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ABSTRACT: Quinones can undergo thermodynamically reversible proton-coupled electron
transfer reactions and are being applied as electroactive compounds in aqueous organic batteries.
However, the electrochemical reversibility of these compounds is affected not only by their
molecular structure but also by the properties of a carbon-based electrode surface. This study
combines experimental and theoretical approaches to understand this dependence. We study the
electron transfer kinetics of two synthesized quinone derivatives and two commercially available
ones with a glassy carbon, a highly ordered pyrolytic graphite, and a high-edge-density graphite
electrode (HEDGE). The electrochemical reversibility is notably improved on the HEDGE,
which shows a higher density of defects and presents oxygenated functional groups at its surface.
The electron transfer kinetics are controlled by adsorbed species onto the HEDGE. Molecular
dynamics simulation and quantum mechanics calculations suggest defects with oxygen-
containing functional groups, such as C−O and CO, on HEDGE surfaces drive the interaction with the functional groups of
the molecules, during physisorption from van der Waals forces. The presence of sulfonic acid side groups and a greater number of
aromatic rings in the molecular structure may contribute to a higher stabilization of quinone derivatives on HEDGEs. We propose
that high-performance carbon-based electrodes can be obtained without catalysts for organic batteries, by the engineering of carbon-
based surfaces with edge-like defects and oxygenated functional groups.

KEYWORDS: quinones, carbon-based electrodes, graphite electrode, edge-plane-like defects, aqueous organic batteries,
electrochemical reversibility, electron transfer kinetics

1. INTRODUCTION

The generation of electrical energy from renewable sources,
particularly wind and solar, is assuming increasing importance
in modern society and can contribute to the worldwide
expansion of the electric power generating capacity. However,
to effectively use this renewable energy, it is necessary to deal
with the inherent intermittency of these natural sources.1

Methods for storing electrical energy could overcome this
issue. Redox flow batteries (RFBs) have been recognized as a
promising technology for large-scale energy storage.2 In a RFB
system, redox-active compounds are dissolved in electrolytes
and separately stored in external tanks. The electroactive
species are pumped between the reservoirs and the cell, where
they are reversibly oxidized and reduced on the electrodes,
storing or generating electricity that flows through an external
circuit.2 The performance of RFBs depends on several
chemical, physical, and engineering factors, including the
choice of redox compounds, electrode materials, membrane
characteristics, and cell configuration.1,2 Vanadium is the most
popular electroactive species employed in commercial RFBs;
however, the geographically limited supplies and high and
fluctuating cost of this metal limit the widespread use of
vanadium-based RFBs.3 Quinone derivatives are interesting

redox-active compounds in energy systems, such as in
enzymatic biofuel cells4−6 and in aqueous organic RFBs
(AORFBs).7−10 Quinone based molecules have been explored
as alternative electroactive compounds in aqueous organic
AORFBs because they are entirely composed of Earth-
abundant elements and can be low cost and safe for use in
residential and commercial environments.7−10

Quinone-based molecules can show thermodynamically
reversible proton-coupled electron transfer reactions in acidic
conditions.11,12 However, the electrode material and its
microstructure may also play a crucial role in affecting the
electrochemical response and consequently the AORFB
performance. Carbon-based electrodes have been widely
employed in aqueous and nonaqueous RFBs because they
show high electronic conductivity, high chemical and electro-
chemical stability, high specific surface area, and low cost.13 A
variety of carbon materials have been used in RFBs, such as
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carbon papers8−10,14−20 and graphitic felts.21−24 Usually, these
materials are submitted to thermal8,9,15,17,19,23 or chemical
treatments10,14,15,20 or modification with nanomaterials22,24,25

to improve wettability and electrochemical performance.
The effects of chemical and thermal treatments on the

electrode have been extensively discussed in the literature in
the context of vanadium RFBs.26−28 Generally, the presence of
edge-plane-like defects and oxygenated functional groups is
reported to influence electrode performance in vanadium
redox reactions.26−28 However, in the context of AORFBs, the
literature is lacking any information about how carbon-based
electrode materials can influence the electrochemical behavior
of organic molecules, such as quinones. Glassy carbon (GC)
electrodes have been widely used to study the redox reactions
of quinone molecules that exhibit Nernstian behavior in
quiescent solution,7−10,16,17 before testing the quinones in full
cells. In this paper we show that some quinones exhibit
electrochemical behavior strongly dependent on the carbon
material structure.
To gain a better understanding of the quinone and carbon-

based electrode system, we studied how carbon-based material
surfaces can influence the electrochemical kinetics of quinone
derivatives in quiescent solution. We evaluated the separation
between anodic and cathodic peaks in cyclic voltammetry and
determined adsorbed quinone surface excesses. We used
molecular dynamics simulation and density functional theory
(DFT) calculations to have atomistic insights and evaluate the
adsorption energy at the quinone−carbon electrode surface
interface. We used three carbon materials with distinct surface
structure and composition: GC, highly ordered pyrolytic

graphite (HOPG), and high-edge-density graphite electrode
(HEDGE). We studied the electrochemical behavior of four
different quinone derivatives with these electrodes. We
selected molecules that are candidates to be used as posolytes
(positive electrolyte) or in symmetrical AORFBs. We included
benzoquinone- and anthraquinone-based compounds function-
alized with sulfonic acid, hydroxyl, and amine groups. To
interpret the experimental results, we modeled the interaction
between quinone derivatives and carbon surfaces using
molecular dynamics simulations and quantum mechanics
calculations. This work contributes new insights into how
carbon-based materials can be tuned to obtain electrodes with
superior performance in semisolid AORFBs and solid-batteries
involving adsorbed redox-active species. The presence of
functionalities and microstructure of carbon-based electrodes
should be carefully considered in electrochemical systems that
involve redox processes of species in solution: although
adsorption enhances the electron transfer kinetics, if it is too
strong, however, it is expected to suppress the mass transfer
kinetics. Therefore, this study benefits the fields of materials
science and electrochemical energy storage.

2. RESULTS AND DISCUSSION

2.1. Molecular Electrochemistry of Quinones on
Different Carbon-Based Surfaces. We studied the electro-
chemical behavior of four different quinone derivatives that are
of interest for application in AORFBs. We synthesized two of
these compounds: 2,3,5,6-tetrakis((dimethylamino)methyl)-
benzene-1,4-diol (FQH2) and 3,6-bis(morpholinomethyl)-
cyclohexa-3,5-diene-1,2-diol (CQH2). Their oxidized forms

Scheme 1. Chemical Structure and Redox Reactions of (a) FQ, (b) CQ, (c) BQDS, and (d) ARS in Strongly Acidic Condition
(pH ≈ 0)
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are 2,3,5,6-tetrakis((dimethylamino)methyl)cyclohexa-2,5-
diene-1,4-dione, which we call frog quinone (FQ), and 3,6-
bis(morpholinomethyl)cyclohexa-3,5-diene-1,2-dione, which
we call crab quinone (CQ). The other two are commercial
compounds: 1,2-dihydroxybenzene-3,5-disulfonic acid
(BQDS) and 3,4-dihydroxy-9,10-dioxoanthracene-2-sulfonic
acid, called Alizarin red S (ARS). The structures of all four

molecules in their oxidized and reduced forms are shown in
Scheme 1.
FQ is a p-benzoquinone functionalized with four trimethyl-

amine groups (see structure in Scheme 1).29 FQ is cheap and
easy to synthesize (Section 1, Supporting Information). CQ is
an o-benzoquinone and has attached two heterocyclic
structures with morpholine groups. This compound (Section

Figure 1. CVs (third cycle) of GC, HOPG, and HEDGE in 1.0 mol L−1 H2SO4 containing (a) 1.0 mmol L−1 CQ, (b) 1.0 mmol L−1 BQDS, (c)
10.0 mmol L−1 FQ, and (d) 1.0 mmol L−1 ARS. Scan rate: 50 mV s−1 (for FQ, CQ, and BQDS) and 5 mV s−1 (for ARS). Reference electrode is
Ag/AgCl in 3 mol L−1 NaCl.
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2, Supporting Information) was previously reported as a
precursor for the synthesis of antioxidants.30 However, this
molecule has never been used in an AORFB. BQDS is a
commercial o-benzoquinone functionalized with two sulfonic
acid groups; it was previously reported as the active material in
an AORFB posolyte.16 The presence of electron-withdrawing
side groups in FQ, CQ, and BQDS shifts the reduction
potentials to higher values when compared to the analogous
nonfunctionalized compounds.12,31 The relatively high reduc-
tion potentials of these compounds make them candidates for
application in the posolyte of an AORFB. Similar to previous
work about quinone derivatives in strongly acidic conditions
(pH ≈ 0),7,10,16 FQ, CQ, and BQDS are expected to show a
rapid and reversible reduction of quinone to hydroquinone
form by transfer of two protons and two electrons on
electrodes.
ARS is a p-anthraquinone derivative having additionally

an 3,4-hydroquinone motif and one sulfonic acid group
attached to the molecular skeleton. ARS contains both
electron−proton donor hydroxyl groups and electron−proton
acceptor carbonyl groups. Therefore, ARS exhibits three redox
states instead of two, as shown in Scheme 1. Consequently,
ARS has been considered for use as both a posolyte and
negolyte of the same AORFB.32,33

It is well-known that the structure of carbon electrodes and
the presence of functionalities influence the electron transfer
kinetics of several redox reactions.28,34−38 Here, we present a
series of experiments designed to probe the effect of the
electrode surface on quinone electrochemistry. For that, three
carbon-based electrodes with distinctive features were used:
GC, HOPG, and HEDGE. GC is a standard carbon-based
electrode used to investigate the electrochemical behavior of
redox-active compounds and to study new molecules for
application in ORFBs.4−7,14,18,36 Microscopic, spectroscopic,
and diffraction studies40,41 have revealed that GC mainly
consists of curved carbon sheets that contain an sp2-bonded
network of hexagons interspersed with pentagons and
heptagons. Models for GC show a predominance of nanosized
graphite-like domains in its structure. These features are
independent of the thermal treatment used in the GC
production process.40 In GC production, the material is
subjected to high temperature that leads to a noticeable
ordering of aromatic nanoclusters.40 Thus, it is expected that
the surface of GC has more edge-plane sites than HOPG but
fewer edge-plane sites than HEDGE. The Raman spectrum of
GC (Figure S5, Supporting Information) indicates that its
structure contains nanosized disordered sp2 domains, which is
consistent with the literature.40,41

Differently, HOPG and HEDGE have graphitic structures,
however, with very distinct characteristics. In HOPG, the
graphene layers lie parallel to the surface; thus, this structure
provides a basal plane surface with very few defects.42 In
contrast, HEDGE is produced in a way that exposes a high
density of edge-plane-like defect sites on the surface, by
manually polishing single-crystalline graphite at a large
misorientation to the basal plane (Section 3, Supporting
Information). Previous studies report that edge-plane carbon
electrodes35,43,44 improve the electrochemical kinetics of
several compounds, including ascorbic acid,36 nicotinamide
adenine dinucleotide,36,37 epinephrine,37 quinones,45,46 ferri-
cyanide,36,37 ferrocene derivatives,35 and molecular oxygen.38

Recently, the presence of defects on carbon electrodes has

been shown to enhance the performance of vanadium26−28,34

and zinc−bromine14 RFBs.
In this context, the electrochemical behavior of the quinone

derivatives was investigated by cyclic voltammetry (Section 3,
Supporting Information) on HOPG, GC, and HEDGE, as
shown in Figure 1. In Figure 1a, we can observe that the cyclic
voltammogram (CV) of CQ recorded on HOPG exhibits a
broad oxidation peak at 0.84 V and a major reduction peak at
0.27 V, with a large peak-to-peak separation (ΔEp) of 570 mV.
CV of CQ on GC shows broad oxidation and reduction peaks
at 0.80 and 0.47 V, respectively, with a smaller ΔEp, 330 mV,
compared to HOPG. However, the wide values of ΔEp
indicates a quasi-reversible redox reaction on both HOPG
and GC electrodes. In contrast, the CV of CQ on HEDGE
shows a well-defined redox couple with half-wave potential
(E1/2) equal to 0.57 V and ΔEp equal to 17 mV. This measured
value of ΔEp is smaller than the value of 30 mV expected for a
reversible two-electron process involving freely diffusing
species. This deviation suggests that the electron transfer
process occurs between adsorbed species and the HEDGE
surface.
Similarly to CQ, the CV of BQDS on HOPG (Figure 1b)

also shows very broad oxidation and reduction peaks at 0.78
and 0.49 V, respectively, with ΔEp equal to 290 mV. However,
the CV of BQDS on GC shows a pair of well-defined redox
peaks with E1/2 equal to 0.69 V and ΔEp of 57 mV, which
suggests a quasi-reversible electrochemical reaction, as it
involves two electrons. Also, CV of BQDS on HEDGE
exhibits a well-defined redox couple at E1/2 = 0.67 V. The small
value of ΔEp, 12 mV, suggests that the electron transfer process
occurs by adsorbed species on the HEDGE surface. For FQ, a
similar voltammetric profile (Figure 1c) is observed on HOPG
and GC. On both electrodes, FQ does not show a well-defined
oxidation peak; nevertheless, the onset oxidation current is
observed at ∼0.5−0.6 V. In the reverse scan, a reduction peak
is observed at 0.29 and 0.21 V on HOPG and GC, respectively.
In contrast, reversible CV of FQ was notably obtained by using
the HEDGE. FQ exhibits a pair of well-defined redox peaks at
E1/2 = 0.43 V with a ΔEp of 43 mV, which is close to the value
of 30 mV that characterizes a reversible one-step two-electron,
two-proton redox reaction. With regard to ARS, the CVs
(Figure 1d) show several redox processes, which are very
similar on HOPG and GC. The first quasi-reversible redox
couple has been assigned to the 9,10-quinone functionality47,48

and appears at −0.14 V with ΔEp equal to 80 mV on HOPG
and at −0.17 V with ΔEp equal to 63 mV on GC, indicating
quasi-reversible redox reactions on those electrodes. On
HEDGE, the same redox couple is observed at −0.19 V with
ΔEp of 21 mV. The second anodic peak of ARS is be attributed
to the oxidation of 3,4-dihydroxyl groups47,48 and appears at
0.92 V on HOPG and at 0.81 V on GC. However, the
minuscule return peak at high potentials shows an irreversible
redox reaction of the 1,2-oxygenated functional groups on
HOPG and GC. In contrast, on the HEDGE, ARS presents a
well-defined high-potential redox couple with E1/2 of 0.78 V
and ΔEp of 11 mV. This result indicates a reversible redox
reaction involving adsorbed species on the HEDGE surface.
Reversible behavior for both redox couples of ARS has been
previously reported by Tong et al.33 The CV results indicate
that the electron transfer kinetics of the different quinone
derivatives is strongly affected by the structure of carbon
electrode. We interpret the shapes of the CVs obtained with
the HEDGE to mean that all quinones studied have fast

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.9b02357
ACS Appl. Energy Mater. 2020, 3, 1933−1943

1936

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02357/suppl_file/ae9b02357_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02357/suppl_file/ae9b02357_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02357/suppl_file/ae9b02357_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02357/suppl_file/ae9b02357_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b02357/suppl_file/ae9b02357_si_001.pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b02357?ref=pdf


electron transfer on edge sites of graphitic structures. This
electron transfer rate is controlled by adsorbed species on the
electrode surface, as shown by the values of ΔEp and the linear
correlation between the peak current densities and the scan
rate (Figure S4). HEDGE exhibits an electrochemical surface
area (ECSA) that is higher than that of HOPG by a factor of
29 (Section 9, Supporting Information); after normalization by
ECSA, the faradaic currents obtained with the HEDGE remain
higher than those obtained with HOPG. Therefore, we
conclude that the higher faradaic current densities recorded
on the HEDGE are not an area effect, but they are occasioned
by the greater electrochemical kinetic rate constants. These
observations warn that GC may not be the most appropriate
electrode to evaluate the electrochemistry of new organic
molecules in quiescent solution for subsequent application in
AORFBs.7−10,17,21,39 This may lead to discarding molecular
candidates that would show rapid and reversible electron
transfer kinetics at another carbon electrode.
2.2. Origin of Defects on the HEDGE Surface. To

investigate the origin of the electrochemical behavior of
quinones on defects on the HEDGE surfaces, we characterized
the microstructure, morphology, and chemical composition of
carbon-based electrodes using Raman spectroscopy, scanning
electron microscopy (SEM), and X-ray photoelectron spec-
troscopy (XPS), respectively, as shown below (Sections 6−8,
Supporting Information). Raman spectra of HOPG and
HEDGE in Figures 2a and 2b, respectively, show the expected
D- and G-bands centered at 1335 and 1581 cm−1, respectively.

The G-band is associated with the presence of the hexagonal
sp2 carbon network, whereas D-band is a defect-induced
Raman feature that is forbidden in perfect graphite.49,50 HOPG
exhibits a sharp symmetry-allowed G-band and a very small
defect-induced D-band, indicating highly crystalline graphite.
In contrast, the Raman spectrum measured on the HEDGE
presents a pronounced D-band as well as a D′-band at 1620
cm−1. These bands are originated from two scattering
processes consisting of one elastic scattering event by defects
of the crystal and one inelastic scattering event by emitting or
absorbing a phonon. The D-band originates from an intervalley
double-resonance process, involving electronic states around
two inequivalent K points in the Brillouin zone of graphite,
whereas the D′-band originates from an intravalley double-
resonance process involving electronic states around the same
K point.49 The ratio of the intensity of D- and G-bands (ID/IG)
was used to quantify the defect densities in both electrodes.
The ID/IG ratio of 0.45 for the HEDGE indicates more defects
on the HEDGE compared to ID/IG of 0.09 for the HOPG
electrode. As observed in SEM images (Figures 2c,d), the
electrodes show drastic differences in terms of microstructure
and morphology. The HOPG electrode (Figure 2c) exhibits a
flat surface with few scratches, whereas the HEDGE (Figure
2d) has a densely packed microfractured surface. These SEM
results are in agreement with the Raman spectroscopic results,
where the presence of defects on the HEDGE is confirmed by
the higher ID/IG ratio. Some authors have discussed the edge-
plane-like defects on carbon materials in terms of the presence
of oxygenated functional groups.14,26−28,34 It is expected that
the HEDGE presents more oxygen atoms on the surface
compared with HOPG because the HEDGE is prepared by an
abrasive procedure in atmospheric conditions to produce a
high density of edge-plane-like defect sites on the surface
(Section 3, Supporting Information).
To examine the presence of oxygenated functional groups in

both HEDGE and HOPG electrodes, XPS measurements were
performed. XPS wide scan surveys (Figure 2e) indicate the
presence of carbon atoms on both electrode surfaces; however,
oxygen atoms were detected only on the HEDGE surface. The
high-resolution spectrum (Figure 2f) of HOPG shows a very
small and broad peak at around 533 eV, which is related to
oxygen; however, this signal is close to the level of background
noise. This result is consistent with the Raman and SEM
results, which indicate that there are very few defects on
HOPG where oxygenated functional groups could form. The
atomic ratio of oxygen to carbon (O/C) was considerably
higher on the HEDGE (O/C = 0.069), as shown by the peak
at 532 eV attributed to O 1s in Figure 2e. The type of
oxygenated functional groups on the HEDGE can be
determined by deconvolution of the high-resolution spectra
in the O 1s region (Figure 2f). The deconvolution shows two
peaks, which are assigned to CO (531.8 ± 0.2 eV) and C−
O (532.6 ± 0.2 eV).51 Based on the area of deconvoluted
peaks, the percentage of the oxygenated functional groups was
calculated to be 66.3% of C−O and 33.7% of CO. XPS
results suggest that oxygen in the edge-plane structures is in
the form of hydroxyl, ether, and carbonyl functional groups
(see high-resolution XPS spectrum in the C 1s region in Figure
S6).

2.3. Adsorption of Quinones on the HEDGE Surface.
We have observed by CV that quinones can be adsorbed on
the HEDGE surface; on the basis of that, we performed a
detailed investigation on how the molecular structure of

Figure 2. Raman spectra of HOPG (a) and HEDGE (b) obtained
with 633 nm excitation laser. SEM images of HOPG (c) and HEDGE
(d). XPS survey spectra (e) of HOPG and HEDGE and their high-
resolution spectra in O 1s region (f), where solid red and solid black
curves represent raw spectra of HOPG and HEDGE, respectively, and
dotted gray lines and solid gray line represent respectively the
deconvoluted peaks and the sum of the deconvoluted peaks.
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quinone-based molecules influences the adsorption phenom-
ena. The amount of quinone adsorbed under applied
overpotential conditions was measured by using anodic
stripping voltammetry.52 The details of the procedure can be
found in Section 10 of the Supporting Information. FQ, CQ,
BQDS, and ARS were first electroadsorbed from their
solutions onto the HEDGE surface at high potential. After
electroadsorption, the quinones (adsorbate) on the HEDGE
surface were quantified by the faradaic current from the CVs,
as shown in Figure 3a−d. To obtain the faradaic current, the

capacitive current was subtracted from the original CVs, as
shown in the insets of Figure 3a−d. Because the faradaic
current is related to the quantity of adsorbed molecules (eqs
S4 and S5, Supporting Information), the surface excess (Γ) of
each quinone was determined (Section 10, Supporting
Information) to be (2.3 ± 0.3) × 10−11, (5.9 ± 1.0) ×
10−11, (3.6 ± 0.9) × 10−10, and (6.7 ± 0.6) × 10−9 mol cm−2

for FQ, CQ, BQDS, and ARS, respectively. As shown in Figure
3e, the amount of adsorbed species follows the ascending
order: FQ < CQ < BQDS < ARS.
The desorption process of FQ, CQ, BQDS, and ARS from

the HEDGE surface was also investigated. For this, successive
CVs of quinones previously adsorbed onto HEDGE were
recorded in clean (without quinone) 1.0 mol L−1 H2SO4
electrolyte, as shown in Figure 4a−d. The desorption behavior

is visualized by the plot of anodic faradaic peak current
densities against the successive cycles, as shown in Figure 4e−
h. Each quinone presents a different desorption profile, which
suggests that molecular structure influences the interaction
with the HEDGE surface. ARS is the only quinone that
remains significantly adsorbed on the HEDGE surface after
∼10 consecutive CVs. In contrast, FQ, CQ, and BQDS are
rapidly released from the electrode surface, which is evidenced
by the pronounced decay of the anodic peak current densities
over successive CV cycles. These results suggest that these
species possess different adsorption energies on HEDGE.
Insight into the adsorption behavior and the molecular
interaction between quinone-based molecules and HEDGE is
provided by molecular dynamics and quantum mechanics
simulations, as shown below.

2.4. Molecular Dynamics Simulation and DFT Calcu-
lations. We used molecular dynamics simulation and DFT
calculations to model the interactions of FQ, CQ, BQDS, and
ARS with a HEDGE surface (Section 11, Supporting
Information). To simulate the HEDGE structure, we have
used a melting−quenching−annealing schedule using NVT
molecular dynamics with a Nose−́Hoover thermostat and
Tersoff many-body potentials, which gives structures with
different degrees of graphitization, defects, and orientations
(Figure S10). Some C−C bonds were broken to introduce
oxygenated functional groups, such as carbonyl and hydroxyl
groups, based on XPS experimental results for HEDGE. The
structure and geometry were optimized by using the
QuantumESPRESSO (QE) package.
As previously reported,53,54 this methodology provides

accurate and optimized carbon structures with low computa-
tional cost, showing some advantages over other method-
ologies that employ a reverse Monte Carlo technique, which
requires experimental data, or ab initio molecular dynamics,
which is computationally expensive.3

After the simulation and optimization of the HEDGE
structure, we investigated the interaction between this
structure and the oxidized forms of ARS, BQDS, CQ, and
FQ. Figure 5a−d shows the lowest energy configurations for
the fully oxidized forms of FQ, CQ, BQDS, and ARS on a
HEDGE surface containing CO and C−O groups. The
zoom view can identify which atoms of the quinone molecules
are close to the HEDGE surface. The HEDGE−molecule
distances shorter than 5 Å are highlighted in Figure 5a−d, as
attractive forces between organic compounds and carbon
surfaces can be significant up to this distance.55 The lowest
energy configuration shows the interaction between FQ and
HEDGE surface (Figure 5a) probably occurs through the
carbon (3.05 Å) and nitrogen (3.12 Å) atoms from the tertiary
amine group and oxygen (4.65 Å) from the quinone
functionality. For CQ (Figure 5b), the closest atoms to the
carbon surface are carbon (3.49 Å) and oxygen (3.89 and 3.91
Å) atoms from CO groups and nitrogen (4.73 Å) from the
morpholine side group. In the case of BQDS (Figure 5c), the
interaction with the surface possibly occurs through oxygen
(2.77 and 3.28 Å) and sulfur (3.63 Å) atoms from sulfonic acid
groups and carbon atoms (3.66 Å) from CO groups.
Similarly, sulfonic acid and carbonyl groups of ARS is also
involved in the interaction with the HEDGE surface (Figure
5d) through the sulfur (4.48 Å), oxygen (2.89 and 3.17 Å), and
carbon (2.91 Å) atoms. In addition, in all four systems studied
here, oxygenated functional groups in the HEDGE structure
are the closest regions to the molecules, suggesting they play

Figure 3. CVs recorded at 5 mV s−1 in 1.0 mol L−1 H2SO4 on
HEDGE after electroadsorption of FQ (a), CQ (b), BQDS (c), and
ARS (d). Thin lines: CVs after subtraction of the capacitive current.
(e) Surface excess (Γ) of quinones on the HEDGE surface obtained
from anodic peak of the first CV; the plot shows the mean Γ obtained
from three HEDGE electrodes, and error values were obtained based
on a t-distribution with 95% confidence interval.
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an important role in the attraction forces with the quinones.
The molecule−surface distances indicate weak short-range van
der Waals forces56 are responsible for interaction, without
forming chemical bonds. Otherwise, in the case of covalent
bonds, molecule−surface distances would be expected to be
smaller than 2 Å.57

The adsorption energy (ΔEads) of each molecule on the
HEDGE surface in the lowest energy configuration was
calculated by eq 1:

Δ = − −+E E E Eads G M G M (1)

where EG+M is the geometry-optimized energy of the HEDGE
surface with the molecule over it, EM is the geometry-
optimized isolated molecule inside the simulation box, and EG
is the geometry-optimized energy of the carbon surface in the
simulation box. Based on these optimized configurations, ΔEads
values were calculated to be −17.98, −19.10, −22.65, and
−30.69 kcal mol−1, for FQ, CQ, BQDS, and ARS, respectively
(Figure 5e). ΔEads values represent the total adsorption energy
of the molecules and are in good agreement with the three or
four points of van der Waals interactions between the quinone
derivatives and HEDGE surface, as shown in Figure 5a−d,
implying that these molecules interact with a HEDGE surface
by physisorption. In addition, the calculated ΔEads corrobo-
rates the experimental data of the surface excess (Figure 3e).
Among the four studied quinones, ARS showed the highest
value of ΔEads, which is consistent with the high surface excess
observed experimentally. Likewise, FQ showed the lowest
value of ΔEads, which is consistent with the lowest surface
excess obtained.

The relationship between the experimental surface excess of
the quinone-based molecules and the calculated ΔEads can be
visualized in Figure 6. The ΔEads/kT values represent the
adsorption energy per molecule entity, where k is Boltzmann’s
constant (0.001987 kcal mol−1 K−1) and T is the absolute
temperature (300 K). Figure 6 shows that a higher ΔEads per
molecule leads to a higher quantity of adsorbed molecules
observed in the electrochemical measurements. In addition, the
presence of sulfonic acid groups in BQDS and ARS may
contribute to a higher stabilization of these molecules on
HEDGE surfaces, indicated by the higher ΔEads values per
molecule entity, which lead to higher surface excesses. Also, the
number of aromatic rings in the molecular structure seems to
influence the adsorption process, as the anthraquinone ARS
shows the highest ΔEads value per molecule entity and highest
surface excess when compared to the benzoquinones FQ, CQ,
and BQDS.
To distinguish the effect of edge-plane-like defects in the

carbon structure and that of the oxygen-containing functional
groups on quinone adsorption, we performed a computational
simulation and calculations with a HEDGE structure without
oxygen-containing functional groups (HEDGE-nO) using the
same electronic parameters as in the previous ones (Section
12, Supporting Information). On HEDGE-nO, the preferred
interaction sites of the four quinone-based molecules are the
carbon atoms on the edges of the carbon structure (Figure
S11). The molecules interact with the HEDGE-nO structure
by the same functional groups observed with HEDGE, with the
only difference being the closest atom of the functional group
of FQ and ARS. The closest atoms to the HEDGE-nO surface
are hydrogen from the tertiary amino group of FQ and oxygen

Figure 4. Successive CVs recorded at 5 mV s−1 in 1.0 mol L−1 H2SO4 on HEDGE after electroadsorption of FQ (a), CQ (b), BQDS (c), and ARS
(d); the vertical arrows indicate the decrease in the anodic peak currents. Anodic peak current density over successive CVs after electroadsorption
of FQ (e), CQ (f), BQDS (g), and ARS (h). Insets show zoomed-in views of the curves.
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from the 9,10-quinone functionality. As observed for HEDGE,
the molecule−surface distances (2.8−3.7 Å) are corresponding

to the van der Waals force range, which suggest physisorption
of the molecules on HEDGE-nO. The values of ΔEads of the
quinone derivatives on HEDGE-nO were calculated to be
−16.22, −17.43, −34.26, and −29.83 kcal mol−1, for FQ, CQ,
BQDS, and ARS, respectively.
Comparing the calculated ΔEads values on HEDGE and

HEDGE-nO, it is observed that the presence of oxygen-
containing functional groups on the surface differentially
affects its interaction with some quinone derivatives. Notably,
ΔEads of BQDS is higher on HEDGE-nO than HEDGE,
whereas the ΔEads of the other molecules are slightly lower on
HEDGE-nO, as expected, given oxygenated functional groups
present on HEDGE surface can contribute to slightly stronger
attraction through dipole−dipole or dipole−induced dipole
interactions. In addition, a deviation from the correlation
between the experimental values of surface excess and ΔEads
per molecule entity on HEDGE-nO is obtained (Figure S12).
The calculated ΔEads per BQDS molecule on HEDGE-nO is
higher than that calculated for ARS; however, the quantity of
adsorbed BQDS on the electrode obtained by electrochemical
measurements is lower than ARS. This deviation means the
presence of oxygenated functional groups on the electrode
surface significantly influences the experimental results of
surface excess. In summary, the agreement of the calculated

Figure 5. Lowest energy configurations of the fully oxidized form of FQ (a), CQ (b), BQDS (c), and ARS (d) on HEDGE. The arrows indicate the
sites with which the quinone-based compound interacts. Gray, white, yellow, red, and blue spheres represent carbon, hydrogen, sulfur, oxygen, and
nitrogen atoms, respectively. (e) ΔEads at 300 K of each quinone on HEDGE surface calculated by DFT.

Figure 6. Surface excess vs calculated ΔEads/kT (T = 300 K) for each
quinone on the HEDGE.
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ΔEads with experimental adsorption results implies that the
oxygen functional groups, CO and C−O, on a HEDGE
surface play an important role in the interaction with quinone
derivatives.

3. CONCLUSIONS
Electron transfer kinetics of the different quinone derivatives is
strongly affected by the structure of carbon-based electrode.
The electrochemical reversibility of all studied quinone-based
molecules was improved by using a HEDGE, which presents
oxygenated functional groups, such as C−O and CO, and a
higher density of edge-like defects compared to GC and
HOPG. The electron transfer kinetics is controlled by species
adsorbed onto HEDGE. The quantity of adsorbed molecules
varies among the quinone derivatives by more than 2 orders of
magnitude, with surface excess ascending in the order FQ <
CQ < BQDS < ARS. Quantum mechanics with molecular
dynamics provided atomistic insight into the quinone
adsorption. The lowest energy configurations showed mole-
cules interact with HEDGE surfaces by three or four points,
with interatomic distances from 2.77 to 4.73 Å, and total ΔEads
of −17.98, −19.10, −22.65, and −30.69 kcal mol−1 for FQ,
CQ, BQDS, and ARS, respectively, revealing a physisorption
process. Adsorption appears to be driven by interactions
between CO and C−O functional groups on the HEDGE
surface and the functional groups of quinone-based molecules.
The presence of sulfonic acid side groups and the greater
number of aromatic rings in the molecular structure may
contribute to a higher stabilization of quinone derivatives on
HEDGE, which is suggested by ΔEads and surface excess
values. Therefore, this study provides a first glimpse into how
carbon-based surfaces with edge-like defects and oxygenated
functional groups lead to fast electron transfer kinetics and the
adsorption of quinone derivatives. We suggest that this study
can guide the development of high-performance carbon-based
electrodes for organic electrochemical devices.
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1. FQH2 synthesis and characterization. 10 grams of 1,4-hydroquinone (90.8 mmol) was added 

to a 1 L round bottom flask with 134 mL of 37 wt% formaldehyde solution (1801 mmol) and 

272 ml of 40 weight percent dimethyl amine in water (2148 mmol). The reaction was stirred at 

reflux for 5 hours and then vacuum filtered. The product was analyzed by 1H NMR without further 

purification (yield: 51.2%).1 

 

 

Scheme S1 Synthesis of FQH2. 

 

 

Figure S1. 1H NMR spectrum of FQH2. 
1H NMR (500 MHz, CDCl3): δ 3.63 (s, 8H), 2.27 (s, 

24H). 

 

2. CQH2 synthesis and characterization. A mixture of formaldehyde 37 wt% water solution 

(16.2 g, 0.2 mol) and morpholine (17.4 g, 0.2 mol) in isopropanol (70 mL) was added to a 250 mL 
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round-bottom Schlenk flask, under nitrogen protection. Catechol (11.0 g, 0.1 mol) was added and 

the solution was refluxed for overnight. After that, the solution was cooled down to room 

temperature and filtered, and washed by ethanol to give the final product (21.6 g, yield: 70%). 

Figure S2 shows 1H NMR of the obtained product. The chemical shifts are same as the values 

previously reported for CQH2.
2 

 

 

Scheme S2 Synthesis of CQH2. 

 

 

Figure S2. 1H NMR of CQH2 in DMSO-d6. 

 

3. Electrochemical measurements. All electrochemical measurements were conducted on a 

Gamry Reference 3000 potentiostat (Gamry Instruments, United States) using Pt wire and 

Ag/AgCl electrode (3 mol L-1 NaCl filling solution) as counter and reference electrodes, 
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respectively. Both electrodes were obtained from BASi® (United States). The potential of the 

Ag/AgCl reference electrode is +0.213 V versus the standard hydrogen electrode (SHE). Glassy 

carbon electrode (from BASi®, United States) with area of 0.071 cm2, highly ordered pyrolytic 

graphite (HOPG) plate (from SPI Supplies Division of Structure Probe, Inc., United States) and 

high edge-density graphite electrode (HEDGE) were used as working electrodes. Before the 

experiments, glassy carbon electrode was cleaned by polishing in 0.3 µm and 0.05 µm alumina 

slurry, followed by sonication in deionized water for 5 minutes. HEDGE was freshly prepared 

before the electrochemical experiments. HEDGE was prepared by manually polishing a graphite 

rod with diameter of 6.1 mm on abrasive sheet 413Q 240 (3M™ Wetordry™, United States) at an 

inclination of approximately 45o. After the polishing, the electrode surface was washed with 

deionized water to remove the unattached particles. This polishing process exposes the edge planes 

of the graphitic structure, obtaining an electrode with higher density of exposed edge planes 

compared to the pristine graphite. HOPG was cleaned before the measurements by the scotch tape 

method. The tape was pressed onto the HOPG surface and then pulled off taking the top layers of 

the HOPG. The area of HEDGE and HOPG electrodes were delimited by nitrocellulose resin, in 

order to expose only the polished face with edge planes and the basal-plane surface, respectively 

to the electrolyte (see Figure S3). The exposed areas of HEDGE and HOPG were 

0.559 ± 0.017 cm2 and 0.291 cm2, respectively. 

All electrochemical measurements were performed at room temperature in degassed 1.0 mol 

L-1 H2SO4 solution as supporting electrolyte. Sulfuric acid (H2SO4; 96%) was purchased from 

KMG Electronic Chemical, Inc. (United States), and the commercial quinones BQDS disodium 

salt monohydrate (97%) and ARS sodium salt were obtained from Alfa Aesar (United States) and 

Sigma-Aldrich (United States), respectively. 
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Figure S3. (a) HEDGE (geometric area = 0.559 ± 0.017 cm2) and (b) HOPG (geometric 

area = 0.291 cm2) electrodes. The area of both electrodes was delimited by nitrocellulose resin, 

exposing only the edge plane or basal plane faces. 

 

4. Diagnosis of electrochemical reversibility. To investigate the electrochemical reversibility 

of redox reactions by cyclic voltammetry, the difference between the anodic and cathodic peak 

potentials, or peak-to-peak separation (Δ𝐸p) was used. Assuming ideal Nernstian behavior, the 

equilibrium electrode potential obeys the Nernst equation, and we ignore the influence of electron 

transfer kinetics at the electrode/electrolyte interface. For a reversible system involving freely 

diffusing redox species, Δ𝐸p is given by Equation S1: 

 

Δ𝐸p =  2.22R𝑇/ 𝑛F      (Equation S1) 

 

where, R is the gas constant, 𝑇 is the absolute temperature, 𝑛 is the number of electrons involved 

in the reaction, and F is the Faraday constant.3 According to that, Δ𝐸p for a reversible two-electron 

redox reaction is approximately 30 mV at 25 oC. Higher values suggest a quasi-reversible or 

irreversible electron transfer reaction, whereas smaller values of Δ𝐸p indicate electron transfer 

may occur by surface-adsorbed species.3 

 

The electrode area is delimited by an insulator layer (nitrocellulose resin)

Side faces are isolated by an insulator layer (nitrocellulose resin)

b)

a)

Exposed edge planes

Exposed basal planes 
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5. Dependence of peak current density on scan rate. 
 

 

Figure S4. CVs (third cycle) of HEDGE in 1.0 mol L-1 H2SO4 containing (a) 1.0 mmol L-1 CQ, 

(b) 1.0 mmol L-1 BQDS, (c) 10.0 mmol L-1 FQ, and (d) 1.0 mmol L-1 ARS at different scan rates. 

Dependence of peak current density on scan rate for (e) CQ, (f) BQDS, (g) FQ and (h) ARS. 
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6. Scanning electron microscopic measurements. The morphology of HEDGE and HOPG 

electrodes was investigated by Scanning Electron Microscopes (Zeiss Ultra55). The field emitted 

is 10 kV, which gives a resolution of around 10 µm. 

 

7. Raman spectroscopic measurements. A Horiba Multiline Raman Spectrometer (model 

LabRam Evolution) with a 50× lens was used to investigate the near-to-surface structure of the 

HOPG, HEDGE and GC. The measurements were carried out with a 633 nm excitation laser, 

grating of 600 line/mm and a laser power of 20 mW. First order Raman spectra were recorded in 

the range 1000−2000 cm−1. After data acquisition, the baselines of Raman spectra were corrected, 

and Lorentzian function was used to fit the peaks. Each spectrum was then normalized by the 

intensity of the highest peaks in order to enable the spectra comparison. 

 

Raman spectrum of GC in Figure S5 shows broad D and G-bands centered at 1330 cm-1 and 

1604 cm-1. The intensity ratio, ID/IG >1 indicates nano-sized disordered sp2 carbon.4 

 

 

Figure S5. Raman spectrum of GC obtained with 633 nm excitation laser. 

 

8. XPS measurements. For identifying the surface chemistry of the carbon electrodes, a Thermo 

Scientific K-Alpha X-ray photoelectron spectrometer was used. A monochromatic Al Kα X-ray 

(hν = 1486.6 eV) radiation was used as excitation source. The operating pressure in the ultra-high 
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vacuum chamber during the analyses was 8 × 10−8 mbar. The XPS survey spectra were recorded 

at pass energy of 200.0 eV with a 1.00 eV per step. The high-resolution spectra were recorded at 

pass energy of 50.0 eV with a 0.100 eV per step. In all measurements the spot size was 40 µm. 

Curve fitting of the high-resolution XPS spectra was performed following a Shirley-type 

background subtraction and the spectra were deconvoluted using Voigtian type functions, with 

combinations of Gaussian (70%) and Lorentzian (30%). 

Figure S6 shows the high-resolution XPS spectrum of HEDGE in C 1s region. The spectrum was 

deconvoluted in four peaks, which can be assigned to: i) C=C (284.5 eV); ii) C−C or C−H (285.1 

eV); iii) C=O (aromatic), C−O−H and/or C−O−C (287.0 eV); and iv) π- π* shake-up (290.5 eV), 

according to literature.5 On basis of the area of deconvoluted peaks, the percentage of each carbon 

peak was found: 69.3 % for C=C; 21.6 % for C−C or C−H; 3.6 % for C=O (aromatic), C−O−H 

and/or C−O−C; and 5.5 % for π- π* shake-up. 

 

 

Figure S6. High-resolution spectrum of HEDGE in C 1s region. 

 

9. ECSA of HOPG and HEDGE. The ECSA of the carbon electrodes were investigated by 

analysis of the double-layer capacitance, based on the method described in the literature.6 For this, 
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we recorded CVs in 1.0 mol L-1 H2SO4 supporting electrolyte at various scan rates from 5 to 

100 mV s-1 in the non-faradic potential region of 0.20 V to 0.30 V as displayed in the Figures S7a 

and S7b. Usually, the qualitatively larger CV indicates the higher electrical double layer 

capacitance (Cdl) of the electrode and it is a reliable indicator of higher ECSA. The Cdl of the 

electrodes was calculated by plotting the difference between the anodic (ja) and cathodic (jc) 

capacitive current densities (Δj = ja-jc) at 0.25 V (vs Ag/AgCl) against the scan rates (see Figures 

S7c and S7d). The slope of this plot was divided by 2 to obtain double layer capacitance of the 

electrode, according to the Equation S2.  

 

𝐶dl =  
1

2

𝜕(𝑗𝑎−𝑗𝑐)

𝜕(𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒)
    (Equation S2) 

 

Thus, Cdl of HOPG and HEDGE were calculated to be 5.31 µF cm-2 and 169.55 × 10-5 µF cm-2, 

respectively.  

For the estimation of ECSA, a specific capacitance (Cs) value of 4.3 µF cm-2 was adopted 

because this is the typical Cs for a flat graphite surface.7 Thus, the ECSAs can be calculated 

according to the following Equation S3.  

 

ECSA =  
𝐶dl

𝐶s
 (Equation S3) 

 

The ECSAs of HOPG and HEDGE were 1.24 cm2 and 35.53 cm2, respectively.  
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Figure S7. CVs of HOPG (a) and HEDGE (b) and difference between the anodic (ja) and cathodic 

(jc) capacitive current densities at 0.25 V of HOPG (c) and HEDGE (d) plotted against scan rates 

fitted to linear regression enables the estimation of Cdl.  

 

10. Adsorption of quinones on HEDGE. The adsorption of quinone derivative compounds onto 

HEDGE surfaces was investigated by anodic stripping voltammetry.8 Freshly prepared HEDGE 

was exposed to a solution of 1.0 mmol L-1 of quinone in degassed 1.0 mol L-1 H2SO4, then a 

potential of approximately 50 mV more positive than peak oxidation potential of redox species 

was applied for 120 s (the chronoamperograms are shown in Figure S8). After that, the electrode 

was dipped into 1.0 mol L-1 H2SO4 and kept in 1.0 mol L-1 H2SO4 for 30 s under magnetic stirring 

of 60 rpm to remove the non-adsorbed species from the electrode surface. Thereafter, the amount 

of adsorbed species was evaluated by CVs in clean (without redox species) 1.0 mol L-1 H2SO4. 

Figure S9 shows the experimental setup. The surface excess (𝛤) of each quinone derivative on 

HEDGE surface was calculated according Equation S4 based on anodic peak charge. 
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Figure S8. Chronoamperograms of the electro-adsorption in 1.0 mol L-1 H2SO4 containing 

1.0 mmol L-1 of each quinone derivative at a potential 50 mV more positive than peak oxidation 

potential of each species. The backgrounds were previously subtracted. 

 

 

 

Figure S9. Adsorption quinone experimental setup. (a) Electro-adsorption in degassed 1.0 mol L-1 

H2SO4 containing 1.0 mmol L-1 of quinone, for 120 s at a potential approximately 50 mV more 

positive than peak oxidation potential of the species; (b) electrode dipping in 1.0 mol L-1 H2SO4; 

(c) electrode rinsing in 1.0 mol L-1 H2SO4 for 30 s under magnetic stirring of 60 rpm; and (d) 

electrochemical measurements in clean electrolyte.  
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𝛤 =  
𝑄

𝑛 F 𝐴
     (Equation S4) 

where, Q is the charge of anodic peak (C), n is the number of electrons involved in the reaction 

(n = 2), F is Faraday constant (96,485 C mol-1) and A is the geometric area of the electrode (cm2). 

Q can be calculated by the integration of anodic peak, according Equation S5. 

 

𝑄 =  ∫
𝑗

υ
𝑑𝐸       (Equation S5) 

where, j is the faradaic current density, υ is the scan rate (V s-1) and E is the electrical potential. Γ 

of each quinone was determined to be (2.3 ± 0.3) × 10-11 mol cm-2, (5.9 ± 1.0) × 10-11 mol cm-2, 

(3.6 ± 0.9) × 10-10 mol cm-2 and (6.7 ± 0.6) × 10-9 mol cm-2 for FQ, CQ, BQDS and ARS, 

respectively. Assuming the molecules are orientated with their aromatic rings parallel to the 

electrode surface (as shown in Figure 5a-d), packing with the adsorbed molecules side by side, and 

the geometric area of the electrodes, it is estimated BQDS and ARS are adsorbed on HEDGE 

surface forming 2 layers and 46 layers, respectively. In contrast, the small quantities of FQ and 

CQ adsorbed are not enough to completely cover the HEDGE area forming a layer. 

 

11. Molecular dynamics simulation and DFT calculations. To account for orientation of the 

carbon electrode, we built carbon structures with different degree of graphitization. To reproduce 

the defects of graphite exposed in its (011̅0) orientation, we have reproduced graphite-like 

structures using Tersoff potential and DFT geometry optimizations, as described in the manuscript. 

First, we constructed the initial supercells consisting of 200 atoms of carbon using an 

orthogonalized version of the hexagonal graphite lattice in order to expose the ‘edge’ structure. 

Since we are interested in the interaction of organic molecules, such as quinones, with different 

morphologies of carbon electrodes, we explored the adsorption energies of quinones over three 

types of graphite-like structures. 

The construction of the graphite-like structures is the following, we first use a melting-

quenching-annealing schedule using NVT molecular dynamics with Nose-Hoover thermostat and 

Tersoff many body potential, using a previously reported methodology.9 To account for porous 

carbon, we simulated in a low-density regime. We used densities from 0.50 to 0.9 g cm-3 in steps 
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of 0.04 g cm-3, due to this region’s high surface area carbon structure. These structures were 

constructed as orthogonal versions of the hexagonal lattices in order to expose the edge AB 

stacking of the graphite-like structure, that is, we want to reproduce the defects of graphite exposed 

in its (011̅0) orientation. 

The simulated carbon materials were produced by a linear heating from 300 to 4000 K in 50000 

time-steps of 1 fs in duration, using NVT molecular dynamics and the Noose-Hoover thermostat, 

implemented in LAMMPS software. We have decided to test three different quenching rates, 

0.03 K fs-1, 0.05 K fs-1, and 0.08 K fs-1 to get a total of 33 carbon samples (eleven densities and 

three quenching rates) with different atomic environments due to density and quenching rates. This 

procedure gave us nanoporous structures with different degree of graphitization and different 

orientations. All these structures were geometry optimized using the QuantumESPRESSO (QE) 

package. We have used no spin-polarized calculations and the GGA Burke-Perdew-Ernzehof 

exchange and correlation functional with VDW-DF dispersion correction functionals. We also 

used Ultrasoft-scalar-relativistic- pseudopotentials generated by the Rappe-Rabe-Kaxiras-

Joannopoulos methodology. We have set the cut-off energy for the plane waves at 55 Ry (748 eV). 

For the convergence of the optimizations, the force and energy thresholds in the BFGS routine 

were 10-4 Ha/a0 (5.14 x 10-3 eV Å-1) and 10-6 eV, respectively. The -point was used for the 

reciprocal space integration due to the lack of symmetry in real space. In figure S10a we have 

schematized the process for the production of the carbon structures.  

We chose three possible geometries among the carbon structures generated: graphene-like 

structure, exposed edge structure (HEDGE), and amorphous-like structure (see Figure S10b). The 

characterization of these structures was performed using radial distribution functions, as can be 

seen from Figure S10b; both graphene-like structure and HEDGE show graphite like peaks due to 

graphene sheets at 2.8 and 3.7 Å. The amorphous-like carbon does not show that structure, 

suggesting a more amorphous structure than graphene-like structure and HEDGE. The simulated 

amorphous structure shows sp2 and sp3 bonded carbons in a randomly dispersed network. The 

simulated graphene-like structure shows a higher graphitization level, where the carbon atoms are 

mostly sp2-bonded. This structure is mostly sheets of hexagons with some pentagons and octagons. 

Similarly, HEDGE structure also shows sheets of sp2 bonded carbons, however a large number of 

edge sites can be visualized. 
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After the construction of the carbon structures, in order to produce a material more similar to 

the experimental conditions, some oxygen functionalities, such as carbonyl and hydroxyl 

functional groups, were introduced in the structure. For that, C-C bounds in HEDGE were broken, 

and oxygen and hydrogen atoms were added in the previously simulated HEDGE structure. 

Finally, the structure with oxygenated-functional groups was geometry optimized using the 

electronic parameters used in the previous simulations. 

 

 

Figure S10. (a) Simulation process to generate the carbon electrode surfaces with some degree of 

graphitization. (b) Example of the three different degrees of graphitization using RDF. (c) radial 

distribution functions of graphene-like structure, HEDGE and amorphous-like structure. 
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The geometries of the four quinones were constructed and optimized using the Merck 

Molecular Forcefield (MMFF94) in order to find the lowest energy conformer of each quinone. 

These conformers were geometry-optimized using QE and the same parameters were used in the 

optimizations of the carbon structures. The HEDGE samples, both oxidized and not oxidized, have 

a complex geometry in which finding suitable places for docking becomes a difficult task in terms 

from both a geometric, and theoretical point of view. For this reason, we have used a classical 

potentials based docking code, SMINA,10 to find the best docking positions of the molecules on 

the carbon surface. Once we find these docking positions, we proceed to calculate the adsorption 

energies by DFT geometry optimization calculations, Equation S6:  

∆𝐸𝑎𝑑𝑠 = 𝐸𝐺+𝑀 − 𝐸𝐺 − 𝐸𝑀 (Equation S6) 

where EG+M is geometry-optimized energy of the carbon surface with the molecule docked over it, 

EM is the geometry-optimized isolated molecule inside the simulation box, and EG is the geometry-

optimized energy of carbon surface in the simulation box. The geometry optimizations have the 

same simulation parameters and the same size of the simulation box. ∆𝐸𝑎𝑑𝑠 shows an attractive 

interaction between the surface and molecule, and has a magnitude on the order of kcal mol-1. 

 

12. HEDGE without oxygenated functional groups. We performed the same computational 

simulation and calculations with a HEDGE structure without oxygen-containing functional groups 

(HEDGE-nO) using the same electronic parameters used in the oxidized HEDGE structures in 

order to observe the behavior of the adsorption energy as oxygen functional groups are added to 

the carbon surface. 
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Figure S11. Lowest energy configurations of the fully-oxidized form of ARS (a), BQDS (b), CQ 

(c) and FQ (d) on HEDGE-nO surface. The arrows indicate edge sites with which the 

quinone-based compound interacts; gray, white, yellow, red and blue spheres represent carbon, 

hydrogen, sulfur, oxygen and nitrogen atoms, respectively. (e) Calculated ∆𝐸ads of each compound 

on HEDGE-nO. 
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Figure S12. Surface excess vs. calculated ∆𝐸ads/kT (T = 300 K) for each quinone on HEDGE-nO. 
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