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Abstract

Graphene-based electrodes have recently gained popularity due to their superior electrochemical properties. How-
ever, the exact mechanisms of electrochemical activity are not yet understood. Here, we present data from NADH
oxidation and ferri/ferrocyanide redox probe experiments to demonstrate that both (i) the porosity of the graphene
electrodes, as effected by the packing morphology, and (ii) the functional group and the lattice defect concentration
play a significant role on their electrochemical performance.

Keywords: Graphene, Sensors, Porosity, Functionalization, Catalysis

DOI: 10.1002/elan.201000367

1 Introduction

Carbon-based electrodes have been extensively studied
because of their good electronic conductivity, chemical in-
ertness, large potential window, and electrocatalytic activ-
ity for many important redox reactions [1]. For the prepa-
ration of such electrodes, usually an inert substrate, e.g.,
glassy carbon (GC), is coated with electrochemically
active layers such as doped diamond [2-6], carbon nano-
tubes (CNTs) [7-9], graphene sheets (GSs) [10-16], and
other micro- and nanoscale carbonaceous materials
[1,17,18], often in combination with polymeric binders
which improve sensor selectivity and prevent electrode
fouling [19].

Despite the large number of studies that utilize the en-
hanced electrocatalytic activity of CNTs and GSs, the sys-
tematic analysis of the origin of the observed effects has
just begun. In the majority of recent studies, results ob-
tained with one type of carbon nanomaterial are not com-
pared to more conventional materials such as carbon
black (CB), although it has been shown that, for example
for the oxidation of nicotinamid adenine dinucleotide
(hydrogen) (NADH) and other biomolecules, CNTs do
not exhibit a superior electrocatalytic effect compared to
simple graphite powder [18].

Furthermore, Menshykau and Compton in a theoretical
work predicted that electrode packing morphology
should also play a crucial role in the interpretation of
cyclic voltammetry (CV) data [20]. From studies employ-
ing graphene for supercapacitor applications [21], it is
known that such electrodes exhibit considerable porosity
and have large specific surface areas which can strongly
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affect the response of a sensor device. Consequently, we
contend that the choice of carbon material and the coat-
ing method, such as capillary-force-induced (CFI) packing
during evaporation of a graphene suspension or abrasive
coating, should have a strong impact on the apparent
electrochemical properties of the electrode due to result-
ing differences in electrode porosity.

In the following, we present a comparative study of the
electrochemical properties of different types of GSs and
CB which are coated onto glassy carbon substrates under
CFI packing. We analyze the impact of both the chemical
composition and the morphology of the electrode materi-
al on the electrochemical performance during the oxida-
tion of NADH. For a better characterization of our elec-
trodes, redox probe tests with ferro/ferri-cyanide are con-
ducted. We focus on functionalized graphene sheets
(FGSs) [22,23] as an active electrode material due to
their unique chemical, thermal, electrical, and structural
properties. Especially the ‘defectiveness’ of FGSs, i.e., the
presence of functional groups and lattice defects (see
Figure 1) [23-26], which differentiates them from pristine
graphene, is expected to have important advantages for
their use in electrochemical sensor devices.

Functional groups have been shown to be responsible
for the electrochemical activity of carbonaceous nano-ma-
terials by providing electrochemically active surface sites
both on FGSs and CNTs, where redox reactions can be
catalyzed [7,9,16,17] or enzymes can be attached for bio-
sensor applications [12,19]. In the case of CNTs, it is
commonly believed that only functional groups at the
open ends of the tubes act as such active sites, similar to
edge-plane pyrolytic graphite electrodes [27], and for gra-
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phene-based electrodes, functional groups at the edges of
the sheets can be expected to be of similar importance
[10,13,14,16]. Functionalized graphene, however, also ex-
hibits a large density of defects within the carbon lattice
(Figure 1) [25]. It has been shown that lattice defects sig-
nificantly affect the electron transfer kinetics of CNTs
[28-30] and graphite surfaces [31] although the defect
density in these materials is low. Therefore, when compar-
ing FGSs with other types of carbon materials, the in-
creased density of lattice defects on FGSs is expected to
play a significant role in their electrocatalytic properties.
Furthermore, the fabrication of FGSs does not involve
metal catalysts; and, thus artifacts caused by metal impur-
ities (as observed in studies with CNTs [32-35]) can most
likely be excluded.

Fig. 1. Schematic of functional groups and lattice defects on
FGSs showing epoxy and hydroxyl groups on both sides of the
graphene plane, carboxyl and hydroxyl groups at the edges, a
5-8-5 defect (yellow), and a 5-7-7-5 (Stone-Wales) defect (blue).
Carbon atoms are gray, oxygen atoms are red, and hydrogen
atoms are white [25,26].

Our results indicate that FGSs with carbon/oxygen
ratio (C/O) ~15 show stronger electrocatalytic effects to-
wards NADH oxidation compared to CNTs [9], chemical-
ly reduced graphite oxide (CRGO) [14], CB, and FGSs
with much higher C/O (>200) most likely due to a higher
concentration of functional sites and/or lattice defects.
We also show that electrode porosity needs to be taken
into account as an important factor in comparing appar-
ent electrocatalytic effects of porous electrode materials.

2 Experimental

As substrates for our electrode coatings, we employed
GC electrodes with a diameter of 3 mm which were em-
bedded in poly(chlorotrifluoroethylene) (PCTFE). Prior
to either use in the experiment or subsequent coating
with CB or FGSs, the GC electrodes were polished with a
0.05 pm gamma alumina particle suspension, washed in
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de-ionized water, sonicated in ethanol, and dried under a
stream of nitrogen. CB (Ketjenblack EC600) was used as
purchased. The FGSs were produced as described else-
where [23], typically with a C/O ratio of ~10-20. To in-
crease the C/O ratio further, FGS powder was heat treat-
ed at 1050°C in an atmosphere of 95 % nitrogen and 5%
hydrogen for 10 min., optionally followed by annealing at
1500°C in nitrogen for 2 min. We determined the C/O
ratio of our coating materials by combustion-based chem-
ical analysis (Atlantic Microlab Inc., GA). The C/O
ratios for FGS, reduced (annealed) FGS, and CB were
14£5%, ~350+£25% (~450£30%), and ~220+£20%,
respectively. To distinguish the composition of the FGSs,
we designate them as FGS,, where x denotes the C/O
ratio. CB and FGSs were suspended either in ethanol or
in ammoniated deionized (DI) water (pH 11) at a concen-
tration of typically 0.1 mg/mL and tip-sonicated for
30 min. in order to obtain a stable suspension.

The GC electrodes were coated by evaporating ~50 pL
of suspension on the electrode surface and drying in a ni-
trogen atmosphere over night. FGS suspensions in ammo-
niated DI water were applied by repeatedly coating the
electrode with about 5 pL of suspension. Each layer was
allowed to dry before the next application. This proce-
dure ensured that only the GC and not the PCTFE was
wetted by the suspension. The resulting surface coatings
were adherent to the surface of the GC electrode and
could not be rinsed off under a stream of water.

The porosity and surface area of the films deposited
from ethanol- and water-based suspensions were analyzed
by measuring mass accumulation/reduction isotherms of
benzene on graphene coatings, as a function of partial
pressure of benzene in the gas phase [36-38] measured by
a quartz crystal microbalance (QCM) technique [39,40].
The electrode coating procedure described above was ap-
plied to gold coated QCMs which were placed in a home-
made gas flow cell. Dry nitrogen was bubbled through
benzene and the saturated vapor was mixed with a
stream of pure nitrogen. The partial pressure of benzene
was varied by changing the relative flow rates entering a
mixing chamber from where the vapor was sent to the
QCM cell. The concentration of benzene in the gas
stream was monitored by Fourier transform infrared
(FTIR) spectroscopy. The partial pressure was deter-
mined by taking the ratio of the absorbance at 3050 cm™*
for the gas mixture to the absorbance of saturated ben-
zene vapor measured before and after recording each iso-
therm.

Electrochemical experiments were conducted in 5 mL
of 50 mM phosphate buffer saline (PBS) at pH 7.4 using a
computer-controlled digital potentiostat (VSP, Bio-Logic
USA, Inc.). A platinum wire served as counter electrode
and all potentials were measured versus a Ag/AgCl refer-
ence electrode. Before each experiment, the electrolyte
was purged with nitrogen for 15 min. During the experi-
ments, the nitrogen line was pulled out of the electrolyte
to avoid convection but remained inside the electrochem-
ical cell to provide an inert gas atmosphere.
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3 Results and Discussion

In Figure 2, we show the CV data obtained with four dif-
ferent types of electrodes. As expected, the modification
of the GC electrode with various carbons caused the
NADH oxidation peak to shift towards smaller potentials
compared to the bare GC surface. The peak shifts ob-
served with FGS;5, and CB are approximately the same
(~250 mV) and smaller than the peak shift observed with
FGS;5 (>300 mV). Therefore, the FGS;s-modified elec-
trode possesses the largest electrocatalytic activity to-
wards NADH oxidation. A likely explanation for this is
the larger density of lattice defects and functional groups
such as carboxyl, epoxy, and hydroxyl groups of FGS;;
compared to FGS;5, and CB. Presently, it is not clear
whether the functional sites or the lattice defects play a
more prominent role on the electrochemical activity be-
cause the C/O ratio is only a global measure of the gra-
phene structure, and the reduction and annealing of FGSs
both reduce the density of functional groups and decrease
the number of lattice defects (annealing) [25,41]. To un-
derstand the role of specific functional groups and lattice
defects, characterization techniques such as Raman spec-
troscopy are needed for more in-depth studies.

Furthermore, the main goal of this manuscript is to
show that the porosity of the electrodes and the resultant
tortuosity can have a profound effect on the electrochem-
ical response of graphene electrodes as well. Below, we
provide experimental support for the concepts pointed
out in the literature [42,43] and more recently studied
theoretically by Menshykau and Compton [20], that dif-
ferences in packing morphology of the electrodes have a
significant impact on electrode performance. An indica-
tion for the existence of such differences in the data
shown in Figure 2 is, for example, the observation of vary-
ing capacitive background currents. The effect of different
transport rates as effected by the tortuosity of the carbon
powder compacts must be taken into account before a
firm conclusion about their electrocatalytic properties can
be made.

3.1 Electrode Porosity Factor

In order to characterize our electrode coatings in more
detail, we performed CV experiments with the ferri/ferro-
cyanide couple employing various electrode coatings and
determined the forward oxidation peak height I, and
the peak-to-peak separation E,, (see Figure 3). For a fast
electrochemical reaction on a planar electrode in stagnant
electrolyte, I, is proportional to the square root of the
applied scan rate, v since the reaction is controlled by dif-
fusive transport of the involved educts and products [44].
In Figure 4a, we compare [, as a function of v for two
FGS,s-modified electrodes and a plain GC electrode.
While the peak height shows the expected behavior for
the plain GC electrode and the coating based on ammoni-
ated DI water suspension, [, increases more strongly
with increasing scan rate when the ethanol-based coating
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Fig. 2. Comparison of CVs of FGS-modified, CB-modified, and
plain GC electrodes in a 50 mM PBS containing 5 mM NADH
(dashed lines schematically indicate the shape of CVs in the ab-
sence of NADH). Electrode coatings were prepared from etha-
nol suspensions. Scan rate: v=100 mV/s, potential measured vs.
Ag/AgCL
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Fig. 3. Cyclic voltammogram obtained with 5 mM ferrocyanide
in PBS at a scan rate of 100 mV/s using a GC electrode coated
with FGSs from an ethanol suspension. Indicated are the forward
oxidation peak height I,,, and the peak-to-peak separation E,,.
Note that the value of I,,,, is measured with respect to the capac-
itive background current.

is employed. Menshykau and Compton predicted that the
over-proportional increase of the oxidation current can
be explained by electrode porosity [20]. While at large
scan rates, the diffusion layer thickness does not exceed
the average pore radius and the full surface area of the
porous electrode is involved in the electrochemical reac-
tion, at low scan rates the diffusion layer thickness in-
creases to such an extent that the pores are depleted of
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Fig.4. a) Peak current I, as function of scan rate v for a plain
GC electrode and electrodes coated with FGS;s using a DI-
water-based (DI) and an ethanol-based (eth) suspension. b) Ben-
zene mass accumulation/reduction isotherms on FGS;5 films pre-
pared from DI-water-based and ethanol-based suspensions.
Black arrows indicate the direction of the measurement. SEM
images below show coated electrode surfaces using ¢) ammoniat-
ed DI water and d) ethanol.

the reactant and only the topmost regions of the elec-
trode which are in close vicinity to the bulk electrolyte
are involved in the reaction.

We characterized the morphology of dried FGS films
corresponding to the different electrode types shown in
Figure 4a by measuring mass accumulation/reduction iso-
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therms of benzene. For determining the surface area and
pore size distribution of porous carbonaceous materials,
this method has been intensively studied and widely used
[36,38,45-48]. In Figure 4b, we show the adsorbed mass
of benzene per mass of FGSs (both measured using the
QCM) as a function of the benzene partial pressure, p to
which the FGS film was exposed measured as the fraction
of the saturation pressure p,. The curves show a typical
shape (type IV) [38,49] that is commonly observed in
the literature [36,48]. At low benzene partial pressures
(P/psa <~0.35), the mass accumulation (with increasing p)
and reduction (with decreasing p) isotherms are due to
gas adsorption and desorption and can be analyzed by
the Brunauer-Emmett-Teller (BET) equation [39,50].
The specific BET surface areas of the films dried from
ethanol and DI-water suspensions are about 350 and
150 m%g, respectively. At larger partial pressures, the
mass accumulation increases strongly, and upon subse-
quent reduction of p a hysteresis is observed during mass
reduction. Both observations are typical for condensation
and evaporation inside a porous network [38,39]. The
hysteresis associated with mass accumulation and reduc-
tion is more pronounced for the FGS film made by the
evaporation of ethanol suspension, indicating a larger
fraction of mesopores [38,39,51] in this material as com-
pared to the DI-water-based film.

Figures 4c,d show scanning electron microscopy (SEM)
images of the two corresponding FGS electrode coatings
fabricated by CFI packing of FGS,5 in ammoniated DI
water (Figure 4c) and in ethanol (Figure 4d), respectively.
The information we obtain from imaging is rather qualita-
tive; however, the images suggest that the layer generated
from ethanol suspension exhibits a larger amount of mac-
ropores as compared to the DI-water-based electrode
film.

We have thus correlated the appearance of the over-
proportional increase of I, shown in Figure 4a for the
ethanol suspension-based electrode coating with the oc-
currence of increased specific surface area and porosity
as determined by benzene accumulation isotherms (Fig-
ure 4b) and with apparent morphological differences in
electron microscopy images (Figures 4c,d). This indicates
that our electrochemical results are indeed influenced by
the porosity effects predicted by Menshykau and Comp-
ton [20].

We suggest that the differences in film morphology are
due to the different drying behavior of ethanol and DI
water suspensions as effected by the differences in the in-
terfacial energies of the liquids: During the evaporation
of a droplet of ethanol suspension both on the GC elec-
trode and on the QCMs employed for mass accumulation
measurements, we observe a partial aggregation of FGS
inside the droplet and the formation of a rather thick
layer of FGS. On the other hand, the evaporation of DI
water suspension on either substrate results in the forma-
tion of a surface layer of FGS already on the suspension
droplet. Eventually, this layer is deposited as a dense film
on the electrode surface (see Figures 4c,d).

2837

www.electroanalysis.wiley-vch.de


http://www.electroanalysis.wiley-vch.de

Full Paper

C. Punckt et al.

120 T ’ X
(a) ] @ FGS (eth) O FGS,,(DI)
1104 FGS,(eth) /. FGS,_(DI) |
100 - . FGSM(eth) <> FGSW(DI) &
1 W CB(eth) O CB(DIl)
S 90—‘ + GC
E 80 ]
= ] e
Sl '
60—. b .0 ]
50 < )
40 * - ]
30 - T ' 7 ' 2
0 1 2 s

Porosity factor (redox probe)

—_
=3
—

w
L

N
L

oMol BN

Porosity factor (redox probe)

0 L | T
10 100

C/O ratio

1000

Fig.5. a) E,, as a function of the porosity factor (see text).
b) Porosity factor as a function of the C/O ratio of the electrode
material. We assigned the arbitrary value of 1000 to the C/O
ratio of plain GC. The legend in (a) refers to both panels (a) and
(b). Closed (open) symbols refer to electrode coatings based on
ethanol (ammoniated DI water). FGS,, refers to the different
batches of thermally annealed and reduced FGSs with C/O
ratios between 350 and 450.

For our electrochemical measurements, we define an
‘electrochemical’ measure for the porosity of our electro-
des in the following way: From a series of CV data with
varying scan rate v, we obtain the value of I, at v=
10 mV/s and v=500 mV/s and calculate a porosity factor
P according to the equation

Lnw(v =500mV/s) .~ VIO
Lnax (v = 10 mV'/5) 500

P=k-

For an ideal planar electrode, P=1 since then I, ~
(v)"2. Measurements with electrodes exhibiting a stronger
increase of the peak current due to porosity effects
should result in a CV data series with P>1. While this is
a rather primitive measure of electrode morphology, we
can show that it is still indicative of the electrochemical
performance of the electrode film.
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In Figure 5a, we plot E, as a function of P for various
electrode coatings and plain GC. A negative correlation
of E,, and P is observed: The smallest peak-to-peak sepa-
ration is found for electrodes with the largest porosity
factor. The same behavior has also been pointed out in
Menshykau and Compton’s theoretical study [20]: In
porous electrode structures, the transport of reaction
educts can be facilitated to such an extent that even for
infinitely fast electron kinetics a decrease of the separa-
tion between oxidation and reduction peak is observed
indicating ‘electrocatalytic’ activity of the electrode. The
similarity of our experimental results and the theoretical
prediction further supports our approach to employ P as
a measure of electrode porosity. Interestingly, there is a
strong dependence of E,, and P on the dispersion
medium. The largest porosity factors and the smallest
peak-to-peak separations are observed with electrode
coatings made from an ethanol suspension. On the other
hand, electrode coatings fabricated from DI water sus-
pensions do not exceed the performance of the plain GC
electrodes significantly. This observation corresponds to
the differences in film porosity as measured by benzene
mass accumulation (Figure 4b) and indicated by SEM
imaging (Figures 4c,d).

3.2 The Effect of Graphene Composition as Measured by
the C/O Ratio

The porosity factor depends only weakly on the C/O ratio
of the coating material (Figure 5b). For most materials
tested, an ethanol suspension of the individual material
resulted in substantially larger values of P than the corre-
sponding DI water suspension. However, for the ethanol-
based FGS suspensions, we observe that higher C/O ratio
results in slightly increased P. This might be due to the in-
creased hydrophobicity of FGSs with high C/O ratio and
resulting differences in dispersion stability during drying.
Since the drying process on the electrodes is not well con-
trolled, the scatter in the data is large, and a more system-
atic study of these effects, employing FGS monolayers
will be the subject of future work.

We measured the NADH oxidation potential Exapy as
a function of P (Figures 6a,b) and did not observe an ob-
vious trend as has been seen for E, of the redox probe
experiments (Figure 5a). In Figure 6a, we show Eyapy as
a function of the porosity factor which has been obtained
during a redox probe experiment immediately preceding
the NADH measurement. Electrode porosity had no ob-
vious impact on Exapy- A plain GC electrode resulted in
the largest Eyxapy While electrodes coated with different
suspensions of low C/O ratio FGS resulted in a strongly
reduced overpotential. For each individual type of coat-
ing, however, the effects of dispersion medium and (cor-
related with that) electrode porosity are still present: For
example, the three data points corresponding to a DI
water suspension of reduced and annealed FGS (open di-
amonds in Figure 6a) are located at a larger overpotential
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Fig. 6.  NADH oxidation overpotential Ex,py plotted as a func-
tion of P, Pyspu (see text) and C/O ratio. The legend in (a)
refers to panels (a—c) and corresponds to the legend used in Fig-
ure 5a.

than the data points corresponding to the ethanol suspen-
sion of the same material (filled diamonds).

To increase the amount of data points in our analysis,
we also took measurements into consideration which had
been performed with electrodes that were not tested with
the ferri/ferrocyanide couple prior to the NADH experi-
ment. For these measurements, we calculated a porosity
factor Pyapy based on I, obtained from the NADH
measurement itself. In Figure 6b, we show these data
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points together with the data presented in Figure 6a (for
which we also calculated Py,py from the NADH re-
sponse). Again, no correlation between Eyapy and the
electrode porosity can be seen, and electrode coatings
with low C/O ratio result in reduced overpotential. The
overall behavior is thus similar as for the data shown in
Figure 6a. However, NADH can certainly not be expect-
ed to behave like an ideal redox probe since its oxidation
involves complicated charge transfer processes [52,53],
and porosity estimates based on the change of the
NADH oxidation peak currents with scan rate are proba-
bly affected by effects other than only the electrode mor-
phology.

The dependence of the results on the C/O ratio of the
electrode coating is more clearly shown in Figure 6c.
Overpotentials as low as 100 mV vs. Ag/AgCl were mea-
sured with electrode coatings of FGS,s. All electrode ma-
terials with larger C/O ratio showed substantially smaller
potential shifts compared to the plain GC electrode. It
should be noted that employing FGSs with C/O ratios ap-
proaching a value of 2 is expected to result in strongly de-
creased, if any, electrode performance due to transition
from an electrically conducting to an insulating state [54].
In this case, the large density of functional groups and de-
fects cause a decrease in the conductivity of the FGSs
such that significant ohmic losses will occur within the
FGS network during electrode operation. The dispersion
medium used during the electrode coating process — and
related to that the electrode porosity — has an additional
impact on the results shown in Figure 6¢ as can be seen
from the fact that all open symbols (corresponding to DI
water suspensions) are located at higher overpotentials
than the corresponding filled symbols (corresponding to
ethanol suspensions).

4 Conclusions

We have demonstrated that using low C/O ratio, electri-
cally conducting FGSs as sensor electrode causes a de-
crease of the overpotential for the electrochemical oxida-
tion of NADH which is larger than that observed for all
other tested materials. Due to our detailed comparison
and systematic study of the impact of electrode morphol-
ogy, we conclude that the increased electrocatalytic activi-
ty of FGSs is likely due to their large density of both
functional groups and lattice defects compared to other
types of carbon-based nanomaterials. The presence of a
correlation between the electrode porosity factor P, the
surface morphology as characterized by benzene adsorp-
tion, and the peak-to-peak separation E,, in the redox
probe data supports the idea that electrode morphology
and, more specifically, electrode porosity has a significant
impact on the result of an electrochemical experiment.
Electrode porosity, as defined by the porosity factor P,
has an ‘amplifying’ effect on the apparent electrocatalytic
behavior of porous graphene- and carbon black-coated
electrodes.
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Our results suggest that porosity-related effects play an
important role in the interpretation of electrocatalytic be-
havior observed at porous electrodes in general. Since
such behavior can at least in part be caused by morpholo-
gy effects rather than by ‘true’ electrocatalysis, a compari-
son of different materials without a simultaneous analysis
of the electrode morphology effects may lead to mislead-
ing results.
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