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Graphene derivatives are promising materials for the electrochemical sensing of diverse biomolecules and development of

new biosensors owing to their improved electron transfer kinetics compared to pristine graphene. Here, we report

complex electrochemical behavior and electrocatalytic performance of variously fluorinated graphene derivatives

prepared by reaction of graphene with a nitrogen-fluorine mixture at 2 bars pressure. The fluorine content was simply

controlled by varying the reaction time and temperature. The studies revealed that electron transfer kinetics and

electrocatalytic activity of CF, strongly depend on the degree of fluorination. The versatility of fluorinated graphene as a

biosensor platform was demonstrated by cyclic voltammetry for different biomolecules essential in physiological

processes, i.e. NADH, ascorbic acid and dopamine. Importantly, the highest electrochemical performance, even higher

than pristine graphene, was obtained for fluorinated graphene with the lowest fluorine content (CFqs4) due to its high

conductivity and enhanced adsorption properties combining m-m stacking interaction with graphene regions with

hydrogen-bonding interaction with fluorine atoms.

Introduction

The discovery of graphene, i.e. monolayer of carbon atoms
closely packed into a two-dimensional honeycomb lattice, has
led to extensive research and expansion in many fields such as
chemistry, biology or materials science, owing to its unique
electrical, electrochemical, mechanical and optical
properties.l_7 However, pristine graphene exhibits a zero band
gap, limiting its applications in nanoelectronics, photonics
To this, covalently
functionalized graphene derivatives or graphene doped with

. 8
devices or sensors. overcome

various elements have been used for controlled property
S 912 . .
tailoring. Thus, modifying graphene sheets with
hal 13-16 | 17-21 22-24 . 25-27
alogens, ydrogen, sulphur, or nitrogen, can
provide new electronic, mechanical, magnetic, optical and
. 2831
sensing properties.
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images the sheet in pristine graphene sample, Survey XPS spectrum, high

resolution C 1s XPS spectrum, and Raman spectrum of pristine graphene precursor
used for controlled fluorination, survey and high resolution F 1s XPS spectra of the

CFo.084, CFo.1s8, and CFg213 samples, EDS chemical mapping of fluorine in CFg1sg,

contact angle measurement of CFgggs, CFo158, CFo.218, and HOPG, and additional

electrochemical data. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 2015

Among the possible graphene derivatives, fluorinated
graphene (CF,) has received increased attention owing to its
striking performance since fluorination is one of the most
effective chemical methods to modify and control physico-
chemical properties of graphene-based materials.>*®
Fluorinated graphene has also been proposed as the ideal
precursor for synthesis of new graphene derivatives through
nucleophilic substitution of fluorine atoms.> ™ Moreover,
fluorinated graphenes have been reported as interesting
systems creating paramagnetic centers for magnetic
a|:)|:)|ications.42'43 Importantly, the physico-chemical properties
can be tuned by varying the degree of fluorination, in a way
analogous to the tuning of bandgap,‘m'45 dielectric®® or
electronic transfer properties.46 However, to date, fluorinated
graphenes have not been reported in sensing applications.

Fluorographene has been synthesized by various methods,
such as by treatment of graphene with XeFZ,‘W'48 plasma-
assisted decomposition of CF4,49 or mechanical and chemical
exfoliation of fluorogray:)hite.‘w'50 In all cases, fluorine atoms
are attached to the graphene scaffold via C-F covalent bonds,
changing the hybrid state of carbon atoms from sp2 to sp3 and

thereby altering the structural, optical and electronic
properties of fluorographene with respect to pristine
graphene.51'52 However, control over the fluorine
concentration or structure of CF,, remains a key
chaIIenge.“e'S&54

Fluorination of graphene may enhance the electrochemical
properties and facilitate electron transfer. It seems likely that
the highly electronegative fluorine bound to the graphene
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scaffold would affect the surface properties and sensing
performance for various analytes and biomarkers. Faster
heterogeneous electron transfer (HET) has already been
shown for fluorine doped graphites,55 and fluorinated
graphene oxide®® and was ascribed to a number of defects
arising from the presence of fluorine. Additionally, fluorinated
graphene can act as high performance electrode in lithium

57-59 . 60
and photovoltaic cells.

batteries
In this work, we report on the electrochemical performance of
controllably fluorinated graphenes in sensing various
physiologically important biomolecules. We identified optimal
synthetic conditions enabling control of fluorine coverage
whilst maintaining the dimensionality and chemical nature of
the CF, systems. Combining experimental and theoretical
approaches, we found that the fluorine content had a
fundamental effect on the electron transfer properties and
adsorption behavior of the fluorinated graphenes. Low
fluorinated graphene exhibited excellent sensing properties for
all the studied biomolecules, outperforming pristine graphene,
thus opening new possibilities for biosensing applications.

Experimental

Chemicals and materials

Monobasic potassium phosphate, N,N’-dimethylformamide
(DMF), dibasic potassium phosphate, R-nicotinamide adenine
dinucleotide, reduced dipotassium salt (NADH), ascorbic acid
and dopamine from Sigma-Aldrich were of analytical grade and
used without further purification. All solutions were prepared
with deionized water.

Preparation of graphene and fluorographenes with various degree
of fluorination

Few layered graphene was prepared using an intense
cavitation field in a pressurized ultrasonic reactor in DMF with
graphite as a precursor according to a previously described
method.®! The sample was then removed from DMF using
vacuum filtration and allowed to dry at 100 °C for 24 hours
prior to fluorination. Three different samples of fluorinated
graphene were prepared as follows: dried graphene samples (~
25 mg) were flushed with pure N, gas and then treated with a
nitrogen-fluorine mixture (20 vol.% F,) in a Teflon autoclave -
sample 1 was treated at 2 bars for 5 hours at room
temperature , sample 2 at 2 bars for 24 hours at room
temperature, and sample 3 at 2 bars for 24 hours at room
temperature followed by heating to 80 °C for an additional 4
hours and left to cool to room temperature overnight.

Electrode modification

Glassy carbon electrodes (GCE, 3 mm in diameter, 2Theta
Czech Republic) were polished on wet silicon carbide paper
using alumina 1 and 0.05 um Al,O; powder sequentially and
then washed in ethanol followed by distilled water. The GCEs
were afterwards modified with fluorinated graphene samples
by drop-coating: 10 ul of water dispersion (1 mg mL'l) was
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coated onto the GCE surface and allowed to dry at room
temperature.

Characterization methods

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with a PHI VersaProbe Il (Physical Electronics)
spectrometer using an Al K, source (15 kV, 50 W). All spectra
were measured in a vacuum of 1.4 x 107 Pa and at room
temperature. The XPS spectra were evaluated with MultiPak
(Ulvac - PHI, Inc.) software. All binding energy (BE) values were
referenced to the Cls peak at 284.80 eV. Raman spectra were
recorded on a DXR Raman microscope (Thermo Scientific)
using the 532 nm excitation line of a diode laser. The samples
were also analyzed with a scanning electron microscope (SEM)
Hitachi SU6600 with an accelerating voltage 15 kV, and AFM
images were obtained using a Ntegra (NT-MDT) scanning
probe microscope (SPM) operating in semi-contact mode with
a HaNC tip. Elemental mapping was conducted using a high
resolution transmission electron microscope (HR-TEM TITAN
60-300kV) operating at 80 kV, and energy dispersive X-ray
spectroscopy (EDS) with an acquisition time of 20 min was also
used.

Electrochemical measurements

All electrochemical experiments were performed using a
PGSTAT128N potentiostat (Metrohm Autolab B.V.) monitored
by NOVA software. A conventional three-electrode cell
configuration was employed. Modified GCEs were used as
working electrodes, with a saturated Ag/AgCl (2Theta, Czech
Republic) and a platinum wire as reference and counter
electrode, respectively. All experiments were performed at
room temperature.

Calculations

The projector augmented waves (PAW) method® as
implemented in the VASP package63 was used to perform
geometry optimization using the Perdew-Burke-Ernzerhof
(PBE) GGA functional® with empirical dispersion correction
(PBE-DZ).65 An optimized graphene lattice constant of 2.468 A
was used. For fluorographene, a lattice constant of 2.607 A, C-
C distance of 1.58 A and C-F distance of 1.38 A were used.®®
The size of supercell was proportional to the size of simulated
molecule on the surface. A 13 x 13 graphene/fluorographene
supercell (containing 338 carbon atoms) was used for
adsorption of the large NADH (C,,0,4N5P,H55) molecule and a
cut-off energy of 350 eV was applied for the plane-wave basis
set during optimization together with low VASP precision. A
smaller supercell of 7x7 (containing 98 carbon atoms) was
used for dopamine and ascorbic acid and a cut-off energy of
400 eV and normal precision of VASP was applied. Atomic
positions were relaxed until the change in energy was less than
10 eV and the first Brillouin zones were represented by
gamma point. Subsequent total energy calculations were
carried out using the optB86b-vdW functional,67 which
provided adsorption enthalpies of small organic molecules to
graphene in excellent agreement with experimental data.®®®
The first Brillouin zone was sampled by 2x2 k-points, the break

This journal is © The Royal Society of Chemistry 2015
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condition for the electronic step was an energy difference of
10® eV and a cut-off energy of 450 eV was applied together
with accurate setup of VASP.

Results and discussion

Chemical composition and  structural properties of
fluorographenes - fluorination control
The starting graphene precursor used for controlled

fluorination comprised highly transparent sheets with a
thickness of a few nanometers or less as shown by AFM, SEM
and HRTEM measurements (see Fig. S1 in ESIt). The pristine
graphene was of high purity containing 92at% of carbon and
8at% of oxygen according to XPS data (Fig. S2 in ESIt). The
small amount of oxygen is typical of graphene samples
prepared by and remained
approximately constant in all fluorinated samples.

Survey XPS data of the fluorinated samples (Fig. S3 in ESIt)
clearly showed increasing fluorine content and decreasing C/F

. ... 70
chemical exfoliation

ratio with increasing fluorination time and temperature.
Namely, the sample treated for 5 hours at room temperature
exhibited a C/F ratio of 11.93 (sample labelled as CFgog4), the
sample treated for 24 hours at room temperature had a lower
C/F ratio of 6.31 (CFg 1s5), and the sample treated for 24 hours
at room temperature and then 4 hours at 80 °C showed the
lowest C/F ratio of 4.59 (CFg,:5). The increasing fluorine
content was also evidenced in high resolution Cls XPS spectra
through increased intensities of C-F and C-F, bands and
gradually suppressed intensities for C=C bonds, indicating
decreasing content of sp2 carbon (see Fig. 1). Similarly, Raman
spectra showed an increasing lp/lg ratio, starting from 0.087
for the untreated graphene sample (Fig. S2 in ESIt) to 0.485 for
CFg 084, 0.503 for CFj 155 and 0.704 for CFy,.5 with D/G bands
centered at 1344/1566 cm'l, 1342/1564 cm™ and 1337/1566
cm’?, respectively. Thus, both the XPS and Raman data
unambiguously confirmed a gradually increasing content of sp3
carbon due to the tailored fluorination procedure.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1. High resolution C 1s XPS spectra and Raman spectra of CFoogs (top), CFoiss
(middle), and CFg ;15 (bottom).

The characterization of CF, systems was supported by HRTEM
analyses and EDS chemical mapping, enabling not only the
varying fluorine content but also the
homogeneity/heterogeneity of its distribution the
fluorographene sheet (Fig. 2) to be monitored. Importantly,
the few-layered or even single-layered character of all CF,
systems was preserved during the fluorination process, as
illustrated by the highly transparent ultrathin sheets in HRTEM
images (see Fig. 2, left column). EDS spectra corresponded well
with XPS and Raman data, indicating increasing fluorine
content with increasing reaction time and temperature.
Moreover, coloured EDS chemical maps provided useful
information on the fairly homogeneous distribution of fluorine
over CF, sheets, including edges (see Fig. S4 in ESIt). This
finding has important implications mainly for the mechanism
of electrochemical sensing.

over
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Fig. 2. HRTEM image, STEM-HAADF image, EDS elemental (C/F/O) mapping and EDS
spectra of samples CFgsa (top), CFo.1ss (middle), and CFg 215 (bottom).

In summary, the detailed characterization of fluorinated
graphenes clearly showed that the synthetic procedure used
allowed control over the fluorine content whilst maintaining
the few-layered chemical character of the materials,
homogeneous distribution of fluorine over the sheets and
chemical nature of the fluorine atoms in CF, systems. Indeed,
the C-F and C-F, bands exhibited nearly the same binding
energies at ~288.3 and ~290.7 eV, respectively (Fig. 1).
Moreover, the high resolution F 1s XPS spectra of all
fluorinated samples (Fig. S3 in ESIt) contained a peak around
~687 eV, which was uniform in shape and typical of covalently
bound fluorine as similar binding energies were observed, for
example, in the structure of tris(4-f|uorophenyl)phosphine.m]

Electrochemical sensing with CF,

The electrochemical properties of CF, modified GCEs were first
investigated by cyclic voltammetry in the presence of redox
probe [Fe(CN)5]4'/3', as shown in Fig. 3. The peak-to-peak
separation (AE,) indicated faster electron transfer for the
electrode modified with CFy og4 (AE, = 189 mV) compared to a
bare electrode (AE, = 194 mV) or electrode modified by
graphene (AE, = 293 mV). The electrode modified with the
CFo.155 sample offered slightly better electron transfer (AE, =
246 mV) than the electrode modified by graphene, whereas
the slowest electron transfer was observed for the electrode
modified by fluorinated graphene with the highest fluorine
content, CFq 515 (AE, =376 mV).

4 | Nanoscale, 2015, 00, 1-3
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Fig. 3. (A) Cyclic voltammetry of 5 mmol L [Fe(CN).»,]‘”a' recorded with glassy carbon

electrodes modified with CF g4 (green line), CFo1sg (blue line), CFo,15 (brown line) and
pristine graphene (dashed-dotted magenta line). The response of a bare GCE (dashed
black line) is also shown. All measurements were performed in 0.1 mol L™ phosphate
buffer (PBS) pH 7.0 at a scan rate of 50 mV's™.

A scan rate study for sample CFg g4 is shown in Fig. 4. A good
linear relationship between the square root of the scan rate
and peak current in the range of 10 mV st to 200 mV s with a
correlation coefficient of 0.996 and 0.994 was observed (Fig.
5). This result illustrated that the electrode process is diffusion
controlled.

400
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200
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0]

-100

-200

-300
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Fig. 4. Cyclic voltammograms recorded with glassy carbon electrodes modified with

sample CFq g4 at different scan rates. All measurements were performed in 0.1 mol Lt

phosphate buffer (PBS) pH 7.0 containing 5 mmol L™ [Fe(CN)s]**.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5. Plot of anodic (I,) and cathodic (I¢) vs. square root of scan rate.

The electron transfer properties were further characterized by
electrochemical impedance spectroscopy (data not shown).
The Nyquist plots were fitted by using a Randles equivalent
circuit, thus taking into account diffusion and kinetic controlled
parameters. The charge transfer resistance R, Wwas
represented by a semicircle in the Nyquist plot. The values of
R, were in good agreement with the results obtained by cyclic
voltammetry since the lowest impedance was obtained for the
electrode modified with low fluorinated graphene, CFg g4 (107
Q), whereas the highest impedance was for the electrode
modified with CFy 5,5 (309 Q) or the starting graphene (305 Q).
The electrode modified with CFg ;55 offered similar impedance
to that measured for bare electrode (290 Q). Clearly, the
lowest resistance to heterogeneous electron transfer was
observed for the fluorographene containing the lowest
amount of fluorine on the graphene sheets. In addition, the
sample with the lowest content of fluorine exhibits better
hydrophilic properties compared to the other CF, samples or
pristine graphene (Fig. S5 in ESIT). It is worth noting that
changes in hydrophobicity of fluorinated graphenes have
already been explained in literature.”>”® Owing to the
improved hydrophilicity and high conductivity of the sample
CFo.084, ONe would expect improved sensing properties toward
different biomolecules. To verify this hypothesis, the sensing
properties of fluorinated graphenes were tested with various
biomolecules, namely nicotinamide adenine dinucleotide
(NADH), ascorbic acid (AA), and dopamine.

Electrochemical oxidation of NADH is of particular interest as
the effective regeneration of NADH/NAD® system plays an
essential role in many important biosynthesis reactions, in

organic chemistry and as cofactors of large number of
74-75

enzymes, mostly dehydrogenases, Owing to the
importance  of  efficient NAD'/NADH  recycling in
dehydrogenase-based devices, such as biofuel cells and

bioreactors, advanced NADH detection has received much
attention. A key challenge in electrochemical regeneration of
NAD" is the high overpotential required owing to slow kinetics
when conventional electrodes are used.”® Strategies to
overcome this limitation include electrode modification by
redox mediators such as phenothiazine or phenoxazine

This journal is © The Royal Society of Chemistry 2015
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derivatives,77 quinones,78 or diaphorase enzyme,79 More
recently, different forms of carbon (e.g. pyrolitic graphite,
carbon nanotubes or graphene oxide) have been utilized 2%
Here, for the first time, we tested the efficiency of low
fluorinated graphenes. The catalytic activity of the electrodes
modified by fluorinated graphenes toward NADH oxidation
recorded in 0.1 mol L™ phosphate buffer (pH 7.0) is shown in
Fig. 6.

40
30+
. 204
<
= 104 -
E) 04 ---- bare GCE
o P R e e s graphene
© 194 CFy 084
-204 CFﬂ.tEB
CFI‘I.ZIB
-30 - T T T T T T T
02 00 02 04 06 08 10 12

E/V vs. Ag/AgCI

Fig. 6. Cyclic voltammograms of 2.5 mmol L' NADH at GCEs modified by
fluorographene samples: CFqgg4 (green line), CFojsg (blue line), CFg,1 (brown line).
Responses of the GCE modified by pristine graphene (dashed-dotted magenta line) and
bare GCE (dashed black line) are also shown. All measurements were performed in 0.1
mol L phosphate buffer (PBS) pH 7.0 at a scan rate of 100 mV s™.

Well-defined oxidation peaks were observed in all cases, but
after modification with CFy g4, @ remarkable potential shift of
oxidation peak was achieved. The peak potential of NADH
oxidation was shifted from 0.68 V on a GCE to 0.43 V after GCE
modification, which could be attributed to the higher
conductivity of low fluorinated CFy gz, samples.

In order to consider the general applicability of fluorinated
graphenes in biosensing, we further explored their effect
toward the oxidation of two other important biomolecules,
i.e., ascorbic acid (AA) and dopamine (DA). Ascorbic acid is an
essential biomolecule for physiological processes in human
metabolism whereas DA is a known transmitter of the nervous
system and a hormone involved in many biological processes
in the human brain and body. Low levels of DA are common in
patients suffering from Parkinson’s disease. Abnormal DA
levels are also related to schizophrenia or restless leg
syndrome.?? 7%

The voltammetric responses to AA and DA for various
fluorinated graphene samples are shown in Fig. 7 and 8. The
lowest oxidation potential of AA was observed with a GCE
modified with the low fluorinated CFyog4 Sample at 100 mV,
whereas bare GCE was found to oxidize AA at 400 mV.
Increasing the fluorine content in the samples resulted in a
shift to the higher overpotentials and lower current response
to AA (see Fig. 7), which may be ascribed to slower electron
transfer.

Nanoscale, 2015, 00, 1-3 | 5


http://dx.doi.org/10.1039/c6nr00353b

Published on 04 February 2016. Downloaded by University of California- San Diego on 04/02/2016 13:24:37.

Nanoscale

(o5}
o

()]
o
I
PR

Y
o
|

Current (MA)
]

o4 ---- bare GCE
fffff graphene
204 — CF o
— CFps8
-404 —CFpae

04 w02 b 02 0d oa o8 10
E/N vs. Ag/AgCl

Fig. 7. Cyclic voltammetry of 5 mmol L™ ascorbic acid recorded at a GCE modified by
fluorographene samples: CFqggq (green line), CFojsg (blue line), CFgz18 (brown line).
Responses of a GCE modified by pristine graphene (dashed-dotted magenta line) and
bare GCE (dashed black line) are also shown. All measurements were performed in 0.1
mol.L”! phosphate buffer (PBS) pH 7.0 at a scan rate of 100 mV s™.

In the case of DA detection, a considerable improvement in
the voltammetric response was observed when using a GCE
modified with least fluorinated CFy g4 sample (see Fig. 8). This
improvement comprised not only reduction of the
overpotential but also increased sensitivity towards DA
compared to the other electrodes, i.e., those modified with
fluorographenes with higher fluorine contents (CFgi55 and
CFg.,18), pristine graphene or bare glassy carbon.

150
100
<
= 504
-
.
g 04 e i
3 - ---bare GCE
Ol T B e graphene
>5O 1 CFD.084
CFo.158
_100 1 CFD.ZH}
0.0 0.2 0.4 0.6 0.8

E/V vs. Ag/AgCI

Fig. 8. Cyclic voltammetry of 5 mmol ! dopamine recorded at a GCE modified by
fluorographene samples: CFqggq (green line), CFoisg (blue line), CFo218 (brown line).
Responses of a GCE modified by pristine graphene (dashed-dotted magenta line) and
bare GCE (dashed black line) are also shown. All measurements were performed in 0.1
mol.L”! phosphate buffer (PBS) pH 7.0 at a scan rate of 100 mV s™.

In order to obtain closer insight about the reaction mechanism
of DA oxidation at the electrode modified with CFg g4, Some
additional experiments were performed (Fig. S6 in ESIT). The
influence of scan rates (30 — 200 mV s'l) on the electrocatalytic
response of modified electrode is shown in Fig. S6A in ESIT.
The peak currents increase linearly with respect to scan rate.
This linear correlation revealed that the electrochemical
oxidation of DA occurring on the CFy 5, modified electrode is

6 | Nanoscale, 2015, 00, 1-3
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an adsorption controlled processg7'88 thus likely dependent on
the surface properties. The concentration range was tested for
modified electrode using 1 — 20 mmol L'ldopamine (Fig. S6B in
ESIT). The dopamine oxidation current was in this case linear
up to 10 mmol L™, At the concentration above this value, the
adsorption sites on the modified electrode surface become
saturated. The influence of pH of supporting electrolyte on
both oxidation peak current and potential are also shown (Fig.
S6C,D in ESIT). The DA peak currents increased slightly with
increasing pH with its maximum around pH 6.0. The potentials
shifted negatively with increasing pH due to the participation
of protons in the electrode reaction. The calibration plot
showed good linear relationship between peak currents and
the concentration of DA in the range of 0.5 — 20 pmol Lt (Fig.
S7 in ESIT). Linear regression is described as | = 8.3x107¢c —
1.7x107 with correlation coefficient 0.995. The limit of
detection (LoD) for dopamine was established from the
calibration curves based on the standard deviation (o) of the
response and the slope (S) that can be expressed as LoD = 3.3 x
(o/S). In this way, LoD was found to be 0.57 umol L and thus
CFo 034 modified electrode offering better detection limit for
the determination of DA compared to previously reported
sensors based on pristine graphene.gg’90

In summary, it was shown that fluorinated graphene with very
low fluorine content exhibits superior electrochemical
performance and offers huge application potential for
electrochemical sensing of important biomarkers as well as
development of new electrochemical platforms.

Theoretical modelling of the interaction of fluorinated graphenes
with biomolecules - explanation of differences in CF,
electrochemical performance

To provide an atomistic view of the observed differences in the
electrochemical performance of graphenes with various
degrees of fluorine coverage, we carried out DFT theoretical
calculations. As the electron transfer process is the same for
individual molecules, the differences may be due to different
affinities between the compound and electrode material.***
We calculated adsorption energies of NADH, AA, DA at typical
adsorption sites on pristine graphene and variously fluorinated
graphenes assuming homogeneous fluorine coverage as
proved by EDS chemical mapping. We considered the following
surfaces: pristine graphene, fully fluorinated graphene (C;F,),
partially fluorinated graphene CFgy,s (most similar to the
experimental sample CFg 15 With the highest fluorine content),
and low fluorinated graphene CFygg, (most similar to the
experimental sample CFg oz, With the lowest fluorine content).
Table 1 shows that the adsorption of biomolecules at fully
fluorinated graphene (C,F;) was in all cases weaker than that
at pristine graphene. For the homogeneously partially
fluorinated graphenes, the adsorption energy drastically
increased with decreasing number of fluorine atoms. Thus, the
adsorption energies of all three biomolecules to the sample
with the lowest fluorine coverage (CFy43,) Were even higher
than those calculated for pristine graphene.

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c6nr00353b

Page 7 of 9 Nanoscale

View Article Online
DOI: 10.1039/C6NR0O0353B

Published on 04 February 2016. Downloaded by University of California- San Diego on 04/02/2016 13:24:37.

Table 1. Adsorption energies[a] (in kcal mol'l) of NADH, AA and DA on various graphene
based surfaces.

Adsorption energy

(keal mol™)
Interaction surface NADH AA DA
Graphene -67.6 -22.3 -21.7
Fully fluorinated graphene (C;F;) -43.7 -17.5 -17.9
Partially fluorinated graphene (CFgs) -38.5 -10.2 -11.0
Low fluorinated graphene (CFq0s2) -72.9 -25.5 -26.8

[a] The optB86b-vdW density functional was used.

Concerning the mechanism behind the higher adsorption
energy of biomolecules to weakly fluorinated graphene
compared to pristine graphene surface, we believe that it
involves a combination of n-w stacking interaction to graphene
regions with hydrogen-bonding interaction to fluorine atoms
(see Fig. 9). The adsorption of a molecule would therefore be
most effective for low fluorinated graphene because the
topology of a low concentration of fluorine atoms allows
synergetic effect between the two types of bonding. Thus, we
conclude that the different adsorption energies, together with
different conductivities, are responsible for the differences
seen in the electrochemical performance of the variously
fluorinated graphenes and may explain the unusually good
performance of low fluorinated graphene in sensing the tested
biomolecules.

(A) (B)
< 0—0—0—-#"
o o-&-0—4
n-n stacking stacking
E.,=-21.7 kcal/mol E.,=-17.9 kcal/mol
(C) (D)

stacking
E.,=-11.0 kcal/mol

n-n stacking, H-bond
E,,= -26.8 kcal/mol

- N OF 00 H ON
Fig. 9. Configurations of a dopamine molecule on (A) graphene, (B) fully fluorinated
graphene, (C) partially fluorinated graphene CFy,s, and (D) low fluorinated graphene
CFo0s; and corresponding adsorption energies obtained using nonlocal optB86b-vdW
density functional.

Conclusions

Fluorinated graphene derivatives with controlled and
homogeneous fluorine coverage were prepared by fluorination
of graphene in an autoclave under increased F, pressure. Their
electrochemical behavior and adsorption mechanism toward

selected biomolecules (NADH, AA, DA) important in various

This journal is © The Royal Society of Chemistry 2015

physiological processes were monitored by cyclic voltammetry
and DFT calculations, respectively. We found that the fluorine
content had a fundamental effect on electron transfer kinetics,
electrocatalytic activity and adsorption energy of the
biomolecules tested. Importantly, the fluorinated graphene
with the lowest fluorine content exhibited excellent sensing
properties owing to its high conductivity and adsorption
energy arising from m-m stacking interactions to graphene
regions and hydrogen-bonding interactions to fluorine atoms.
We believe this study opens the doors for application of
weakly fluorinated graphenes as electrode materials for
electrochemical sensing biomolecules with higher
performance than the commonly used graphene/graphene
oxide.
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