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In this work, we study the adsorption characteristics of dopamine (DA), ascorbic acid (AA), and
dopaminequinone (DAox) on carbonaceous electrodes. Our goal is to obtain a better understanding of
the adsorption behavior of these analytes in order to promote the development of new carbon-based
electrode materials for sensitive and selective detection of dopamine in vivo. Here we employ density
functional theory-based simulations to reach a level of detail that cannot be achieved experimentally.
To get a broader understanding of carbonaceous surfaces with different morphological characteristics,
we compare three materials: graphene, diamond, and amorphous carbon (a-C). Effects of solvation
on adsorption characteristics are taken into account via a continuum solvent model. Potential changes
that take place during electrochemical measurements, such as cyclic voltammetry, can also alter
the adsorption behavior. In this study, we have utilized doping as an indirect method to simulate
these changes by shifting the work function of the electrode material. We demonstrate that sp2-
and sp3-rich materials, as well as a-C, respond markedly different to doping. Also the adsorption
behavior of the molecules studied here differs depending on the surface material and the change in
the surface potential. In all cases, adsorption is spontaneous, but covalent bonding is not detected in
vacuum. The aqueous medium has a large effect on the adsorption behavior of DAox, which reaches
its highest adsorption energy on diamond when the potential is shifted to more negative values. In
all cases, inclusion of the solvent enhances the charge transfer between the slab and DAox. Largest
differences in adsorption energy between DA and AA are obtained on graphene. Gaining better
understanding of the behavior of the different forms of carbon when used as electrode materials
provides a means to rationalize the observed complex phenomena taking place at the electrodes
during electrochemical oxidation/reduction of these biomolecules. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4986521]

I. INTRODUCTION

Dopamine (DA), which belongs to a group of cate-
cholamines, is an important neurotransmitter. The determi-
nation of DA levels in vivo would help in understanding
several neurological disorders such as Parkinson’s disease,
schizophrenia, and depression. As a molecule, DA is elec-
trochemically active; thus electrochemical techniques can be
utilized to detect dopamine levels in vitro and even in vivo.1,2

Carbon-based materials, in particular, amorphous carbon (a-
C), have been shown to be promising candidates as elec-
trode materials for neural sensing.3–5 They are biocompatible
and resistant to bacterial adhesion. Unfortunately, they can-
not distinguish between ascorbic acid (AA) and DA. Ascor-
bic acid is one of the main interfering elements when DA
measurements are carried out in vivo on carbon-based elec-
trodes.4,5 It oxidizes approximately at the same potential range,
and in vivo it is present in much lager concentrations than
DA.4,6 Both DA and AA are inner-sphere redox systems.
This means that their oxidation/reduction behavior strongly

a)Electronic mail: anja.aarva@gmail.com

depends on the electrode surface chemistry and the adsorption
characteristics of the molecules.7 It has indeed been sug-
gested that adsorption plays an important role in the
dopamine oxidation reaction path7,8 although the nature of the
expected adsorption on different carbon surfaces is far from
clear.

The applied potential and the different forms that the dif-
ferent molecules adopt during the oxidation reaction path can
alter the adsorption behavior and interactions with the elec-
trode. Suggestions for the reaction path of DA oxidation on
carbonaceous electrodes are given in Refs. 3, 5, and 9 and
for AA oxidation in Ref. 9. Both of these electrochemical
reactions can be followed by chemical reactions.2,3,5,9 It has
been proposed that the oxidized form of dopamine can fur-
ther react chemically, and polymerize and agglomerate on the
surface of the electrode, which can be detected as degradation
of the electrode performance.2,3,5 Thus, optimal adsorption
characteristics would allow the analyte to adsorb strongly
enough to facilitate electrochemical oxidation, but not too
strongly, to prevent degradation caused by the products of
the chemical reactions that follow oxidation. It could also be
possible to exploit the possible differences in the adsorption
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behavior of AA and DA on various carbon surfaces to enhance
the differentiation between the two molecules.

Unlike other forms of carbon, amorphous carbon has a
very complex structure, and it contains carbon that can be
bonded in various ways (sp1, sp2, and sp3) and can form several
different kinds of ring structures.10,11 The material also typi-
cally contains elements other than carbon, such as hydrogen
and oxygen. These elements can be found as functional groups
present on the surface already after processing.12 Although
these carbon-based materials have already been character-
ized in detail4,6,10–13 and their electrochemical performance
has been widely studied,3,4,6,12 there still remains a lack of
fundamental understanding of the basic phenomena taking
place at the atomic level. Understanding in more depth the
adsorption behavior of AA and DA on carbon-based elec-
trodes would enable us to develop new surface modification
schemes to induce selectivity and increase sensitivity towards
these molecules.

In this work, we utilize density functional theory (DFT)
based computational methods to study DA, dopaminequinone
(DAox), and AA adsorption on different carbonaceous sur-
faces. In order to understand the chemistry between DA and
carbonaceous surfaces even better, DAox, which is the oxida-
tion product of DA,2,5 has been included in this study owing
to its expected importance in the passivation of the electrodes
when electrochemical oxidation of DA is utilized for DA detec-
tion. In the case of these three molecules, favorable molecular
adsorption is considered to be the key to induce charge trans-
fer that takes place in electrochemical oxidation/reduction.
Although the electron transport has been shown to have a
role in certain electrochemical reactions taking place on car-
bonaceous electrodes, its role becomes comparable to the
electron transfer only after the film thickness becomes rel-
atively large.14 Thus, a detailed study of effects of electron
transport on the adsorption of DA, AA, and DAox on carbon
based electrodes is left beyond the scope of this work. In this
study, we focus on inspecting the situation before and after
adsorption. To draw a more realistic picture of the adsorp-
tion process, however, we incorporate the effect of electrode
potential changes. These changes take place during experi-
mental measurements when cyclic voltammetry is used. These
measurements are most commonly carried out in aqueous
solution, which we have incorporated to the simulations by
using an effective dielectric medium.15–17 Given the intrinsic
difficulties to include the effect of surface potential in DFT
simulations, we approach the problem indirectly via shift of

the Fermi level through the introduction of dopants. Replacing
a variable number of carbon atoms by either boron or nitro-
gen, we induce changes in the work function of the surfaces. In
practice, this situation is equivalent to tuning the surface poten-
tial externally. The aim of this work is not to study the effect of
doping atoms on adsorption, and therefore, dopant atom sub-
stitution needs to be carried out far away from the adsorption
site so as to not influence the process. In other words, doping
is only used as an indirect method to assess the effect of elec-
trode potential variability on the adsorption characteristics of
DA, DAox, and AA.

II. SIMULATION DETAILS
A. Model systems

Our model systems are constructed to represent three dif-
ferent carbon-based electrode surfaces: graphene, diamond,
and a-C. We work within the supercell approach, whereby the
different “infinite” surfaces are represented by finite-size slabs
with periodic boundary conditions imposed on the plane of the
surface and fixed boundary conditions along the direction per-
pendicular to it.18 For the graphene sheets, two supercell sizes
were used to check the effect of system size on the convergence
of its properties. The two configurations used correspond to
6 × 6 × 1 and 9 × 9 × 1 primitive unit cells for the “small”
(72 carbon atoms) and “large” (162 atoms) graphene slabs,
respectively. Note that, among other improvements, increasing
the in-plane dimensions of the slabs helps reduce the spurious
electrostatic interaction between the different periodic repli-
cas of the molecules once they have been added to the system.
The size of the a-C supercell used is approximately 12× 12 Å
(in-plane) and the slab is 6 Å thick (perpendicular to the
surface), for a total of 125 carbon atoms. The reconstructed
(D341) diamond slab consists of 144 carbon atoms. We employ
3× 4 primitive unit cells of the 2× 1 reconstruction of the dia-
mond (111) surface19 and 6 atomic monolayers of thickness.
Dangling bonds at the bottom are passivated with hydrogens.
All the supercells were set up so that there was an adequate
amount of vacuum above the system to ensure that the energy is
converged to the correct value. In vacuum calculations, dipole
corrections20 were applied in the direction perpendicular to the
surface to ensure the correct asymptotic behavior of the elec-
trostatic potential away from the surface. The carbon structures
employed in this work are depicted in Fig. 1.

The a-C surface was generated as explained in detail in
Ref. 10. In essence, bulk a-C samples were generated using

FIG. 1. Examples of (a) a graphene, (b) a diamond, and
(c) an amorphous carbon system: these systems are doped
with two nitrogens placed at the side or in the bottom of
the slab. The analyte, DA, is placed on top of the surface.
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random initialization followed by geometry optimization.
After this, a pressure correction was performed through box
rescaling followed again by further geometry optimization.
This method allows us to generate a-C networks with sp3

content versus density relations in closer agreement with the
experiment than previous approaches.10,21 After this bulk opti-
mization, the periodic boundary constraint along the vertical
axis is lifted. The bottom of the supercell is “anchored” by let-
ting it bind to a diamond substrate, which allows maintaining
the bulk-like properties in the interior of the slab. The top of
the slab is allowed to reconstruct via geometry optimization,
leading to a dramatic increase in sp2 hybridized carbon atoms
right at the surface. The resulting slab is too large to carry out
the numerous calculations to study adsorption characteristics
required for this work. Therefore, the bottom part of the slab is
removed by cleaving, and the resulting dangling bonds are pas-
sivated with hydrogen. The approach has been shown to yield
a good convergence of the work function and residual forces
even for relatively small slab sizes.10,22 The a-C slab used in
this paper is the 2.82 g/cm3 slab of Ref. 10 cleaved at a depth of
6 Å below its uppermost C atom. This particular slab contains
two highly reactive sites on its surface. These dangling bonds
are part of the a-C structure.10 In practice, it can be anticipated
that these very active sp1 sites would be passivated by hydro-
gen or other functional groups before the electrode surface is
brought in contact with the analyte, either during the fabrica-
tion process or soon afterwards. The activity of these particular
sites was established by inspecting the local density of states
(LDOS), that is, the DOS projected onto the atomic orbitals
of the carbon atoms at those particular sites. It was critical to
identify these sites since they can strongly bond with the differ-
ent molecules when brought in contact with them, giving large
and unrealistic adsorption or binding energies. In this work,
we passivate these two sites with hydrogen although other
possibilities could involve, for instance, oxygen and carboxyl
groups. Here we have chosen hydrogen because of its small
size and because it does not cause steric hindrance between the
molecule and the carbon surface. Functionalized surfaces are
beyond the scope of this work. Here we are interested in study-
ing the interactions between the analytes and pristine carbon
surfaces.

To shift the position of the Fermi level and therefore sim-
ulate the effect of varying electrode potential, we introduce
dopants. We choose between boron and nitrogen, which are
the most commonly employed dopants in carbon networks.
Doping is realized by replacing one carbon atom by a dopant
atom, as far away as possible from the chosen adsorption site.
Since boron has one valence electron less than carbon, it works
as an electron acceptor and removes the electron density from
the carbon network, lowering the Fermi level. Analogously,
nitrogen works as an electron donor, raising the Fermi level.
In the case of a-C, the dopant atoms are placed at the bot-
tom of the slab [Fig. 1(c)] at sp3 sites in order to force them
to behave similarly to how they would in a diamond lattice.
The structure is constrained so that the geometry of the bot-
tom is fixed. Thus, dopant atoms and their neighbors are not
allowed to move. In reconstructed diamond, the dopant atoms
are also at the bottom of the slab [Fig. 1(b)]. In the case
of graphene, the dopants are placed in sites with in-plane

positions as far away as possible from the location of the
molecule [Fig. 1(a)]. To prevent strongly perturbing the elec-
tronic structure of the carbon network (beyond the intended
shift of the Fermi level), in all cases, dopant atoms are posi-
tioned away from each other, such that two dopants never share
a nearest neighbor.

The electronic density of states (DOS) profiles for boron-
doped, undoped, and nitrogen-doped a-C, diamond, and
graphene are shown in Fig. 2, and the effect of doping on
slab work function at different dopant-to-carbon ratios (in
the absence of adsorbed molecules) is shown in Fig. 3. From
Fig. 2, we observe that the main effect of doping is indeed the
intended shift in the Fermi level position. From Fig. 3, where
negative doping values correspond to nitrogen and positive
values to boron, we observe that relatively large potential win-
dows, up to ∼1.00 eV and up to ∼1.42 eV, can be obtained for
diamond and graphene, respectively. However, in the case of
amorphous carbon, the window is much narrower. This stems
from the much higher DOS present in the a-C pseudogap
(Fig. 2) compared to diamond or graphene. Beyond cer-
tain dopant to carbon ratios, approximately ±2.0% for both

FIG. 2. The electronic density of states (DOS) for boron-doped, undoped, and
nitrogen-doped graphene (a), diamond (b), and a-C (c). The original position
of the Fermi level is indicated by the dashed line.
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FIG. 3. Work function as a function of dopant to carbon ratio for a-C, diamond
(D341), and two graphene systems of different sizes. The graphene supercells
used are 6× 6× 1 and 9× 9× 1 primitive unit cells (G661 and G991, respec-
tively). Nitrogen and boron concentrations are represented on the horizontal
axis with negative and positive values, respectively.

6× 6× 1 and 9 × 9 × 1 graphene, and approximately ±1.4%
and ±1.6% for diamond and a-C, respectively, further addition
of dopants does not significantly increase/decrease the work
function any further because of the growing DOS around the
gap/pseudogap of the material.

Finally, the analyte molecule (DA, DAox or AA) is placed
on the surface, and the system is let to relax until it has found
the minimum energy configuration with respect to geometry
and electronic structure. The structures for DA and AA were
collected from PubChem,23 and DAox was created from DA
by removing two electrons and two protons, i.e., in total two
hydrogens, in accordance with the known reaction scheme.5

All molecules are let to relax without any symmetry con-
straints. The analyte molecule is initially set approximately
3 Å above the slab, so that it has room to move up and down,
and it is not forced within the primary bonding distance of the
surface.

B. Computational methods

Density functional theory (DFT)24 enables to study the
system from first principles, i.e., the interactions between the
analyte and the electrode surface can be studied without any
previous knowledge of the outcome. This feature is particu-
larly useful especially in the present case, where the process
leading to DA oxidation at the electrode surfaces is not known
experimentally. Here we explain the technical details of our
simulations.

The GPAW suite25 was used to perform self-consistent
Kohn-Sham (KS) density functional theory24,26 calculations.
The exchange-correlation density functional used in the cal-
culations is the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation (GGA).27 The grid spacing in real
space used for the representation of wave functions, elec-
tron density, potential, etc., is 0.16 Å. k-space integration was
performed using different Monkhorst-Pack (MP) grids28 for
diamond, a-C, and graphene supercells: 1×2×1 k-point sam-
pling for diamond, 2 × 2 × 1 k-point sampling for a-C and the
9× 9× 1 graphene slab, and 3× 3× 1 k-point sampling for the
6× 6× 1 graphene slab. van der Waals corrections were taken
into account via the method developed by Tkatchenko and

Scheffler.29 All of the amorphous carbon calculations were car-
ried out with spin polarization because of the existence of local
(atomic) magnetic moments in a-C.21 Smearing of the occu-
pation numbers (0.1 eV), based on Fermi-Dirac distributions,
was used in order to help convergence.25

In addition to studying the interactions between the
molecules and the surfaces in vacuum at different potential
values, solvation effects were taken into consideration via a
continuum solvent model15,16 implemented in GPAW by Held
and Walter.17 In this model, the molecule and the surface
are encapsulated in a smooth cavity, and to simulate aque-
ous solution, the remaining volume of the cell is “filled” with
a dielectric medium whose dielectric constant corresponds to
that of bulk water, as water is the most common solvent used
in the electrochemical measurements. This method does not
only allow us to compare adsorption energies calculated in
vacuum to those calculated in solution but also enables us to
study differences in charge transfer characteristics in vacuum
and in solution.

To get an idea of charge-transfer characteristics between
slabs and molecules, in vacuum as well as in the dielectric
medium, we used the Bader partitioning scheme developed
by Henkelman et al.30 This tool allows assigning electronic
charges to individual atoms in the systems that comprise the
surface and the adsorbed molecule. Net charges of the adsorbed
molecules were obtained by adding up the charges of the
individual atoms in that particular molecule.

Adsorption energies were obtained as the difference
between the energy of the whole relaxed system (slab plus
adsorbed molecule) Etot and the sum of the energies of the
surface (Esurface) and the molecule alone (for DA, EDA) in
vacuum/in the dielectric medium, i.e., total energies were cal-
culated both in vacuum and in solution. For instance, the
adsorption energy for DA, EDA

ad , is

EDA
ad = Etot − (Esurface + EDA), (1)

where
Etot = Esurface+DA. (2)

When calculating the energy of the molecule, the same box
used in the supercell calculations was used. In this way, the
error due to electrostatic (e.g., dipole-dipole) self-interaction
of the molecules under periodic boundary conditions can
be minimized through error cancellation (approximately the
same spurious interaction is present when the molecules are
adsorbed on the surface).

To calculate the work function, the energy difference
between the Fermi level and the vacuum level is computed.
Since a-C slabs are asymmetric and may have an intrinsic
out-of-plane dipole moment, the vacuum level used for work
function calculation is always computed on the side of the slab
where the molecule adsorbs. In addition, the size of the molec-
ular dipole is comparable to the overall supercell dipole due to
finite-size restrictions. If there is charge transfer between the
molecule and the substrate upon adsorption, it can also affect
the region where the Fermi level of the whole supercell lies.
Consequently, the presence of the molecule may significantly
affect the work function of the system, through both the dipole-
driven shift in the vacuum level and the charge transfer-driven
shift of the Fermi level. Dipole and charge redistribution can
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FIG. 4. The electrostatic potentials of a-C systems with different adsorbed
molecules.

in turn affect each other such that the work function of the
slab is affected by the presence of the adsorbed molecule in
a non-trivial way. In Fig. 4, we show how the presence of the
different adsorbed molecules has a large impact on the work
function of the overall system, up to +300 meV in the case of
DAox adsorption (see the inset of Fig. 4). These changes are of
same order of magnitude as the overall potential windows that
can be realized within the present doping scheme (Fig. 3), and
need to be accounted for. To correct for this, we report work
function differences between the calculations at zero and finite
doping ratios, where the adsorbed molecule is present in both
cases. This will be discussed further in Sec. III.

III. RESULTS AND DISCUSSION

As we showed in Fig. 3, the work functions of graphene
and diamond show a strong correlation with dopant concen-
tration. Amorphous carbon shows the same behavior, but the
window is much narrower. Also, the work functions of the
undoped surfaces differ: Φa−C = 4.60 eV, Φdiamond = 4.68 eV,
and Φgraphene = 4.25 eV. The graphene results compare well
with the experimental and computational characterization of
boron- and nitrogen-doped graphene by Panchakarla et al.31

However, as it was described previously, we are not interested
in the effect of doping on adsorption as such, but doping is
used as an indirect method to shift the Fermi level (and hence
the work function) of the surfaces studied here.

As previously discussed, adding a molecule on the surface
within the supercell approach can significantly shift the work
function of the system as a whole. Here, we use the change
in work function, ∆Φ, for the adsorbed system at doping con-
centration x with respect to the reference case of an adsorbed
molecule at zero doping concentration,

∆Φ(x) = Φ(x) − Φ(0). (3)

The adsorption energies, Ead, of dopamine, dopaminequi-
none, and ascorbic acid on graphene (both 6 × 6 × 1 and
9×9×1 slabs) as a function of∆Φ, in vacuum, are presented in
Fig. 5(a). The purpose of this work is not to present definitive
values for Ead but to obtain the correct qualitative behavior
in order to estimate trends in the interaction between the ana-
lytes and the surfaces. In all cases, adsorption energies are
negative for the molecules studied here; thus their adsorp-
tion occurs spontaneously. DA and DAox adsorb more strongly

FIG. 5. Adsorption energies, Ead, of DA, DAox, and AA in vacuum as a
function of the change in work function, ∆Φ, on graphene (G661 and G991),
on diamond, and on a-C are depicted in (a)–(c), respectively.

than AA. Interestingly, for DA and AA adsorbed on graphene,
the adsorption energy has no appreciable dependence on the
change in work function, ∆Φ. For DAox, on the other hand, the
trend of adsorption energy versus work function is very clear.
By decreasing the work function or, equivalently, decreasing
the surface potential, the adsorption energy quickly moves
towards more negative values. In other words, DAox adsorption
on graphene is clearly favored by negative potentials.

The adsorption energies of DA, DAox, and AA on
diamond are presented in Fig. 5(b). In this case, the adsorp-
tion energies of the molecules studied here are all negative and
very similar. DA and AA show a slightly descending trend in
adsorption energies towards increased surface potential.

The adsorption energies of DA, DAox, and AA on a-C in
vacuum are depicted in Fig. 5(c). The adsorption energies of
the molecules are all negative also in this case. EAA

ad becomes
slightly more negative as the surface potential increases,
whereas EDAox

ad shows a descending trend towards negative
potentials.
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FIG. 6. Adsorption energies, Ead, of DA, DAox, and AA
as a function of dopant to carbon ratio (nitrogen and boron
concentrations are represented on the horizontal axis with
negative and positive values, respectively) on graphene
(G661), on diamond, and on a-C, in vacuum (v) and in
dielectric medium (w), are depicted in (a), (c), and (e),
respectively. Net charges of the molecules, obtained with
Bader analysis, on graphene, on diamond, and on a-C as
a function of dopant to carbon ratio, in vacuum (v) and
in dielectric medium (w), are depicted in (b), (d), and (f),
respectively.

In Fig. 6, we present a comparison of adsorption ener-
gies, Ead, of DA, DAox, and AA in vacuum and in solution
as a function of dopant to carbon ratio. Here we have chosen
to use the dopant to carbon ratio instead of the work func-
tion since, within this framework, the work function cannot be
straightforwardly computed in solution. Nitrogen concentra-
tions are depicted as negative values and boron concentrations
as positive values on the horizontal axis. Net charges of the
molecules, obtained with Bader analysis, in vacuum (v) and
in dielectric medium (w), are also depicted as a function of
dopant to carbon ratio.

Since the Fermi level is varied by adding dopant atoms and
not by removing or adding electrons, the system remains over-
all neutral. Also, all isolated molecules and all isolated surfaces
are neutral, but when the molecule is brought to the surface and
the electronic structure is relaxed, the electron density is redis-
tributed between the surface and the molecule. The net charges
of the molecules on diamond [Fig. 6(d)] and on a-C [Fig. 6(f)]
are in the same order of magnitude as on graphene [Fig. 6(b)]
and show a behavior similar to that on graphene with the excep-
tion that DAox accepts the electron density from the slab also
when the surface potential is shifted towards more positive
values, and the net charge of the molecule remains negative
within the whole potential window. It can be observed in all
three cases that as nitrogen concentration in the slab increases,
and thus∆Φ is shifted to more negative values, EDAox

ad becomes
more negative. The net charge of DAox becomes more nega-
tive as well, i.e., electron density moves from the slab towards
DAox. This effect becomes even more clear in the dielectric
medium where at the same time EDAox

ad becomes notably more
negative. EDA

ad and EAA
ad do not change as dramatically in the

presence of solvent effects, compared to vacuum. In fact, the
effect of changing the work function of the slab on the charge
transfer in the case of DAox is so large that it can be clearly
detected when the charge density before and after adsorption
is visualized (Fig. 7).

When the adsorption energies and the charge transfer
between the molecules and the slabs are examined by inspect-
ing the net charges of the adsorbed molecules (Fig. 6), it can
be seen that the adsorption behavior of DA and AA seems to
be fairly independent of the changes in the potential, whereas
the adsorption of DAox becomes stronger when the potential
is shifted towards more negative values. Solvation energies of
DA and DAox, �0.54 eV and �0.64 eV, calculated with the
continuum solvation method are relatively similar. The corre-
sponding value for AA is �0.96 eV. As expected based on the
large electronegativity of oxygen, the exposed oxygen atoms
in DAox withdraw charge from the surface. The inclusion of
the aqueous medium further enhances this effect. Especially
on graphene, EDAox

ad , in vacuum as well as in solution, correlates
strongly with the net charge of the molecule. On diamond, we
detect the same trend in charge transfer, but in vacuum EDAox

ad
seems to be independent of ∆Φ. Yet, when the system is sol-
vated, EDAox

ad reacts strongly to shifts in the Fermi level and the
correlation with net charge is clear. Similar trends can be seen
on a-C within the potential window that was achieved with
a-C. In practice, the charge transfer between the adsorbing
molecule and a-C surface is likely to be affected by func-
tional groups. This strong interaction between carbonaceous
surfaces and DAox supports the idea that the electrode perfor-
mance can be deteriorated by agglomeration of the reaction
products of the electrochemical oxidation and the following
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FIG. 7. Dopaminequinone on boron-doped, undoped,
and nitrogen-doped graphene in vacuum (a)-(c) and
in dielectric medium (d)-(f). Upon adsorption, charge
density flows from the violet to the green region.
Dopaminequinone on graphene has been chosen here as
an example system for visualization because it is per-
haps the simplest system discussed in this study and thus
provides the clearest image of the phenomena.

chemical reactions. At the same time, since it has been stated
that the oxidation/reduction of these molecules is accompanied
by favorable adsorption,7 it would be reasonable to suggest
that EDAox

ad becomes more negative as the molecule is being
reduced.

IV. CONCLUSIONS

In this work, we have introduced doping as a method to
simulate changes in the surface potential via changing the
Fermi level (and hence the work function) of carbonaceous
electrodes. All of the materials discussed here, graphene, dia-
mond, and amorphous carbon, respond to doping analogously
by the shift in work function (Fig. 3). With graphene and
diamond, relatively large potential windows can be achieved,
whereas in the case of a-C, the window remains narrow due to
the much higher DOS present in the pseudogap region.

We have also studied the adsorption of three molecules,
dopamine, dopaminequinone, and ascorbic acid, on these car-
bonaceous surfaces and examined the effect of changing the
surface potential on the adsorption behavior in vacuum as well
as in aqueous medium. Adsorption energies are negative in all
cases, and in vacuum, they remain within the same magnitude
as hydrogen bonding. Thus, in vacuum, covalent bonding is
not observed. Incorporating the effects of solvent as an effec-
tive dielectric medium has very little impact on the adsorption
characteristics of DA and AA. The adsorption energies of these
two molecules are very similar, which can partly explain why it
is difficult to distinguish between DA and AA in electrochem-
ical measurements. EDA

ad and EAA
ad differ substantially only on

graphene. The difference between EDA
ad and EAA

ad acquired on
graphene suggests that sp2-rich surfaces could improve the
selectivity of the electrode.

In the case of DAox, adsorption energies change dramati-
cally with the addition of the solvent. In vacuum on diamond,
EDA

ad is more negative than EDAox
ad , and in addition, EDAox

ad does
not become stronger when the potential is shifted to more
negative values. Thus, the adsorption behavior of DAox in vac-
uum indicates that sp3-rich materials could be more resistant
towards the electrode deactivation caused by agglomeration
of oxidation products than sp2-rich materials. In contrast, in

dielectric medium, DAox is more strongly adsorbed on dia-
mond than on graphene, and the charge transfer between the
slab and the molecule is enhanced.

In reality, the electrode surface is seldom purely sp2-
or sp3-like, and carbon can form very complex amorphous
structures having several different carbon sites10,11 and their
reactivity varies. Thus, calculations carried out on graphene
or on diamond only cannot be directly generalized for all car-
bonaceous surfaces. By studying and comparing all of these
three materials, a deeper understanding of the surface chem-
istry of carbonaceous electrodes can be achieved. Furthermore,
understanding the differences between sp2- or sp3-rich mate-
rials could facilitate the development of electrode surfaces
towards sensitive and selective sensing of biomolecules such
as dopamine.
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