersion. The solution was sonicated for 1 h and vortexed
before 20 .l was drop cast on the GCE. The modified electrodes
were left overnight to dry.

2.4. Preparation of PEDOT/NG and PNR/NG modified electrodes

Four types of composite of NG with conducting polymer PEDOT
and the redox polymer PNR were prepared: NG/PEDOT, PEDOT/NG,
NG/PNR and PNR/NG. In the first and third case, the GCE was first
drop cast with NG followed by electropolymerisation of EDOT and
NR, whereas in the second and fourth, electropolymerisation of
EDOT/NR was done prior to the drop casting of NG.

Both monomers were electropolymerised by cyclic voltamme-
try in the solutions described in Section 2.1, at a scan rate of
50mVs~1, between —1.0 and +1.0V vs. Ag/AgCl for 15 cycles, for
NR and from —0.6 V to 1.2V vs. Ag/AgCl for 20 cycles for EDOT.

3. Results and discussion

Elemental, structural and surface morphological characterisa-
tion of the graphene and N-doped graphene has been carried
out previously [23], one of the main conclusions being that more
defects are present on nitrogen-doped graphene.

The electrochemical characterisation of the G and NG modified
electrodes and their functionalised derivatives was undertaken in
order to evaluate potential windows, electroactive areas and appar-
ent heterogeneous rate constant (kg). EIS measurements allowed
confirmation of results obtained by CV and, furthermore, to explore
surface and bulk characteristics of the graphene-modified elec-
trodes. This permitted choosing the best graphene materials for
sensing/biosensing application. Their electrocatalytic properties
for the determination of the very important enzyme cofactors
NADH and FAD was evaluated.
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Fig. 1. Cyclic voltammograms recorded at GCE, and GCE modified with G and NG
derivatives in 0.1 M NaPBS pH 7.0; v=100mVs~'.

3.1. Potential windows and electroactive areas of G and NG and
derivatives

The potential windows of G, NG, HNO3_G and KOH_G/NG mod-
ified GCE were tested in neutral, acidic (down to pH 2.0) and
basic media (up to pH 10.0). CVs recorded in 0.1 M NaPBS pH 7.0
are displayed in Fig. 1. The modified electrodes exhibited wide
potential windows in all tested media, from ~—1.8 up to 1.8V vs.
Ag/AgCl. Untreated graphene increased the capacitive current com-
pared to bare GCE by a factor of 1.8, while the NG, HNO3_G and
KOH_G/NG increased it substantially, by a factor of ~10, underlying
the importance in doping or functionalising graphene in order to
improve its electrochemical properties. The sp? hybridised struc-
ture of graphene contributes to the high capacitive nature of these
materials which are of prime importance in developing superca-
pacitors and fuel cells [12].

Cyclic voltammograms of G, NG, HNO3.G and KOH_G/NG
modified GCE were recorded in the presence of the standard elec-
troactive redox probe K4[Fe(CN)g]in 0.1 M KCl at scan rates ranging
from 10 to 200mV s~! (see Fig. 2a; and by, as examples for NG and
HNOs3_G). Well-defined anodic and cathodic peaks were recorded
for all the modified electrodes. Anodic and cathodic peak cur-
rents were plotted against square root of scan rate, as shown in
Fig. 2a, and by, the linearity of the plots (R%=0.998) confirming
diffusion-controlled electron transfer in all cases. Slight shifts in
peak potential were observed with increasing scan rate indicating
some kinetic limitations.

The electroactive areas (A} ) of the modified electrodes tested
were determined using the Randles-Sev¢ik equation [24]:

I, = 2.69 x 10°AD'/?n3/2Cv1/2 (1)

where I, is the anodic peak current (A), A is the electroactive
area (cm?), D is the diffusion coefficient of [Fe(CN)g]*~ in solution,
6.1 x 1076 cm?2s-1 calculated according to [25], n is the number
of electrons transferred in the redox reaction, v is the potential
scan rate (Vs~1), and C is the [Fe(CN)s]*~ concentration in bulk
solution (molcm~3). The results are given in Table 1. It can be
seen that the electroactive area of GCE/G is comparable to that
of GCE, because without functionalisation or doping, graphene is
highly hydrophobic, so that diffusion of electrolyte is hindered.
The HNO3.G and KOH.G/NG modified GCE increased the elec-
troactive area by a factor of almost 3, 280% x Ageom for HNO3_G

and KOH_G and 290% x Ageom for KOH_NG. For comparison, HNOs3-
treated graphite (HNO3_Gr) was also deposited on GCE and the
electroactive area was determined to be 190% x Ageo, much lower
than functionalised G and NG, good evidence that graphene does
not form graphite sheets during the preparation of the modified
electrodes. The NG-modified electrode had the highest electroac-
tive area, of 430% x Ageom, indicating clearly the advantageous
effect of electron-rich nitrogen atom incorporation.

Apparent heterogeneous rate constants (kg) were calculated
from the difference in anodic and cathodic peak potentials in CV
and the values are also displayed in Table 1. HNO3_G and KOH_NG
gave the highest values, of 6.9 x 10~% cms~1, the lowest being that
of bare GCE and GCE/G, 0f 2.41 and 2.80 x 10~4 cms~!, respectively.
The heterogeneous rate constants are influenced by various factors
such as the microstructure of the electrode material, particularly
edge plane defects on the surface, surface roughness, and the pres-
ence of surface functional groups [26]. Functionalisation of G or NG
by acid treatment will result in the formation of carboxyl, hydroxyl,
carbonyl, and nitro functional groups at the defect sites, which
improves the material’s hydrophilicity and conductivity, while KOH
treatment allows the formation of a 3D network of small pore size
[22], both leading to an increase of the heterogeneous rate constant
and electroactive area.

3.2. Fabrication and evaluation of NG-based composites with
PEDOT and PNR

Conducting and redox polymers can be used together with
nanoscale materials in order to improve their conductivity and/or
to increase their electrocatalytic activity. NG was selected to test
the influence of PEDOT and PNR on the overall electrochemical
properties of the composites, since GCE/NG exhibited the highest
electroactive area. As mentioned in Section 2.4, four types of com-
posites based on NG with the conducting polymer PEDOT and the
redox polymer PNR were prepared, namely NG/PEDOT, PEDOT/NG,
NG/PNR and PNR/NG.

Asobserved, there are differences in the CV profile recorded dur-
ing polymerisation of EDOT on bare GCE and on GCE/NG (see Fig. 3
a; and ay ). On top of GCE, a large amount of polymer is formed, indi-
cated by the increase in the capacitance from 1.8 to 23.6 mFcm2,
similar to that reported in [27], but only a small amount of poly-
mer was deposited on GCE/NG, the capacitance increasing from
5.0mFcm~2, due to the capacitive properties of NG itself, only to
7.8 mFcm~2. This clearly suggests that more PEDOT is formed on
bare GCE. Probably, polymer formed inside the porous NG struc-
ture may obstruct the entry of EDOT monomer molecules, so that
polymer formation is more difficult.

Differences in the CV profile during NR polymerisation are also
noticeable, regarding the main reduction wave and the second pair
of peaks at more positive potentials around 0.25V vs. Ag/AgCl.
While at bare GCE (Fig. 3by ) the main reduction peak shifts towards
negative potentials by 300 mV during polymerisation, at GCE/NG it
remains constant (Fig. 3by), so that the redox polymer peaks are
closer than at bare GCE (AE,=0.15V compared to AE;=0.40V at
GCE). The fact that the second pair of peaks at 0.25V is signifi-
cantly more visible at NG substrates, it is also advantageous. The
same polymerisation profile obtained at GCE/NG was obtained at
carbon composite electrodes [28] and GCE/CNT [29,30] modified
GCE, being therefore correlated with the nanoscale particle size and
porosity of the material.

3.3. Electrochemical impedance spectroscopy characterisation of
G and NG derivatives

Electrochemical impedance spectroscopy (EIS) is a powerful
technique which enables the evaluation of physical and interfacial
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Fig. 2. Cyclic voltammograms recorded in 0.1 M KCI containing 3 mM K4[Fe(CN)s] at different scan rates at (a;) NG and (b;) HNO3;.G modified GCE and in (az), (bs)

corresponding plots of I vs. v'/2,

properties of modified electrodes. The technique was used to
characterise NG, HNO3_G, KOH_G and KOH_NG for which spectra
were recorded in 0.1 M KCI at 0.0V vs. Ag/AgCl, (close to the open
circuit potential of all electrodes) and at 0.2V vs. Ag/AgCl in 0.1 M
KCI containing 3 mM K4[Fe(CN)s] (close to the midpoint potential
of Felll /Fel') and are shown in the complex plane plots in Fig. 4a and
b. Fig. 4c shows spectra at the NG polymer composites, NG/PEDOT,
PEDOT/NG, NG/PNR and PNR/NG, recorded in 0.1 M KCl at 0.0V vs.
Ag/AgCl.

As seen in Fig. 4a, in the case of GCE/HNO3_G and GCE/KOH_NG
in 0.1 M KCl, spectra have a high frequency semicircle, with larger
diameter for HNO3_G, while at NG and KOH_G, the spectra show
close to 45° diffusive lines in the high frequency region. In the
low frequency region, spectra recorded at all electrodes are char-
acterised by capacitive lines, specific to graphene materials. This
is indicative of restricted (finite) diffusion within the graphene
layer. In the presence of redox probe, Fig. 4b, the impedance values

Table 1

decrease by one order of magnitude, beginning with semicircle for
NG and HNOs3_G and all ending with diffusive lines.

The impedance spectra were fitted by using the equivalent
circuit presented in Fig. 4d, sometimes without all the circuit
elements. In the circuit, Ry is the cell resistance, R. repre-
sents the charge transfer at the solid-liquid interface, Zy is
the diffusional Warburg Element, CPEy and CPE,, are con-
stant phase elements representing the charge separation of the
double layer and the polarisation of the graphene material,
respectively. CPE=[(Ciw)*]~!, modelled as a non-ideal capacitor,
due to the porosity and non-homogeneity of the surface, with
0.5<a<1. The Warburg element, resulting from the equation
Zw =Rpcth[(tiw)*] x (tiw)~%, where o <0.5, is characterised by a
diffusional time constant (), a diffusional pseudocapacitance (Cp)
and a diffusion resistance (Rp=7/Cp) [31]. It was not possible to
model the spectra at low frequency using only finite diffusion, (i.e.
without an extra capacitance), without significant errors.

Ratio of electroactive area, Aeje, to geometric area, Ageom, Of acid-treated graphite and different graphene modified electrodes and ko values calculated from cyclic voltammo-

grams recorded at different scan rates in 3 mM K4[Fe(CN)g] in 0.1 M KCI.

GCE HNO3_Gr G NG HNO;_G KOH_G KOH-NG
Acle[Ageom 0.59 1.90 0.60 4.30 2.80 2.80 2.90
ko x 10*cm~"s~! 241 4.6 2.80 4.92 6.89 5.12 6.91
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Fig. 3. Polymerisation of (a) EDOT from 10 mM EDOT in 0.1 M NaPSS and (b) NR from 1 mM NR in 0.025 M KPBS + 0.1 M KNOs3 on (a; ), (b1 ) bare GCE and (az), (b2) on GCE/NG.

Table 2 presents the values of the equivalent circuit elements
from fitting of the spectra for NG, HNO3_G, KOH_.G and KOH_NG
modified GCE. The fact that GCE/KOH_G presented a smaller Zy,
value of 66.6 2 cm?s®~! and the highest CPE of 7.6 mFcm—2 s%~1

compared with 178.2 and 0.74, respectively, at HNO3_G, demon-
strates that functionalisation of the graphene in alkaline media
leads to a more conductive material. For NG, the KOH functionalisa-
tion did not further improve its electrical conductivity, as suggested

Table 2

Resistance (Rct), constant phase elements (CPEq;, CPE,) and diffusional resistance and capacitance values obtained by equivalent circuit fitting of the impedance spectra

from Fig. 4.
GCE modifier Ret (2cm?) CPEg (pFem=2 s 1) o Zw (2cm? s*-1) 7(s) Cp (mFecm~2) CPEpo(mFem=2s%1) o
0.1 M KCl
NG - - - 263.3 3.7 141 230 0.90
HNO5_G 109.5 56.2 0.83 178.2 1.0 5.6 0.74 0.60
KOH.-G - - - 66.6 0.6 9.0 7.61 0.83
KOH-NG 12.9 223.6 0.62 - - - 2.10 0.91
NG/PEDOT 108.2 143.5 0.76 - - - 1.70 0.77
PEDOT/NG - - - - - - 6.75 0.68
NG/NR - - - 40.9 0.2 4.9 522 0.83
NR/NG 435 0.48 0.55 - - - 1.84 0.84
3 mM K4[Fe(CN)g]/0.1 M KC1
NG 12.7 122.1 0.64 78.3 7.80 99.6 - -
HNO;_G 27.1 14.6 0.94 40.6 0.71 17.2 - -
KOH_G - - - 9.6 0.10 10.4 - -
KOH-NG - - - 6.2 0.06 9.6 - -




538

K.P. Prathish et al. / Electrochimica Acta 114 (2013) 533-542

1.0

001Hz

a)

=
o
g
4
N
NG
HNO, G
KOH_G
KOH_NG
0.8 1.0
-Z'/kQ cm?
1.0
0o01Hz @O
0.8
® PNR_NG
® NG_PNR
e 067 © PEDOT_NG
3] A NG_PEDOT
S
4
= 0.4
N

d)

Py

o— 02 04 06 08 10

Z'/ kQ cm?

R

ct

-Z" | kQ cm?

—\AN

Ra
—AAA—

0.104

0.08 +

0.06 +

0.04 +

0.02 1

0.00

O 0.1 Hz b)
® NG
A HNO, G
* KOH_G
© KOH_NG o

000 002 004

006 008 0.10

-Z' 1 kQ cm?
0.1
7\
0.0 :
0.0 01

CPE,

Zy CPE o —

Fig. 4. Complex plane impedance plots recorded in (a) 0.1 M KCl and (b) 0.1 M KCI +3 mM K4[Fe(CN)g] for the GCE modified with NG, HNO3_G, KOH_G and KOH_NG and (c)
in 0.1 M KCI at GCE modified with NG/PEDOT; PEDOT/NG, NG/PNR and PNR/NG; the lines represent equivalent circuit fitting. (d) Equivalent circuits used to fit impedance

spectra.



K.P. Prathish et al. / Electrochimica Acta 114 (2013) 533-542 539

{——GCE
1.0J—— GCE+5mM NADH
" |——NGI/GCE
{—— NG/GCE+5mM NADH
= 0.5
(&]
<
E 0.0
"~
-0.5
-1.0 1 (a)
-1.0 -0.5 0.0 0.5 1.0
Evs.SCE/V
1.29 5mM NADH
0.8 1 T
% 04 1TmM NADH _
£ _ 7
T 0.0
0.4
-0.8 1
-1.2

10 05 00 05 10
E vs. Ag/AgCI / V

IS
o
<
=
o
[Tp]

—GCE
—— GCE+5mM NADH

10 -05 00 05 10
Evs.SCE/V

150 mV's™

11 10mvs?

1
ja=12+73Y

N 0.5mAcm?

[}

—~
O

N

o

4 50 100 150
=4 vimvs'

10 05 00 05 10
E vs. Ag/AgCI / V

Fig. 5. (a) CVs at (a) GCE and GCE/NG in the presence of 5.0 mM NADH (v=50mV s~1); (b) at GCE/NG for different concentrations of NADH (v=50 mV's~'); (c) at GCE/NG for
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by very similar CPE; values, and as already expected from the CV
data, since NG had a much higher electroactive area compared to
KOH_NG.

In the presence of redox species, KOH_G/NG presented the low-
est Zw values of 9.6 and 6.2 Q2 cm?s*~!, respectively, compared
with 78.3 and 40.6 Q2 cm? s*~! for NG and HNO3_G, suggesting that
redox probe diffusion through KOH functionalised G and NG is facil-
itated. However, comparing the Cp values, itis observed that NG has
a higher electronic conductivity, exhibiting a Cp of 99.6 mFcm2,
far superior to that of the others: 17.2, 10.4 and 9.6 mF cm~2 for
HNO;3_G, KOH.G and KOH_NG, respectively. The charge transfer
resistance was a factor of two lower, 12.7  cm? and the CPE value
almost 10 times higher, 122.1 pFem=2 s*~1 for NG than HNO3 G,
suggesting that NG is more appropriate for sensor applications.

EIS measurements were also performed at the redox polymer
composites NG/PNR and PNR/NG modified GCE and conductive
polymer composites NG/PEDOT, PEDOT/NG modified GCE.

Comparing the values of CPEg;, CPE, and pseudocapacitance Cp
from Table 2, it can be concluded that when PNR is polymerised on
top of NG (NG/PNR), a composite with better conducting properties
is formed, than PNR covered by NG (PNR/NG). This supports the CV

data recorded during the polymerisation of the monomer on top of
NG, (Fig. 3by).

On the contrary, in the case of the conducting polymer PEDOT,
the composite containing NG on top of PEDOT shows better con-
ducting properties than the inverse. The spectrum recorded at
NG/PEDOT has a large diameter semicircle, with R of 108.2 Q cm?
and CPEy of 143.5mFcm~2s%-1, followed by a capacitive line,
with CPE,, 1.7mFcm~2s%"!, while PEDOT/NG exhibited only
a capacitive line, with CPE,, 6.8 mFcm~2 s®1, indicating that
GCE/PEDOT/NG has superior conductivity than GCE/NG/PEDOT, in
agreement with CV data (Fig. 3a).

To conclude, comparing all tested NG based polymer compos-
ites, from cyclic voltammetric and impedance spectroscopy studies,
GCE/PEDOT/NG proved to be the best for sensor application in
terms of higher electroactive area, better electron transfer rates
and impedance parameters. Among all the modified electrodes
tested, GCE/NG showed excellent electrochemical characteristics
compared with acidic/basic functionalised G or NG as well as
with conducting polymer/redox polymer composites of G or NG.
Hence, further application studies were conducted using GCE/NG
modified electrodes. However, we have demonstrated the various
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plausible ways for functionalizing graphene or N-graphene and the
promising enhancement in the electrochemical characteristics of
graphene can be clearly seen. Thus acidic/basic functionalisation
can be applied as easy alternative protocols for enhancing the prop-
erties of graphene and can find specific application in various fields
such as supercapacitors [22].

3.4. Electrocatalytic applications of N-doped graphene to NADH
and FAD

The fact that GCE/NG without any functionalisation exhibited
the highest electroactive area and excellent electron transfer rates,
prompted us to study the electrocatalytic ability of NG for the detec-
tion of important cofactors present in oxidase and dehydrogenase
based enzymes, 3-nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD).

Electro-oxidation of the cofactor NADH is of great interest as it is
required for the whole library of dehydrogenase-based biosensors
[32]. Direct electrooxidation of NADH to its corresponding oxidised
form NAD* at bare/unmodified electrodes requires high activation
energy, and proceeds with coupled reactions resulting in electrode
fouling [33].Hence an “ideal” NAD* probe should be capable of dras-
tically reducing the oxidation potentials near to the formal redox
potential of NAD*/NADH i.e. —0.560 vs SCE [34] as well as enhanc-
ing the electron transfer rate. Electrochemical detection methods
for NADH with high sensitivities have been reported, the major
drawback being the high overpotential required at most electrodes,
resulting in denaturation and subsequent poor stability of the
enzymes [35]. Hence we have tested the electrocatalytic oxidation
of NADH at NG modified GCE. CVs were recorded in 0.1 M NaPBS pH
7.0 at bare GCE and GCE/NG modified electrode in the presence of
5 mM NADH (see Fig. 5a) and for concentrations ranging from 1.0 to
5.0 mM NADH (see Fig. 5b). As observed from Fig. 5a, at GCE/NG the
electrocatalytic oxidation of NADH occurs at —0.05V, much closer
to 0.0V than the higher potential of ~0.25V at bare GCE. A com-
parison of the present GC/NG modified electrode with previously
reported ones [33] reveals that such high electrocatalytic effect is
rarely observed for NADH oxidation. Only a few modified electrodes
mentioned in [33], all containing 2 or 3 components, were able
to oxidise NADH at potentials close to 0.0V, e.g. carbon nanofi-
bre/GCE, Meldola’s blue based electrodes, toluidine blue/CNTs,
5,5'-dihydroxy-4,4’-bitryptamine/CNTs/Nafion/GCE, sol-gel sili-
cate network/gold nanoparticles, among the 18 NADH sensors
reported. This confirms the excellent electrocatalytic effect of
GCE/NG on NADH oxidation, which will facilitate the functioning
of dehydrogenase based enzymes at low potentials, therefore min-
imizing the influence of easily oxidisable interferents. Moreover,
the NADH oxidation peak at GCE/NG, which increases linearly with
the NADH concentration, see Fig. 5b, was much better defined and
sharper, 50 times higher than the almost-flat low intensity peak at
bare GCE, indicating a faster charge transfer process. Fig. 5¢ shows
CVs at GCE/NG in the presence of 3 mM NADH at various scan rates.
The linear dependence of current vs. scan rate confirms adsorption-
controlled oxidation of NADH.

Another important cofactor present in many oxidoreductase
enzymes is the flavoprotein coenzyme flavin adenine dinucleo-
tide (FAD), which plays an important role in biochemical reactions
[36]. Gorton and Johansson [37] had previously reported slug-
gish electron transfer and peak broadening of FAD at bare GCE
(AE=450mV at 100mV s~!) resulting in lower peak currents due
to a smaller surface coverage. Thus, electrocatalytic direct electron
transfer is desirable for FAD, since mediator-assisted electron shut-
tling is usually employed in FAD dependent oxidases. Moreover, for
future application, FAD is needed in biofuel cells based on genet-
ically engineered FAD based enzyme, which are being developed
to improve the stability of biofuel cells for long-term operation
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Fig. 6. (a) CVs at GCE and GCE/NG in the presence of 40 wuM FAD and (b) CVs at
GCE/NG for different concentrations of FAD at v=50 mV s~! and (c) DPVs in the pres-
ence of 20 uM FAD at 10mVs~! (amplitude 25 mV); supporting electrolyte 0.1 M
NaPBS pH 7.0.

[38], Fig. 6a shows cyclic voltammograms of 40 wuM FAD at bare
and NG modified GCEs in 0.1 M NaPBS pH 7.0. As observed, FAD
peaks can hardly be seen at GCE, with a quasi-reversible behaviour
(AE=180mV) while at GCE/NG the peaks are very well defined,
with a small peak-to-peak separation (AE=63 mV). Additionally,
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highly enhanced anodic (~40 fold) and cathodic (~16 fold) peak
currents of FAD were observed at GCE/NG compared with bare GCE.
The oxidation and reduction peaks are at —0.40V and —0.46V vs.
Ag/AgCl (En,=0.43V)

The cathodic and anodic peak currents of the CVs recorded
at scan rates from 10 to 300mVs~!, were linearly dependent
with the scan rates, with the linear regressions jpa =0.4+107.0c
and jpa=0.4+122.9c, meaning that the redox process is adsorp-
tion controlled. Fig. 6b shows cyclic voltammograms for increasing
concentrations of FAD from 20 to 100 wM at the GCE/NG, with a
linear range only up to 60 wM, probably because of FAD adsorp-
tion. Since the FAD/FADH, redox couple showed excellent redox
behaviour on GCE/NG, its electrochemical behaviour was also
tested at GCE/KOH_NG. Fig. 6¢c shows DPV curves in the pres-
ence of 20uM FAD at bare GCE, NG and KOH.NG modified
GCE and the peak current was 50 and 7 times higher at NG
and KOH_NG modified GCE, respectively, compared to bare GCE.
These observations clearly indicate the advantageous effect of
nitrogen doping in enhancing the electrochemical properties of
graphene.

The FAD/FADH, redox couple is widely used as a mediator for
NAD* regeneration, which is critical for the functioning of dehy-
drogenase enzyme based biosensors. The easiest way to achieve
NAD* regeneration is traditionally carried out by redox media-
tors [33]. Here, we have shown the direct oxidation of NADH at
GCE/NG modified electrode. In addition, the better reversibility and
enhanced current densities observed in the case of the FAD/FADH,
system obviously paves the way for use as redox mediators of NAD*
regeneration. The enhanced electrochemical characteristics of the
FAD/FADH, system at GC/NG also illustrate its applicability as a
suitable substrate for FAD based enzyme biosensors such as glucose
oxidase or xanthine oxidase. Such applications will be pursued in
future studies.

4. Conclusions

In the present work, we have developed various modified elec-
trodes with graphene and nitrogen doped graphene, its acidic/basic
derivatives and polymer composites and thorough electrochemical
characterisation of the modified electrodes has been conducted.
The HNO3_G and KOH_G/NG modified GCE increased the GCE elec-
troactive area by a factor of almost 3, the kg values also being
increased from 2.4 for GCE to 5.2 and 6.9 x 10~4 cms~! for HNO3_G
and KOH_G/NG modified GCE. In the case of composite mate-
rial it was observed that when PNR is polymerised on top of NG
(NG/PNR), the composite formed has better conducting properties,
than PNR/NG, while in the case of PEDOT, the composite contain-
ing NG on top of PEDOT (PEDOT/NG) showed itself to be superior.
The application potential of these electrodes in the electrocataly-
sis of enzyme cofactors has been successful demonstrated. Among
the various modified electrodes, the N-graphene modified GCE has
shown higher sensitivities than the other electrodes. This proves
that heteroatom N-doped graphene s far superior to graphene or its
derivatives/polymer composites, due to its n-type semiconductor
like properties, making N-doped graphene a ready-to-use electrode
material.
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