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correlations between the mass of NaBH, used, and C/O ratios and Ip/[g ratios of the materials,
respectively. The graphene materials exhibit improved conductivity with greater degrees of
reduction and FTIR shows that, specifically, carbonyl groups were reduced to hydroxyl groups.
The cyclic voltammetry technique was then employed to elucidate a trend between the
heterogeneous electron transfer of Fe(CN)g*>”*, Ru(NH;)e> 7", Fe**3*, v**3* Eu>"** ascorbic
and uric acids, and the C/O ratios. It was found that the dependency of the heterogeneous
electron transfer on oxygen content in chemically reduced graphenes is more complex than

previously thought and that multiple concurring effects participate.

1 Introduction

It has been brought to the attention of researchers that
graphene, a monolayer of sp” carbon atoms packed tightly in a
two-dimensional  honeycomb  lattice, has outstanding
mechanical, thermal and electrical conductivity,'* with high
specific surface area® and rapid heterogeneous electron transfer
rates,® and can be fabricated easily.” Due to its extraordinary
properties and relative ease of production, extensive research
has been conducted with graphenes displaying promising
potential in conductive films,® composite materials,’
electrochemical devices® and drug delivery.” The fabrication
routes can be broadly classified into two categories: bottom-up
approach, which utilises the chemical vapour deposition (CVD)
technique that prepares graphene sheets from carbon sources
like methane,'® benzene'' and polymers'''%; and top-down
approach, which involves the chemical oxidation of graphite,
followed by electrochemical reduction,''* or chemical
reduction'>"® using reducing agents like sodium borohydride
(NaBH,), or thermal reduction via an exfoliation process.'® *°
Amongst the preparation methods available for graphene, the
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top-down approach has the highest potential to be up-scaled for
industrial production and is generally the preferred method. The
thermal exfoliation/reduction method generally subjects the
graphite oxide materials to a thermal shock which allows the
rapid expansion and hence, exfoliation of graphite oxide,'
while simultaneously removing molecular oxygen and carbon-
oxygen gases,”” resulting in graphene materials with little to no
oxygen-containing groups remaining. The requisite of rapidly
increasing temperature of the thermal exfoliation/reduction
method requires expensive machinery with highly pure and
controlled atmosphere. Further, it would be difficult and
complicated to attempt to obtain partial thermal reduction of
graphene oxide and control the of oxygen
functionalities that are left. In general, graphene oxides can be
electrochemically reduced using simple instrumentation
immediately after modification onto an electrode surface.
Though the electrochemical reduction allows control over the
extent of reduction of graphene materials,” it is ambiguous
which groups are being reduced at the applied potential. The
long exposure between electrode modification and subsequent

amount

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry A

measurements may have altered the graphene materials in
undetermined ways.

Currently, of the three common reduction methods, the
chemical reduction of graphene oxides is, by far, the most
efficient and cost effective reduction technique. Chemically
reduced graphene oxides (CRGOs) are generally fabricated by
employing reductants like NaBH, and lithium aluminium
hydride (LiAlH;). These reductants and their reduction
mechanisms have been widely studied and it is known that
some oxygen functionalities are more susceptible to reduction
by them.?* A host of reductants are able to remove a significant
amount of oxygen functionalities such as hydroxyl and epoxy
(present in basal plane), and carbonyl and carboxylic (present in

edges) in graphene oxides,'*!82>26

resulting in partial recovery
of the aromaticity of the graphene backbone.?” A previous study
by Shin et al. investigated the reduction of graphene oxides by
NaBH, and it was clearly shown that the carbonyl groups were
reduced to C-O groups which were further reduced with a
higher concentration of reductant, together with the removal of
some carboxylic groups.'” Our previous study which compared
the reduction of graphene oxides by different reductants
showed that LiAlH, was most effective in reducing carboxylic
groups.’® These methods produce CRGOs with excellent
electrical properties, with potential towards bulk production.
Hence, CRGOs are generally the preferred and least hassle
graphene material.

Previously, we have explored the possibility of tuning the
surface composition and electron transfer properties of
graphenes via electrochemical reduction of graphene oxides.”
It was discovered that electrochemical reduction was able to
tune the amount of surface oxygen residing on the graphene.
This opens up the likelihood of preparing graphenes with
with the
booming energy and electronics industries and afore stated

specific electrochemical properties. Furthermore,
advantages of CRGOs, they have the potential to be the next
emerging electronic and capacitance material with vast
applications and simple fabrication routes. This, coupled with
the possibility of tuning the electrochemical properties of
graphene, makes the inspection of the surface composition and
electron transfer properties of graphenes produced via chemical
reduction of graphene oxide the next important step towards
fabricating materials with specific properties required for their
functions.

Herein, we wish to investigate the effects of differing C/O
ratio on changes in the peak-to-peak separation (AE) of various
redox couples and oxidative peak potential of biomolecules.
The graphene materials of increasing C/O ratios were
synthesised by reducing graphene oxide with increasing mass
(NaBH,).

spectroscopy (XPS), Raman spectroscopy, Fourier transform

of sodium borohydride X-ray photoelectron
infrared spectroscopy (FTIR) and conductivity studies were
used to characterise the materials and confirm the removal of
the oxygen functionalities. Due to their differing oxygen
content, they show different electrical properties and also
stabilities

different suspension in N,N-dimethylformamide

(DMF) solvent. Cyclic voltammetry (CV) was then performed
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using five different redox probes, Fe(CN)g i Ru(NH3)62+/ 3
Fe?™*, V23" and Eu®"*" and two redox active biologically
important molecules, ascorbic and uric acid, to elucidate the
influence of the oxygen functionalities on the AE and oxidative
peak potential. The resulting AE and oxidation potential varied
non-linearly with the variation of the C/O ratio indicating that
multiple factors contribute to the electron transfer event,
including density of defects, conductivity and aggregation
tendency of the materials.

2 Experimental

2.1 Materials

Graphite, sodium borohydride, N, N-dimethylformamide
(DMF), hydrochloric acid, potassium phosphate dibasic,
sodium phosphate monobasic, sodium chloride, and potassium
chloride were purchased from Sigma-Aldrich. Sulphuric acid
and potassium chlorate were obtained from Alfa Aesar. Fuming
nitric acid (>90%) were purchased from J. T. Baker. Potassium
hexacyanoferrate(I1I), potassium hexacyanoferrate(II)
iron(11T)

europium(IIl) nitrate pentahydrate,

trihydrate, hexaammineruthenium(III) chloride,
chloride hexahydrate,
vanadium(III) chloride, L-ascorbic acid and uric acid were
obtained from Sigma-Aldrich. Sodium carbonate, and the
glassy carbon (GC) electrodes, Ag/AgCl electrode and platinum
(Pt) electrode were purchased from Sinopharm and CH
Instruments respectively. Milli-Q water with resistivity of 18.2

MQ cm was utilised throughout for the preparation of solutions.

2.2 Apparatus

X-ray photoelectron spectroscopy (XPS) measurements
were performed using a conventional non-monochromated X-
ray source using the Mg Ka line (SPECS XRS50, hv = 1253 eV,
200 W) and a multichannel energy analyser (SPECS Phoibos
100 MCD-5). Survey and high-resolution Cls core-level
spectra were collected. Relative atomic percentages were used
to evaluate of C/O ratios from survey XPS spectra. XPS
samples were prepared by coating a uniform layer of the
relevant material onto conductive carbon tape. Raman
spectroscopy analyses were conducted using a confocal micro-
Raman LabRam HR instrument from Horiba Scientific in
backscattering geometry with a CCD detector, a 514.5 nm Ar
laser and a 100x objective attached to an Olympus optical
microscope. Prior to the measurements, a calibration was made
using an internal silicon reference at 520 cm™ and a peak
position resolution of less than 1 cm™' was obtained. The
spectra ranged from 1000 to 3000 cm™'. The Fourier transform
infrared spectroscopy (FTIR) measurements were conducted
using an attenuated total reflectance method on a PerkinElmer
Spectrum 100 system. A diamond/ZnSe was used as the ATR
crystal in tandem with a universal ATR accessory. Current—
voltage measurements (/-} curve) were obtained using an
interdigitated gold electrode platform (Au-IDE) by depositing 2
pL of the material suspension (1 mgmL™" dispersed in water)

onto the electrode surface with 10 um spacing.*' The electrode

This journal is © The Royal Society of Chemistry 2012
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was then left under a lamp to dry, leaving a randomly deposited
material film on the interdigitated area that linked the two Au
electrode bands. The I~V curves were acquired by linear sweep
voltammetric measurements at a scan rate of 20 mVs'. An
average from three measurements was obtained and displayed
in Figure 4. The electrochemical experiments employing the
cyclic voltammetric technique were conducted using a
pAutolab Type III electrochemical analyzer (Eco Chemie, The
Netherlands) connected to the software NOVA 1.8 (Eco
Chemie).

2.3 Procedures

2.3.1 Graphite oxide (GO). GO was prepared from graphite
according to Staudenmaier method.?® Sulphuric acid (17.5 mL, 95—
98%) and nitric acid (fuming, 9 mL) were added to a round bottom
flask and stirred under 0 °C for 15 min. Graphite (1 g) was then
added into the mixture under vigorous stirring to avoid
agglomeration obtain a homogeneous dispersion.
Subsequently, potassium chlorate (11 g, 89.8 mmol) was added
portionwise into the mixture (over 15 min) at 0 °C. The mixture was
stirred for 96 h at room temperature. Upon completion of the
reaction, the mixture was poured into deionised water (1 L) and
filtered. Graphite oxide was then dispersed and rinsed repetitively
with HCl (5%) solutions to eliminate sulphate ions and finally
washed with ultrapure water until the pH of the reaction mixture
matches that of the ultrapure water. The graphite oxide slurry was
then dried in vacuum at 40 °C for 5 days.

and to

2.3.2 Reduced graphene oxides (rGO-x, x = mass of NaBH,).
Graphite oxide (50 mg) dispersed in ultrapure water (1.0 mgmL™)
was ultrasonicated (Fischer-brand, FB 11203 ultrasonic unit at 37
kHz, 180 W) for 2 h before adding 5 wt% of sodium carbonate to
obtain a colloidal suspension of pH 9—10. Sodium borohydride (50
mg, 1.32 mmol; 100 mg, 2.64 mmol; 300 mg, 7.93 mmol; 800 mg,
21.1 mmol) was added slowly (over 20 min) into the suspension
under vigorous stirring. The mixture was then heated to 80 °C for 1
h. It was cooled to room temperature, filtered (0.2 pum, RC
membrane) and washed repeatedly using ultrapure water. The
sample was then dried in vacuum at 40 °C for 5 days before usage.

2.3.3 Electrochemical characterisation of materials. GO, rGO-50,
rGO-100, rGO-300 and rGO-800 (1.0 mgmL™") were individually
dispersed in DMF for 1 h prior to usage. Before the modification of
the glassy carbon (GC) electrode, its surface was polished to a mirror
finish using 0.05 mm alumina particles on a polishing pad. After
sonication for 10 min, 1 pL aliquot of the materials suspension was
drop cast onto a newly polished GC electrode surface with a
micropipette. To achieve a randomly distributed graphene film on
the GC surface, the graphene material suspension was allowed to dry
under a lamp. All cyclic voltammetric (CV) measurements were
performed using a scan rate of 100 mVs™, in a 5 mL electrochemical
cell at room temperature. A three-electrode configuration comprising
of the modified GC working electrode, Ag/AgCl reference electrode
and Pt counter electrode was employed. Phosphate buffered solution
(PBS, 50 mM, pH 7.2) was utilised as the supporting electrolyte for
the biomolecules while potassium chloride (KCl, 0.1 M) was the

This journal is © The Royal Society of Chemistry 2012
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electrolyte for the redox couples. Triplicate CV measurements were
performed for all materials.

3 Results and Discussion

Previous study on the change in AE of the redox peaks of the
ferro/ferricyanide redox couple (Fe(CN)s”*) with graphene
materials of different oxygen content has exhibited a negative
correlation between C/O ratio and AE.?® To investigate whether
the results from these studies can be extended to other redox
couples and biomolecules, we firstly characterised the graphene
materials by means of XPS, Raman spectroscopy, FTIR and
conductivity and then performed CV to obtain AE and oxidative
peak potentials. The graphene materials used are namely
graphene oxide produced using the Staudenmaier® oxidation
method (denoted as GO) and GO reduced with 50, 100, 300 and
800 mg of NaBH, (denoted as rGO-x, whereby x is the mass of
NaBH, (in grams) used in the reduction step). Note that rGO-
800 is more commonly known as fully chemically reduced
graphene oxide (CRGO) and the use of lower amounts of
NaBH, results in graphenes with decreasing C/O ratios as
confirmed by XPS.

XPS, a surface-sensitive technique which is able to identify
surface elemental composition of the graphene materials, was
performed to obtain the C/O ratio for GO, rGO-50, rGO-100,
rGO-300 and rGO-800. Figure 1A shows the wide scan XPS
spectra of the materials, with two prominent peaks at 284.5 and
531.3 eV, corresponding to carbon and oxygen respectively.

A Cis B —
Ols =3
O —C 0
GO-800 L rGO-800 \ ey

rGO-300 L rGO-300

r\G—O’-l/O\O’/V\’—L__‘VL___ rGO-100
rGO-50

L

1000 800 600 400 200
Binding Energy (eV)

Intensity (a.u.)

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

Figure 1 X-ray photoelectron spectroscopy spectra of GO, rGO-50, rGO-100, rGO-
300 and rGO-800. (A) Survey and (B) Cls core-level spectra.

The C/O ratio of each material, calculated from the atomic
percentages obtained from the wide scan spectra, reveals that
the C/O ratio varies positively with NaBH,; mass. GO presented
the lowest C/O ratio of 2.0, followed by rGO-50 with C/O of
2.6, rGO-100 with C/O of 3.5, rGO-300 with C/O of 4.8 and
rGO-800 with the highest C/O ratio of 9.5. GO contains a large
amount of oxygen-containing groups stemmed from the
Staudenmaier oxidation reaction giving a low C/O ratio. The
other materials, reduced with increasing amounts of NaBH,
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increased C/O the
elimination/reduction of carbonyl groups on the graphene
carbon backbone. The Cls core-level XPS spectra of the
different graphene materials are presented in Figure 1B. The

showed ratios mainly due to

deconvolution of the Cls spectra revealed peaks corresponding
to sp? C=C (284.5 eV), sp® C-C (285.5 eV), hydroxyl/epoxide
C-0O (286.5 eV), carbonyl C=0 (about 288.0 eV), carboxylic O-
C=0 (about 289.0 eV) and n-n* shake-up (about 290.5 eV) for
all the materials. The n-n* shake-up peaks are common for
conjugated materials and occur as a result of additional
electronic transitions following a photoelectron emission
process. From Figure 1B, the peaks for the various carbon-
oxygen bonds diminish from GO to rGO-800 while the peak for
C=C bond shows the opposite trend. It is typical for graphene
oxides to partially recover the sp? carbon network after being
chemically reduced.?’

Further structural characterisation was performed using
Raman spectroscopy, a technique useful for measuring the
density of defects present in the sp® honeycomb structure of
carbon materials. The Raman spectrum usually shows two
peaks characteristic of carbon materials; D band at about 1350
cm’™', which originates from structural disorders and sp’-like
defects in the backbone, and G band at about 1580 ¢cm™', which
originates from sp*-hybridised carbon vibrations. An analysis of
the ratio of the intensities of D band to G band (/p//g) can be
used to examine the extent of defects in graphenes after
reduction. The Raman spectra for GO and rGO-x are displayed
in Figure 2. The Ip/Ig ratios of GO, rGO-50, rGO-100, rGO-300
and rGO-800 were obtained to be 0.89, 0.92, 0.98, 1.13 and
1.68 respectively. The increase in the Ip/lg ratio with greater

_A/\
rGO-800

rGO-300

rGO-100

Intensity (a.u.)

rGO-50

GO

1500 2000 2500
Raman shift (cm™)

Figure 2 Raman spectra for GO, rGO-50, rGO-100, rGO-300 and rGO-800.
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degree of reduction of graphene oxide is consistent with
previous reports.**3? The increase in Ip/lg ratio is indicative of
the reduced sp” lattice size (L,) on graphenes upon reduction. It
has been proposed’ that while reduction decreases the size of
the sp? domains, it increases their number all over the material
which causes the enhanced conductivity. Therefore, though the
reduction of graphene oxide results in recovery of graphene
backbone, this is confined to small graphitic regions, hence a
larger Ip/Ig ratio is obtained.

rGO-50

rGO-100
rGO-300
rGO-800

—
3500

Transmittance (%)

Ll v Ll v Ll v Ll v Ll v
3000 2500 2000 1500 1000

-1
Wavenumber (cm™)
Figure 3 FTIR spectra of GO, rGO-50, rGO-100, rGO-300 and rGO-800.

FTIR spectroscopy was performed to further elucidate the
oxygen functionalities residing on GO and rGO-x and the
spectra are found in Figure 3. As it can be seen, the spectrum
for the GO material presents several peaks which correspond to
the O-H stretching mode (~3200 cm™), C=0 vibrational mode
(~1720 cm™), C-OH vibrational mode (~1360 and ~1050 cm™)
and C-O-C from epoxides (1220 and 950 cm™). The peak at
~1620 cm™ corresponds to the vibrational mode of adsorbed
water molecules.

It is clear looking at the FTIR spectra of the reduced
materials that carbonyl groups are reduced by NaBH, since the
C=0 peak diminishes until it is no longer detected for rGO-300
and rGO-800. At larger mass of the reductant, the O-H, C-OH
and C-O-C groups were reduced as well, as shown in the
respective disappearing peaks from the FTIR spectra. This is in
agreement with the Cls core-level XPS spectra (Figure 1B)
which shows decreasing C-O peaks from GO to rGO-800, and
with literature whereby more NaBH, led to the reduction of C-
O bonds'” that may correspond to hydroxyl or epoxide groups.
The reduction of carbonyl groups to hydroxyl groups by NaBH,
is consistent with conventional organic chemistry.**

In addition to the structural characterisations via XPS,
Raman and FTIR spectroscopic techniques as mentioned above,
electrical properties of the graphene materials were investigated
through conductivity studies. An interdigitated gold electrode
system was employed to measure conductivities of all the
materials. For each material, this system provides /-V curves
(Figure 4) with slopes that are directly proportional to their

This journal is © The Royal Society of Chemistry 2012
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This enables
comparison of conductivities of the materials.

From Figure 4, conductivities increase from GO to rGO-50,
followed by rGO-100, rGO-300 and rGO-800. GO and rGO-50
showed similar and negligible conductivities due to high sheet
resistance as a result of the many oxygen-containing groups
residing on the graphene sheet (R>10* Q). rGO-800 which was
the most highly reduced graphene, displayed the steepest slope
of 64 mAV™" (R=15.6 Q), followed by rGO-300 with slope of
52.8 mAV!' (R=189 Q) and rGO-100 with slope of 31.4
mAV™! (R=31.8 Q). These results are indicative that a greater
degree of GO reduction has led to improved electrical
properties of the resulting reduced graphene.

individual conductivities. direct qualitative

304 ce=
20 - E’c 0
2 104 3001
é ] .0 i i —co
4&' ol -o4 .“Pae:l‘ialt\l) [ o
o !
=
S -10
o
-20 1 —G0
J —rGO-50
—rG0O-100
-30 < ——rGO-300
——rGO-800
T T T T T
-0.4 -0.2 0.0 0.2 0.4

Potential (V)

Figure 4 -V curves of GO, rGO-50, rGO-100, rGO-300 and rGO-800. Inset: /-V
curves of GO and rGO-50 only.

We also tested the stability of the graphene materials in the
organic solvent DMF which was used to prepare graphene
dispersions prior to electrode surface modification. Figure 5
shows optical images of colloidal suspensions of GO and rGO-
x, immediately after sonication (¢ = 0) and after 1, 4, 24, 94 and
168 h. It can be seen that the rGO-300 and rGO-800 are much
less stable than the other materials given the fact that they settle
to the bottom of the vial sooner. The aggregation is due to the
removal of dissociable oxygen containing groups from the
surface of rGO and consequently reduced stabilising surface
charges.

This journal is © The Royal Society of Chemistry 2012
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rGO-300

rGO-100

rGO-50 rGO-100 rGO-300

rGO-300 rGO-100 rGO-300

rGO-50 rGO-100 rGO-300 rGO-100 rGO-300

Figure 5 Optical images of GO, rGO-50, rGO-100, rGO-300 and rGO-800
dispersions in water at time t after sonication.

Finally, we explored the electrochemical properties of GO
and rGO-x using CV technique in the presence of various redox
couples and biomolecules, i.e. Fe(CN)¢’*, Ru(NH;)e2 ",
Fe?™3*, V23" Eu*"?", ascorbic and uric acids. While Fe(CN)*
4 Ru(NHj3)e2 ™", Fe*®", V2" and Eu®"*" are redox probes
typically used to investigate electrochemical properties of the
materials including their heterogeneous electron transfer ability,
ascorbic and uric acids are biologically important molecules
and are used here to test the biosensing capabilities of the
various materials when used as electrode surface modifiers.

Figure 6 and 7 show the CVs obtained for the redox probes
and biomolecules respectively. The Ru(NH;)s>”** redox couple,
which is likened to an “outer-sphere” redox system, has been
shown to be surface, as well as oxide, insensitive. Here, in fact,
gave relatively stable and reproducible AE values across
graphenes with different oxygen content and density of defects.
Compared to Ru(NH;)s>"*", the other redox couples were
greatly influenced by the amount of oxygen-containing groups
in the graphenes, as shown in the variability of the shape of the
CVs. From Figure 7, uric acid shows relatively stable response,
in terms of peak potential, to the different graphenes with
varying C/O ratios, while ascorbic acid gave more complex
responses with oxidation potentials varying not linearly with
the C/O ratio.

J. Name., 2012, 00, 1-3 | 5
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Figure 6 Cyclic voltammograms of various redox couples on bare glassy carbon,
GO, rGO-50, rGO-100, rGO-300 and rGO-800. All probes were dissolved in
potassium chloride solution (0.1 M) to form 10 mM solutions. Scan rate used was
100 mvs™.

For a better visualisation and understanding of the influence
of oxygen functionalities, AE and oxidation potentials have
been plotted against C/O ratios of the materials (Figure 8 and
9). Due to its insensitivity to oxides and surface defects,
Ru(NH;)s>"*" showed very stable electrochemical responses
(change in AE = 0.02 V) across the graphenes with increasing
C/O ratios. On the other hand, Fe(CN)¢>”* showed in general a
diminished AE, with increasing C/O ratios. This corresponds to
earlier reports demonstrating that a faster electron transfer for
Fe(CN)¢>"* is obtained at reduced oxygen content due to the
weaker electrostatic repulsion between dissociated oxygen
groups and the negatively charged Fe(CN)63'/4'.28’3 "' In addition,
the accelerated electron transfer of Fe(CN)63'/4' can be
correlated to the increased density of defects of the materials, as
demonstrated in previous studies.™’

6 | J. Name., 2012, 00, 1-3
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Figure 7 Cyclic voltammograms of ascorbic and uric acids on bare glassy carbon,
GO, rGO-50, rGO-100, rGO-300 and rGO-800. All probes were dissolved in
phosphate buffer solution (50 mM, pH 7.2) to form 10 mM solutions. Scan rate
used was 100 mVs ™.

o
1

As for Fe*”*" and V¥, the correlation between AE and
C/O ratio is not linear. In both cases, in fact, it can be noticed a
decreasing AE from GO to rGO-100 (C/O ratio from 2.0 to 3.5),
followed by a constant increase at increasing C/O ratios from
3.5 to 9.5. This clearly highlights that the surface oxides are not
the only factor influencing the electron transfer of these redox
probes with the carbon material. For perfectly controlled carbon
surfaces, the HET of Fe*"**, V** and Eu®"*" is strongly
influenced by surface oxides which accelerate the electron
transfer due to favourable interactions between such oxides and
the redox probes.>* Here we can see that for Fe*"*" and V>3
probes, the initial decrease of oxygen groups going from GO to
rGO-100 generates an enhanced electron transfer with
diminished AE which contradicts earlier reports. We infer that
for such oxygen functionalities-rich materials the conductivity
plays the major role with respect to the C/O ratio. GO and rGO-
50 are in fact poorly conductive with only rGO-100 starting to
have an ohmic behaviour (see Figure 4). From this point
onwards, having the rest of the materials increasing but
comparable conductivities, the oxygen functionalities seemed
to have the main influence towards the redox behaviour of
Fe®"?* and V>"* probes, with therefore poorer electron transfer
for reduced oxygen content.

This journal is © The Royal Society of Chemistry 2012
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Figure 8 Peak-to-peak separations (AE) of various redox couples against C/O
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bars indicate triplicate measurements and the y-axes were scaled to a uniform
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On the other hand it is surprising that Eu*"**

displayed a more
monotonic behaviour with smaller, but observable positive
correlation between AE and C/O ratio. Clearly the electron
transfer mechanism involved with Eu*”*" follows different
paths with the oxygen content being the only influencing factor.
AE for Eu***" in fact, monotonically increased with increased
removal of oxygen containing groups. This is consistent with
the previous observation that Eu®"*" ligates with oxygen
containing groups on the carbon surfaces.’ 3 While it is
expected to have similar redox mechanism between Fe?"**,
V#* and Eu®"*" (coordination to oxygen functionalities in

graphene), from the CVs obtained, it seems that Fe*"**
23

and
do have similar mechanisms, while Eu*”*" differ from
them. This may be due to the larger size of the Eu atom
compared to V and Fe, whereby larger atomic size indicates
lower charge density and weaker ligation to oxygen-containing
groups. Hence, oxygen content in graphene becomes a limiting
factor in the observed trend.

The oxidation mechanism of ascorbic acid has been well-
examined over the last few decades.’”® It was determined that
ascorbic acid undergoes electrochemical oxidation at sites of
“pristine” carbon.”® From Figure 9, the electrochemical
oxidation potential of ascorbic acid decreases initially to a
minimum for rGO-100, after which it increases for rGO-300
and rGO-800. With reduction by NaBH,, it is possible that the
recovery of the aromaticity of graphene backbone has occurred,
which was supported by the increasing peak height of C=C
bond in the Cls core-level spectra. Hence, the electrochemical
oxidation of ascorbic acid proceeded via the active sites of sp?

This journal is © The Royal Society of Chemistry 2012
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hybridised carbon on graphene and lower oxidative peak
potentials were observed. However, considering the Raman
spectra, a substantial increase of the /p/I ratio resulted for the

— Ascorbic acid
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o
€
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o
Q.
X
8 0.2-
[oN
(0]
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Figure 9 Oxidative peak potentials of ascorbic and uric acids against C/O ratios of
GO, rGO-50, rGO-100, rGO-300 and rGO-800 obtained from XPS. Error bars
indicate triplicate measurements and the y-axes were scaled to a uniform range.

rGO-100 to rGO-800 passing from the value 0.98 to the value
1.68. This indicated a significant disruption of the “pristine”
graphene backbone which might have led to the increase in the
oxidative peak potential.

The variation of the oxidation potential with C/O ratio for
uric acid is much less significant if compared to that of ascorbic
acid with a potential shift of only ~0.04 V. Such minimal
variation agrees with earlier studies which revealed that the
electrochemical behavior of uric acid is mostly affected by the
presence of metal impurities, as well as by the solution pH.*% 4
In the present study neither of these factors were varied and
only the C/O ratio of the materials was considered.

4 Conclusion

CRGOs with specific surface composition and electrochemical
properties have been successfully prepared by reducing
graphene oxides with varying masses of NaBH,, resulting in
differing C/O ratios. The variation of AE and oxidative peak
potentials of redox couples and biomolecules with differing
C/O ratios was investigated, and various trends were observed.
Both Ru(NH;)s>"*" and uric acid have shown to be unaffected
by differing oxygen contents. Fe(CN)63'/4' shows overall
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decreasing AE with C/O ratio due to the removal of negatively
charged oxygen functionalities. Fe*”** and V?"*" probes,
however, are affected not only by the surface oxides but also by
other factors with the major being the electrical conductivity.
For highly oxidised materials, an improved electron transfer is
mostly attributable to the improved conductivity properties of
the materials while reducing the oxygen functionalities. After
that having comparable conductivities, the oxides interaction
prevails giving rise to poorer electron transfer at increased C/O

ratios. Eu?"?*

shows differing behavior with a constant increase
in AE for decreasing amount of oxygen containing groups at the
carbon surface to which it can bond. Ascorbic acid oxidation
potential decreased at increasing C/O ratios up to rGO-100
probably due to the

conductivity of the graphene backbone. Subsequently, the

recovery of the aromaticity and

increase in oxidation potential is probably due to the higher
amount of defects which reduce the pristine graphene surfaces
available for interaction. Uric acid, although with similar trend
as ascorbic acid, results in much less significant alteration of
the AE at varying C/O ratio, conductivity and density of
defects. This study allows the fabrication of graphene materials
with
properties, which is an imperative step towards their use in

specific surface composition and electron transfer

specific applications.
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