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ABSTRACT: We contrast the performance of monolayer electrodes and thin porous film
electrodes of highly reduced functionalized graphene to demonstrate that the introduction
of electrode porosity gives rise to strong apparent electrocatalytic effects resulting in vastly
improved electrode selectivity. This is despite graphene showing no intrinsic advantage
over glassy carbon electrodes when used as a monolayer. The simultaneous electro-
oxidation of ascorbic acid, dopamine, and uric acid is used as an experimental model
electrolyte system. Our results suggest that a large number of reports claiming the superior
surface chemistry of carbon nanomaterials as the reason for outstanding electrochemical
characteristics should be revisited considering electrode morphology as a significant
contributor to the observed behavior. Our experimental results are supported by numerical
simulations explaining the porosity-induced electrode selectivity by the dominance of pore
depletion over diffusion-limited currents.

1. INTRODUCTION

When used as electrodes in electroanalytical or electrocatalytic
applications, carbon nanomaterials (CNMs) such as carbon
nanotubes (CNTs) or graphene are widely regarded superior
compared to classical electrode materials such as noble metals
or glassy carbon (GC). This has led to a plethora of
publications in the field with thousands of articles regarding
the electrocatalytic activity of graphene alone, some of which
are summarized in recent reviews.1−9 The outstanding
performance of CNMs has mostly been attributed to their
unique surface chemistry. However, while it is well established
that the particular structure of a carbonaceous surface has a
strong impact on its electrochemical behavior, as shown for
example by McCreery,10,11 it should not necessarily be expected
that CNMs exhibit vastly different intrinsic properties than GC
or graphite powder.12,13 In the case of graphene, for example,
only in a comparably small number of carefully conducted
scientific studies has it been shown that certain types of this
material indeed exhibit advantageous properties due to their
particular structure that cannot be obtained with other forms of
carbon. For example, evidence was found for the importance of
negatively charged surface functional groups on graphene that
facilitate the electro-oxidation of nicotinamide adenine
dinucleotide (NADH);14 the impact of the degree of thermal
reduction of graphite oxide (GO) on the general electro-
chemical activity,15 the oxidation of nitric oxide,16 and the
catalytic activity toward dye-sensitized solar cell redox
mediators17 was studied in the absence of morphological
effects by employing graphene monolayer (ML) electrodes, and
the in situ electrochemical reduction of GO electrodes with
fixed morphology18 revealed tunability of its electrochemical
properties in a wide range from blocking to highly active. A

survey of the current literature, however, suggests that in the
majority of cases where superior electrochemical behavior is
observed, such behavior could as well be related to electrode
morphology19−22 rather than to extraordinary surface chemistry
because electrode morphology is neither controlled nor
considered. Surface roughness and electrode porosity (more
specifically, pore volume Vp) can contribute significantly or
even dominate the electrochemical response measured with
CNM-based electrodes.21−26 While theoretical studies from the
groups of Compton20,27,28 and others19,29,30 show convincingly
that roughness and porosity indeed give rise to effective
catalytic behavior, a thorough experimental proof of the relation
between morphology and electrochemical performance has
been difficult to achieve, since CNM electrodes with negligible
roughness and porosity are hard to obtain in practice, and
therefore, a one to one comparison of the porous and the
nonporous case is challenging.
To alleviate this problem, in a recent experimental study,26

we examined morphological effects on the performance of
porous electrodes made from functionalized graphene sheets
(FGSs) which are fabricated by the thermal exfoliation of
GO.31,32 We demonstrated that starting with a FGS ML, which
exhibited a behavior practically identical to that of a GC
electrode, FGS electrodes with increasing volume of accessible
pore space showed increasing apparent electrocatalytic activity
and gave rise to “falsified” kinetics. We employed two standard
redox probes (RPs), ferro/ferricyanide (FC) and NADH to
study both quasi-reversible as well as irreversible kinetics,
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showing that the measured voltammetric data could be
understood as a superposition of pore-depletion effects and
regular flat electrode response, and we demonstrated ways to
deduce intrinsic, surface-specific (rather than morphology-
related) performance and redox kinetics from the effective
kinetics measured with porous electrodes.
In this study, we demonstrate a very practical aspect of

porosity-induced effects of graphene electrodes: the differ-
entiation of electro-oxidation reactions in the simultaneous
presence of interfering redox couples. We compare ML and
porous drop-cast FGS electrodes, both made with a highly
reduced variety of FGSs, and show that while MLs exhibit no
intrinsic advantages over GC for use in electroanalysis, effective
electrocatalytic behavior and high electrode selectivity (superior
to that of GC), i.e., the ability to analytically separate interfering
RPs, only arises in case of sufficient accessible electrode pore
volume. As a model electrolyte system to study selectivity, we
employ the simultaneous electro-oxidation of ascorbic acid
(AA), dopamine (DA) and uric acid (UA) which is a popular
choice to demonstrate the superior properties of graphene-
based33−41 and various other42−48 electrode materials. While
DA and UA alone are known to give fairly clear voltammetric
signals during cyclic or linear sweep voltammetry, due to their
tendency to specifically adsorb on the electrode surface (giving
rise to a stripping voltammetry-like response),49,50 the
additional presence of high concentrations of AA in this system
can swamp the DA and UA signals and prevent any
independent quantitation of the three species (interference).
GC and FGS ML electrodes show strong interference of AA
with DA and UA. However, upon introduction of electrode
pore volume, i.e., upon a change of only the electrode
morphology, this interference effect can be alleviated. The
results obtained with porous electrodes exhibit striking
resemblance with published works attributing improved
electrode selectivity to surface chemical effects and add further
support to the growing community of researchers who
acknowledge electrode porosity as a key factor to electro-
analytical research.21,22,24−26,28,29,51−53 Our experiments are
accompanied by numerical simulations that help deepen the
understanding of the underlying differences in electrolyte
transport regimes giving rise to the apparent voltammetric
behavior. The findings presented here are applicable to any
electrode material exhibiting porosity and will lead researchers
both toward a more accurate interpretation of their data as well
as to ways to tailor electrode morphology (effective diffusivity,
porosity, and thickness) toward optimum sensing and
selectivity performance.

2. METHODS
FGS Synthesis and Electrode Fabrication. FGS used in

this study was prepared with GO produced by a modified
Hummers process described elsewhere54 using Asbury’s 3061
expandable graphite and reagent grade chemicals. To obtain
FGSs, about 200 mg of GO was placed in a fused silica tube and
dried overnight under a flow of nitrogen gas. The tube was then
evacuated and purged with 99.9995% argon three times,
evacuated again, and quickly inserted into a 3-zone tube furnace
(Lindberg 3M, Thermo Fisher) which had been preheated to a
temperature of 1100 °C. The fused silica tube remained inside
the furnace for 10 min during which the tube was once purged
with argon after 5 min and evacuated again. After removal of
the tube from the furnace, the material was allowed to cool to
room temperature under a flow of argon. Its degree of

reduction was determined by energy dispersive X-ray spectros-
copy (INCA x-act, Oxford Instruments, U.K., attached to a
Vega 1 scanning electron microscope (SEM), Tescan,
Cranberry Twp., PA), which yielded a carbon-to-oxygen ratio
(C/O (mol/mol)) of about 60 ± 12 (oxygen content 2.7 ±
0.5%). FGS ML electrodes on gold and HOPG substrates as
well as drop-cast FGS electrodes on polished GC substrates
were fabricated from dispersions of FGSs (concentration
approximately 0.5 mg/mL) in 1,2-dichloroethane (DCE) as
described previously.15 Electrodes with different pore volumes
(see below) were fabricated by depositing different amounts of
FGS suspension ranging from ∼20 to 200 μL/cm2 and thus
resulting in FGS mass loadings between 10 and 100 μg/cm2.
To block the electrochemical response of the gold substrates,
the FGS-coated samples were placed in a 1 mM solution of
hexadecanethiol in ethanol for 4 h before use.15

Electrochemical Characterization. We conducted all
measurements in a custom-made polytetrafluoroethylene
(PTFE, Teflon) cell described previously.15 FGS-coated GC,
HOPG or gold substrates served as working electrodes (WEs).
A platinum mesh was used as a counter electrode, and the WE
potential was measured with respect to a Ag/AgCl reference
electrode located 3−4 mm above the WE. Experiments were
performed at room temperature with a computer-controlled
potentiostat (Model VSP, Biologic, Santa Rosa, CA) using
forward feedback to correct for 85% of the Ohmic drop
(typically 30−50 Ω) determined by an impedance measure-
ment at 50 kHz, 20 mV amplitude, and at the open circuit
voltage (OCV) prior to electrochemical testing. With each
electrode, an initial series of cyclic voltammograms (CVs) at
various scan rates were recorded in background electrolyte (0.1
M phosphate-buffered saline (PBS) at pH 7.4 with increased
KCl concentration of 1 M to minimize ohmic drops) to
determine capacitive background currents. This was followed
by a series of CVs in FC electrolyte containing 2.5 mM FC in
0.1 M phosphate-buffered saline (PBS) at pH 7.4 with
increased KCl concentration of 1 M. After careful rinsing in
deionized (DI) water, the electrodes were then used to record
CVs and linear sweep voltammograms (LSVs) in PBS
electrolytes containing AA, DA, and UA at different
concentrations. For the measurements with AA, DA, and UA,
no ohmic drop compensation was applied since compensation
might cause minute improvements in apparent selectivity. All
chemicals were reagent grade and electrolytes were prepared
freshly at the day of the experiment with DI water of greater
than 18 MΩ·cm resistivity.

Evaluation of Electrode Roughness, Porosity, Pore
Volume, and Average Pore Size. As in our previous studies,
we employed the FC redox couple to determine electrode
porosity.16,26 To this end, we first determined the rate of
heterogeneous electron transfer k0 of FC on FGSs and the
intrinsic capacitance CINT from CV data with FGS ML
electrodes (Figure 1a). As discussed previously,26 the individual
ML electrodes each exhibited slightly different roughness and
minute amounts of porosity, as is evident from a plot of the
separation between oxidation and reduction peak Epp on the
potential axis as a function of the previously defined
phenomenological porosity or roughness factor23

α
α

=P
(2000 mV/s)

(50 mV/s) (1)
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where α = Iforw/√ν represents the ratio of the oxidation peak
current Iforw and the square root of the corresponding voltage
scan rate ν (inset of Figure 1a). Interpolating the data to a value
of P = 0.9 (taking into account the quasi-reversible nature of
the reaction which yields P ≈ 0.9 for polished GC as well)26,55

gave a reliable estimate of Epp = 64.4 mV from which k0 = 3.3 ×
10−2 cm/s could be calculated in a straightforward manner.26,55

Analysis of the capacitive background current (containing
contributions from pseudocapacitance) yielded a value of CINT
≈ 40 μF/cm2.
In the next step, the pore volume of drop-cast FGS

electrodes made from the same batch of FGS material could
be determined through computer-aided analysis of the data
(Figure 1b).26 We added the CV measured at ν = 1 V/s with
the porous electrode in background electrolyte to the simulated
CV of a flat electrode with corresponding projected surface area
A0 in FC electrolyte. This curve was then subtracted from the
corresponding measured CV in FC electrolyte. The area
underneath the difference curve (shaded gray area in Figure 1b)
is proportional to the number of ferrocyanide molecules
contained within the pore space of the electrode. Knowing the
FC concentration, we obtained the volume of the accessible
pore space Vp for each electrode tested (Vp = 111 nL in the
example shown in Figure 1b). From the capacitive background
current, the approximate accessible electrode surface area A
could be estimated. For the result shown in Figure 1b, we
obtained A = 22.5 cm2. Assuming slit-like pores with equal size,
we defined an average pore size s = Vp/A,

26 yielding s ≈ 50 nm
for the example shown.
Numerical Simulations. CVs were simulated as detailed

previously.26 Electrolyte transport through the bulk electrolyte
was assumed to take place through 1-dimensional semi-infinite
diffusion, and electrochemical kinetics were defined by the
Butler−Volmer equation:55.
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Here, I denotes the net redox current, n is the number of
electrons involved in the reaction, F is Faraday’s constant; CRed
and COx are the concentrations of reduced and oxidized redox
species at the electrode/electrolyte interface, respectively; Ẽ = E
− E0 is the overpotential, i.e., the difference between applied
potential E and equilibrium potential E0; R is the universal gas
constant, and T is the absolute temperature (298.15 K). To
simulate the CVs of FC, the reduced and oxidized species in the
bulk electrolyte were assigned diffusion coefficients of DRed =
6.3 × 10−5 cm2/s and DOx = 7.6 × 10−5 cm2/s.55 The rate of
heterogeneous electron transfer was set to the value determined
experimentally (k0 = 3.5 × 10−2 cm/s). The simulations were
initialized by setting the concentrations of the reduced and the
oxidized species to values of 2.5 and 0 mM, respectively. LSVs
mimicking the simultaneous detection of interfering RPs were
simulated using the following parameters: k0 = 10−5 cm/s, D0 =
DRed = DOx = 6.3 × 10−5 cm2/s.
The transport within porous electrodes was simulated using

effective diffusivities Deff,
26,56−58 i.e., instead of explicitly taking

into account the complex 3-dimensional structure of the
electrode, we described ion transport within the tortuous pore
space defined by the graphene sheets simply through the
impact of porosity and tortuosity on the effective transport of
ions on a scale much greater than the individual FGSs. Deff was
varied between D0 (theoretical case of negligible impact of
electrode porosity and tortuosity on transport) and D0/50
(transport strongly impeded). Within the porous electrode, we
assigned an effective surface area Apore = A0Δx/s to each volume
element Δx depending on pore size s and A0. Apore enters eq 2
as surface area to calculate the contribution of each volume
element within the porous electrode to the total redox current.

3. RESULTS AND DISCUSSION

Experimental Work. In Figure 2, we display CVs and LSVs
obtained with FGS ML electrodes and drop-cast electrodes in
comparison to GC in an electrolyte containing AA, DA, and
UA. In experiments with the ML electrodes (Figure 2a), we
observe only minute differences between the FGS and the GC
electrode. Both for FGS ML and for GC, the three oxidation
peaks overlap, and in particular the AA peak lies so close to the
DA peak that it is only noticeable as a shoulder on the DA peak.
The comparably clear separation of the DA and UA peaks is
due to the fact that DA and UA specifically adsorb on the
electrodes,49 giving rise to a high peak current followed by
quick drop-off similar to the electrochemical response in case of
thin-film diffusion. The different height ratios of the DA and
UA peaks for FGSs and GC suggest that DA and UA might
have slightly different adsorption kinetics on the two materials
since the ratio is mostly determined by the initial rate of
adsorption while DA and UA compete for adsorption sites.
To study the impact of AA as an interferent, we conducted

measurements with fixed concentrations of DA and UA and
varying AA concentration (Figure 2b). For our flat electrodes,
the addition of increasing amounts of AA quickly swamps the
DA and UA peaks (as shown for GC in the Figure). At an AA
concentration of 100 μM, the contributions of the three redox
species to the oxidation current can hardly be distinguished. On
the other hand, the interfering effect of AA can be eliminated
(Figure 2b) using drop-cast FGS electrodes of increasing pore

Figure 1. Electrode characterization with FC redox couple. (a) CVs of
FC obtained with FGS-ML electrode at scan rates between 0.05 and 2
V/s. The inset shows the peak-to-peak separation as a function of the
roughness factor P for all ML electrodes tested. (b) Example for
porosity analysis using the FC RP with a drop-cast FGS electrode.26
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volume: With a total accessible pore volume of Vp = 21 nL, the
AA oxidation response moves to smaller potentials and splits
into two separate peaks which we attribute to a thin-film
diffusion response due to pore depletion (peak around −80 mV
vs Ag/AgCl) and the effective diffusion-limited response of the
electrode (peak around +50 mV vs Ag/AgCl) due to an
increase of the number of electroactive sites per geometric
surface area (effective catalytic activity) as indicated in the
Figure.26 At the same time, the magnitude of the DA and UA
peaks is greatly increased compared to the flat electrode due to
the large amount of electrode surface area available for
adsorption. Consequently, the addition of AA up to 50 μM
has little impact on the value of the DA peak current. Increasing
the pore volume to 41 nL results in an amplification of the
observed changes: The pore depletion-related AA oxidation
peak now dominates over the diffusion-limited AA response,
while DA and UA peaks further increase in magnitude and
show less dependence on the presence of AA compared to the
21 nL case. At the highest pore volume of Vp = 102 nL, the
general trends persist, with the exception that all peaks are

slightly shifted toward higher potential. We attribute this to an
increased contribution of ohmic potential drop within the thick
FGS film.
In summary, we contend that the observed benefits of high

pore volume are due to two factors: (i) The increased pore
volume gives rise to the emergence of pore depletion effects as
discussed in our recent work.26 The corresponding feature in
the LSV is a thin-film diffusion-like response shifted to
significantly smaller overpotentials. This effect results in the
emergence of a new AA peak around a potential of −80 mV vs
Ag/AgCl upon introduction of electrode porosity and can also
be expected to contribute to the increased DA and UA
oxidation currents. (ii) Electrode porosity increases the amount
of available total electrode surface area. The 21 nL electrode
whose response is shown in Figure 2b, for example, exhibits an
accessible surface area of A = 4.3 cm2 while having a geometric
surface area of A0 = 0.22 cm2. This causes an effective
electrocatalytic effect for AA, as it can diffuse from the bulk
electrolyte into the porous electrode and therefore can access
an increased number of electrochemically active sites.
Furthermore, the increased surface area allows for adsorption
of similarly increased amounts of DA and UA, which
consequently results in a corresponding increase of oxidation
current by more than 1 order of magnitude. In combination,
these two factors reduce interference between AA and DA (or
UA): By the time the greatly enhanced DA oxidation peak is
measured during voltammetry, the concentration of non-
oxidized AA within the porous electrode is close to zero,
while at the same time the diffusion-limited current due to
transport of AA from the bulk electrolyte has decayed to a
negligible value. The operation of an electrochemical sensor
electrode in this fashion bears similarity to stripping
voltammetry, which has been pointed out in previous
studies.25,28,29

Numerical Simulations. To support our interpretation of
the experimental data, we conducted numerical simulations of
LSVs with porous electrodes of different thickness, i.e., different
pore volume, and different pore size in the presence of three
hypothetical RPs (RP I, II, and III) with irreversible kinetics (k0
= 10−5 cm/s) and equilibrium potentials of 0, 150, and 300 mV
based on the procedure detailed in ref 26. The results are
shown in Figure 3. With increasing electrode thickness (Figure
3a), the initially convoluted oxidation peaks seen with the flat
electrode shift to smaller potentials, become increasingly well
separated, and increase in magnitude. Decreasing pore size
(Figure 3b) amplifies this effect. Since in our simulations
adsorption is not taken into account, all redox peaks are subject
to the same shifts and magnitude changes. Nonetheless, we see
that there is a qualitative agreement between the simulations
and the experimental results. It should be emphasized that the
rate of heterogeneous electron transfer is not changed in this
series of simulations. Therefore, the observed effects are indeed
all related solely to changes in electrode morphology.
To better understand these results, we varied the effective

diffusivity within the porous electrode as shown in Figure 4.
Much to our surprise, the effect of varying Deff is close to
negligible in the simulated combined response to all three RPs
(Figure 4a). The only noticeable effect is the emergence of an
additional redox peak at around 500 mV for Deff = D0/50 which
is absent for Deff = D0. Studying the oxidation current due to RP
I alone sheds more light on this observation (Figure 4b): For a
low value of Deff, two oxidation peaks are observed, while for
Deff = D0, only one oxidation peak emerges. This can be

Figure 2. Electrochemical response obtained with electrolytes
containing mixtures of AA, DA, and UA in PBS. (a) CVs obtained
with FGS-ML and bare GC electrodes at 100 mV/s scan rate, 0.1 M
PBS electrolyte with 100 μM AA, 100 μM DA and 100 μM UA. (b)
Comparison of LSVs obtained with drop-cast FGS electrodes (pore
volumes as indicated) in comparison to bare GC at 50 mV/s scan rate.
A 0.1 M PBS electrolyte with 3 μM DA and 3 μM UA. AA is present at
concentrations of 0 (black curve), 20 (dark green), 50 (light green),
100 (orange), and 200 μM (red). For GC, the maximum AA
concentration is 100 μM.
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explained considering the temporal evolution of the RP
concentration throughout the system (Figure 4c):. In the
case of low effective diffusivity, the porous electrode becomes
depleted of RP I before the concentration gradient in the bulk
electrolyte reaches its maximum. Therefore, the thin film
diffusion-like pore depletion peak (in case of the chosen
simulation parameters occurring near E0) is separated from the
peak due to semi-infinite diffusive transport (diffusion-limited
peak) associated with the maximum in concentration gradient
within the bulk electrolyte. Due to a small amount of diffusion
still occurring within the porous film adjacent to the bulk
electrolyte, the diffusion-limited peak is shifted to smaller
potentials compared to the flat electrode response due to the
increased effective reactive surface area.
With Deff = D0, RP I is replenished from the bulk electrolyte

within a significant fraction of the porous electrode film. This
results in a stronger effective catalytic effect, shifting the semi-
infinite diffusion-related peak so far to smaller potentials that it
overlaps with the pore depletion peak. The maximum of the
concentration gradient in the bulk electrolyte occurs approx-
imately at the same time the porous film is fully depleted. We
note that the double oxidation peak seen in our simulations for
Deff = D0/50 is reminiscent of the AA double peak observed
experimentally (Figure 2b) which leads us to conclude that AA
diffusion within the FGS electrode is strongly impeded.

To illustrate the effect of porosity on interference between
RP I and II, we conducted simulations with varying
concentration of RP I, while the concentrations of RP II and
III were kept constant (Figure 5). Again, the simulations
correspond qualitatively to our experimental observations that
the oxidation current due to RP I (AA) has a lesser impact on
the current measured at the locations of the oxidation peaks of
RP II (DA) and III (UA). However, the effect is much less
pronounced in our simulations than in the experiments. This
can be explained by considering that in the simulation the
oxidation peaks for all three RPs shift, while in the experiments
the oxidation peaks of DA and UA remain at approximately the
same potential as they are due to the oxidation of adsorbed
species. This results in an effective peak separation of more
than 200 mV between the AA depletion peak and the oxidation
peak due to adsorbed DA in the experiment, while in the
simulation the separation of voltammetric features due to RP I
and II always remains 150 mV. However, this consideration
illustrates that electrode porosity can improve selectivity even
in systems where specific adsorption does not occur.

Figure 3. Numerical simulation of LSVs on porous electrodes. Impact
of (a) thickness and (b) pore size of the porous electrode film on LSVs
obtained during the simultaneous electro-oxidation of RP I−III. The
pore size in (a) is 50 nm and the film thickness in (b) is 50 μm.

Figure 4. Numerical simulation of LSVs on porous electrodes. (a)
LSVs obtained for simultaneous presence of RP I−III with porous
electrodes exhibiting different effective diffusivity in comparison to
LSV with flat electrode. (b) LSV with single redox couple (E0 = 0 V),
comparison of a flat electrode with porous electrodes of 50 μm
thickness and different effective diffusivities. (c) Concentration profiles
of reduced species corresponding to porous electrode responses
shown in (b) at indicated potentials.
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4. CONCLUSIONS
By employing FGSs with intrinsic electrochemical character-
istics almost identical to those of GC, we have demonstrated
that effective electrocatalysis and excellent suppression of RP
interference can be achieved solely by introducing electrode
porosity. This has important implications for existing studies on
the proposed impact of FGS structure on electroanalytical
performance of FGS electrodes, since it suggests that in cases
where electrode morphology was not accounted for, observa-
tions might to a large extent or even completely be due to the
transport effects described above. Additionally, it should be
pointed out that for materials that indeed act as electrocatalysts,
including chemically modified or decorated graphene, the
additional design of a suitable porous electrode architecture will
have an amplifying effect and increase catalytic activity.
Moreover, the increasing dominance of the pore depletion
current with increasing pore volume causes a significant
narrowing of the redox peaks (characteristic for thin-film
diffusion)28,55 which improves selectivity and minimizes
interference regardless of the intrinsic rate of electron transfer.
For fast electrochemical reactions, this implies that although
their effective rate of electron transport might not be increased
significantly, tailoring an electrode’s pore-size and pore-volume
can be used as a means to better separate redox peaks of
interfering species in order to improve selectivity.
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