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the electrochemical capacitance of graphene

Alex Aziz1 ™, Wei Yu2, Rui Tang3, Rachel Crespo-Otero4, Devis Di Tommasos,
and Hirotomo Nishihara2.6 <

! Manchester Metropolitan University, Department of Natural Sciences, Manchester M1 5GD, United Kindom

2 Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai 980-8577, Japan

* College of Materials Science and Engineering, Hunan Joint International Laboratory of Advanced Materials and Technol-
ogy for Clean Energy, Hunan Province Key Laboratory for Advanced Carbon Materials and Applied Technology, Hunan
University, Changsha 410082, China

* Department of Chemistry, University College London, London WCI1H 0A], United Kindom

* Department of Chemistry, School of Physical and Chemical Sciences, Queen Mary University of London, London E1 4NS,
United Kindom

¢ Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan

Received: January 26, 2024 / Revised: May 2, 2024 / Accepted: May 7, 2024

ABSTRACT

Graphene-based frameworks suffer from a low quantum capacitance due to graphene’s Dirac point at the
Fermi level. This theoretical study investigated the effect structural defects, nitrogen and boron doping, and
surface epoxy/hydroxy groups have on the electronic structure and capacitance of graphene. Density func-
tional theory calculations reveal that the lowest energy configurations for nitrogen or boron substitutional
doping occur when the dopant atoms are segregated. This elucidates why the magnetic transition for nitro-
gen doping is experimentally only observed at higher doping levels. We also highlight that the lowest energy
configuration for a single vacancy defect is magnetic. Joint density functional theory calculations show that
the fixed band approximation becomes increasingly inaccurate for electrolytes with lower dielectric constants.
The introduction of structural defects rather than nitrogen or boron substitutional doping, or the introduction of
adatoms leads to the largest increase in density of states and capacitance around graphene’s Dirac point.
However, the presence of adatoms or substitutional doping leads to a larger shift of the potential of zero
charge away from graphene’s Dirac point.

KEYWORDS

implicit solvent models, electrical double layer, joint density functional theory, graphene based supercapaci-
tors, quantum capacitance

remains somewhat unpredictable and intermittent,
being dependent on atmospheric and climatic condi-
tions. To mitigate this energy storage methods are

1 Introduction

Renewable energy generation is at the cornerstone of

efforts to combat climate change and the move to a
carbon-neutral society. The increased frequency of
extreme weather events and the recent accelerated
governmental motivation due to geopolitics and
energy security, has led to the increased implementa-
tion of renewable energy technology such as solar
and wind. However, renewable energy generation

critical for the move to a carbon net-zero economy!'.
Supercapacitors are advantageous over conventional
rechargeable batteries where short-term power is
required, for example for electrical grid stabilization
or regenerative breaking, due to their superior power
density as well as their increased cyclability and ther-
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mal stability””, but they do suffer from low energy
densities*!. Depending on the charge storage mecha-
nism supercapacitors can be divided into three
groups: an electrical double layer (EDL) capacitor
where the charge is stored electrostatically; a pseudo-
capacitor, where charge is stored via fast redox reac-
tions; or a hybrid capacitor using EDL and redox
reaction across its two electrodes?. Carbon-based
EDL capacitors store energy by forming an EDL
upon charging and discharging. As charge storage is
electrostatic (rather than via electrochemical reac-
tions), they exhibit excellent cyclability and capacity
retention but low energy densities. But multi-layered
carbon-based materials offer limited accessible
surface area for energy storage. In the search for
materials with a larger capacitance and thus energy
density, one approach has been to introduce spacers
between carbon layers thereby increasing the accessi-
ble surface area. An alternative approach has been to
produce aqueous dispersions of holey graphene
oxides and subsequent fabrication of hydrogels with
improved specific surace areas. In defect-rich
graphene-based electrodes such as reduced graphene
oxides, which may be beneficial for ion adsorption,
conductivities are significantly reduced. One
approach to mitigate this challenge is hybridization
with conductive noble metals or the addition of metal
nanoparticles”. An alternative approach has been the
investigation highly porous carbons consisting of
minimally stacked graphene frameworks that exhibit
exceptionally large surface areas®**l. Intrisically, EDL
capacitors based on graphene frameworks suffer
from a low number of available electronic density of
states (DOS) around the Fermi level that leads to a
limited quantum capacitance (Cg). This limits their
overall total capacitance (C,)®*'7, as C, is
comprised of Cq and a non-quantum capacitance
(Cnq)s arranged in series and thereby related through
an inverse sum. This limited capacitance manifests
itself through butterfly shaped cyclic voltammetry
curves'®. As this work deals with single layer
graphene frameworks there is no dielectric capaci-
tance contribution to Cyq; and Cyq is equal to the
EDL capacitance (Cgpp)".
1 1 1

=t 8§
C(ol CEDL CQ

where C,, is formally defined as

do

Q:ﬁ (2)

Here do is the change in surface charge density
and dV, is the change in chemical potential (—u/e) as
electrons are added or removed from the system,
often referred to as the differential capacitance!”. The
negative sign accounts for the transition from an
energy to a potential scale and e is the elementary

charge of the electron™!. Or alternatively, Cq can be
expressed as a function of the electronic density of
states

_ n(p,N)
«™ dn(E,N)
- ey dE

Co ©)

where n(y, N) is the number of DOS as a function of
the chemical potential (4) and the number (N) of
electrons per unit area deviating from the neutral
system. The integral on the denominator represents
the change in the DOS as a function of excess charge.
When the change in DOS is neglected, the integral in
the denominator of Eq.(3) is 0, and this leads to the
tixed band approximation (FBA). The FBA does not
take into account changes in the DOS due to struc-
tural changes on the addition or removal of
electrons™. Furthermore, the FBA does not consider
changes in the DOS due to the re-distribution of
charge carriers at the interface as the potential is
varied. Whilst this approximation may hold at small
changes in charge (or potential), for larger devia-
tions it may prove necessary to consider the change
in the DOS as well as the charge redistribution at the
electrode surface in the presence of the EDL. This has
been suggested to lead to more consistent agreement
between computation and experiment for
graphene!™. Over the past decade several strategies
have emerged to estimate the EDL capacitance using
a variety of computational models, although some of
these methods are still underdeveloped and may
exhibit erroneous results®?!. The most accurate
method involves computationally intensive explicit
ab initio molecular dynamic (AIMD) calculations
that require the sampling of thousands of configura-
tions to obtain the necessary statistics to assess the
electronic properties of liquids. As a trade-off
between accuracy and computational efficiency,
implicit solvent models that mimic the presence of
the solvent in an average manner have become
increasingly utilized (Fig. 1).

This approach has been implemented in several
studies using the joint density functional theory
(JDFT)® to determine C,, and highlight the limited
Cq around the Fermi level in graphene-based materi-
alst+16231 Other experimental and theoretical studies
have focused on increasing the number of electronic
states around the Fermi level, with the inclusion of
structural vacancy defects®*, doping with nitrogen®
or boron®? or the addition of adatoms on the
graphene surface®®. This is of particular importance
to the recently fabricated edge-free carbon frame-
works, which have shown higher stability, thereby
allowing for high operating voltages**". In this work
we employ JDFT to undertake a theoretical study on
the effect that structural vacancy defects®, nitrogen
and boron substitutional doping, and the addition
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Figure 1 Model of a graphene surface solvated using explicit
propylene carbonate molecules (left) and right a schematic repre-
sentation of an implicit solvent used to model its average proper-
ties (this work).

that surface epoxy, or hydroxy groups have on C,
and highlight the shift of the potential of zero charge
(PZC) relative to the pristine graphene surface, where
the PZC is defined as the electrode potential where
no excess charge is present on the metal electrode®>*!.
This work provides additional insights compared to
previous computational studies!*>*!. Firstly, we do not
report our results vs. the PZC, but vs. the standard
hydrogen electrode (SHE), which allows a direct
comparison between the different chemical systems.
Secondly, we discuss the validity of the FBA
performed in vacuum vs. different electroyltes using
an implicit solvent model. We also report on the
configurational probability distribution of nitrogen
and boron substitutional doping and magnetism. We
feel these additional insights will be beneficial to the
research field.

2 Methods

We first employed the Vienna Ab-inito Simulation
Package (VASP)®* to perform density functional
theory (DFT) geometry optimizations to assess the
energies of the optimized structures in vacuum. We
used a 6 x 6 x 1 supercell of graphene (72 atoms) in
the hexagonal setting with space group P6/mmm
(191) as the starting point for our substitutional
doping of carbon with boron and nitrogen. To
explore the configurational space we utilized the Site-
Occupancy Disorder (SOD) program, this allows the
occurrence of a specific configuration to be described
based on its energy and degeneracy giving a Boltz-
mann-like probability®. We employed the general-
ized gradient approximation with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional™'.
A kinetic cutoff of 520 eV was used for the planewave
expansion with a I'-centered 4 x 4 x 1 k-mesh for
geometry optimizations with van der Waals molecu-
lar interactions included via the DFT-D3 method of
Grimme with Becke-Jonson damping**!. Geometry
optimizations were performed until the forces

3

between atoms were negligible (less than 0.01 eV/A)

This gave an optimized lattice parameter of 2.467 A
compared to the experimental value of 2.464 AW,

where we have used a vacuum spacing of 15 A
perpendicular to the graphene surface. Single point
calculations were performed with a 6 x 6 x 1 k-mesh
and increased to 12 x 12 x 1 where spin polarization
was considered. The defect formation energy of each
structural defect was determined using a larger 10 x
10 x 1 supercell from

Eoiion = Eererr — nyu 4)

where E,.. is the energy of the defective system, » is
the number of carbon atoms and p is the chemical
potential, calculated from the total energy per carbon
atom in pristine graphene. To model adsorbed
oxygen and hydroxl species optimizations were again
performed in vacuum with the same convergence
criteria and limited to one adsorption per unit cell to
limit the complexitiy of the study.

For our electrochemical calculations, we employed
the JDFTx code®, to model the graphene electrolyte
interface, where we used a 6 x 6 x 1 supercell for our
substitutional systems and a larger 8 x 8 x 1 super-
cell to account for the larger size of the structural
defects. Geometries were re-optimized as a function
of potential and converged when total energy differ-
ences were less 10 hartree. To eliminate the interac-
tion between periodic images we used a vacuum
spacing of 15 A perpendicular to the graphene
surface with a truncated Coulomb potential®!.
Consistent with our VASP calculations we used the
PBE functional with D3 van der Waals
corrections®#. An ultrasoft pseudopotential was
used to describe the core electrons® and 20 hartree
was used for the electronic plane-wave expansion.
Electronic structure convergence was set to less that
10-* hartree with a Fermi smearing of 0.005 hartree.
Similar to the DFT calculations performed in vacuum
single point calculations were performed on a I-
centered 6 x 6 x 1 k-mesh and increased to a 20 x
20 x 1 T-centered k-mesh for the presentation of the
DOS. For pristine graphene a 36 x 36 x 1 I'-centered
k-mesh was used. The propylene carbonate (PC)
solvent was modelled implicitly using the linear
polarizable continuum model (LPCM)", incorporat-
ing 1 mol/L concentration of NaCl anions and
cations at 298 K. The absolute electrode potential of
the surface was determined by taking the electronic
chemical potential of the surface and then dividing
by the elementary charge (1), where the electronic
chemical potential of the neutral surface is the PZC.
We reference our theoretical results to the the experi-
mental value of the SHE, 4.44 V. In comparison, the
calibrated theoretical value for the LPCM solvation
model in JDFTx was derived for noble metal surfaces
in aqueous electrolyte and is of 4.68 V. In the low
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doping regime, we find the graphene surfaces to be
non-magnetic, and therefore non-spin polarized
calculations for our implicit solvent models were
used. As the JDFTx code only calculates the total
capacitance, we separated the value into its
constituent parts (Cq and Cgp;) following the method
of Zhan and Jiang"¥ that is based on the individual
potential drops of Cy and Cgp; across the interface.
Cq corresponds to the change in the number of elec-
tronic density of states (and thus the surface charge)
as a function of the change in potential. Whereas
CgpL is the electrolyte response to charging and
manifests itself through a shift of the density of states
with a change in potential, with Cy and Cgp related
to C,, through Eq. (1). The total integrated capaci-
tance was determined from the differential capaci-
tance integrated over the studied potential range (-1
to 1 V) and expressed per unit of applied potential
range',

N i
ci=J cav 5)

3 Results and discussion

3.1 Structural defects

Defects are ubiquitous to all real materials, with the
type of defect and its corresponding defect density
governed by its defect formation energy. In graphene,
various structural point defects have been reported in
the literature®*!. Notably lattice reconstructions,
where a C-C bond is rotated by 90° to form non-
hexagonal rings, known as a Stone-Wales (SW)
defect, as well as single vacancy (SV) and double
vacancy (DV) defects!!. We have assessed the defect
formation energies of 5 commonly reported struc-
tural defects (Figs. 2 and 3) in vacuum using a 10 X
10 supercell, with the prisitine structure containing
200 atoms (Table 1). The number following the
defect type indicates the defective ring (i.e.
5 for pentagon, 7 for heptagon and 8 for octagon).
Our results are comparable to literature reported
values, except for the SV defect which is found to be
significantly lower?® . This may be due to the
inclusion of magnetization in the DFT calculation
leading to a reconstructed geometry. We find the
magnetic configuration for the SV defect to be
0.33 eV lower in energy than the nonmagnetic
configuration (Fig. 3). Furthermore, in the nonmag-
netic configuration all the bond lengths are equal to
1.42 A, whereas in the magnetic configuration there
is significant deviation from a hexagonal arrange-
ment with the formation of a five and nine-
membered ring. This is consistent with the experi-
ments of Ugeda et al®! and DFT calculations
reported by Banhart et al.®" and is explained by the
weak covalent interaction between the two atoms

Figure 2 (a) Stone-Wales defect, (b) double vacancy (DV) 555-
777 defect, (c) DV5-8-5 defect and (d) DV5555-6-7777 defect.
Figure drawn using VESTAP.

Figure 3 DFT optimized geometry of a single vacancy calcu-
lated in a 10 x 10 supercell in a magnetic configuration (a) and a
nonmagnetic configuration (b). The magnetic configuration is
found to be 0.33 eV lower in energy. In the nonmagnetic config-
uration all bond lengths are found to be 1.42 A. Figure drawn
using VESTA®,

Table1 Graphene defect energies calculated in vacuum using a
10 x 10 supercell.

Formation energy/eV

Defect type

This work Ref. [49] Ref. [50]
Pristine 0.00 0.00 0.00
SW 4.70 5.29 4.9
DV555-777 6.52 6.34 6.6
DV5555-6-7777 6.81 7.34 6.9
NY% 7.20 7.87 7.7
DV5-8-5 7.30 7.60 7.4

Note: Calculated defect formation energies are compared to Zhang et
al.* calculated using a 6 x 6 supercell and Rowe et al.®” calculated using a
10 x 10 supercell.

surrounding the vacancy. Indeed, this is further
supported by our DFT results where we find a sepa-
ration distance of 2.08 A between the adjacent carbon
atoms, rather than 2.42 A in the nonmagnetic case.
This difference in energy and geometry highlights the
importance of including magnetization when study-
ing SV defects, which is often ignored in compuata-
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tional studies. However, it is acknowledged that the
SV defect is known to be extremely reactive and not
present at room temperature'®*!. Therefore, to avoid
computationally costly spin polarized calculations we
have excluded the SV defect from our capacitance
calculations.

The calculated defect formation energies are inher-
ently large, indicating they are not thermodynami-
cally favourable. However, the fabrication of
graphene three-dimensional (3D) frameworks like
graphene mesosponges (GMS)"! requires high
synthesis temperatures (1173-2073 K). Moreover, the
formation of these 3D frameworks occurs from the
coalescence of graphene edge-sites on neighbouring
domains through zipping reactions® leading to the
presence of polygons aside from pristine sp? hexago-
nal rings!¥-"l,

The introduction of structural defects into
graphene alters the electronic DOS and leads to a
shift in the Fermi level. To determine these shifts, we
use a 6 x 6 x 1 supercell with 72 atoms for our
dopants and a slightly larger 8 x 8 x 1 supercell with
128 atoms for our topological defects due to the size
of the defect. While the use of an 8 x 8 x 1 supercell
may lead to much higher defect densities compared
to conventional carbon materials, highly porous
carbons consisting of single-layer graphene walls and
synthesized by a template method have been known
to have a significantly higher number of defects®.
In this work we have chosen to use PC as an archety-
pal organic solvent, which has shown to exhibit good
electrochemical stability, conductivity and perfor-
mance and has been used in numerous experimental
studies as well as commercial products®*-%. Our
calculated DOS for graphene (Fig. S1) is in good
agreement with the literature (calculated in
vacuum)*), and with implicit solvent models using
the PBE functional"**>%!. In comparison, the DOS of
graphene calculated at a higher level of theory using
the Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tional shows the same electronic structure around the
Fermi level as the PBE functional. The difference
between the two methods is that m and o states are
reported to extend to lower energy levels with the
HSE functional (deviations appear at ~3 eV lower
than the Fermi energy). Furthermore, there is very
little difference reported in the position of the Fermi
energy (~0.09 eV) between the HSE and PBE meth-
ods'*. As we consider a smaller energy range around
the Fermi level (~1 eV) we use the PBE functional,
and have added van der Waals corrections through
the D3 method of Grimme®*, leading to better
agreement of calculated cell parameters (2.467 A)
with experiment 2.464 A", compared to 2.470 A for
PBE. Whilst the DOS for our structural defects (Fig.
S1) is also in general agreement with the literature!®,
we have compared our DOS for each defect on an

5

absolute energy scale rather than aligning the Fermi
energy of each structure to zero and present the DOS
over a much smaller energy scale. We align the
energy levels to that of the SHE at —4.44 eV, this
allows a direct comparison between each system and
is useful for our later discussion. For each structural
defect electronic states are found to be removed from
the system and the Fermi level is shifted downward
in energy (Fig. S1). Hence, the introduction of struc-
tural defects leads to p-type doping, with the largest
Fermi shift occurring with the introduction of two
carbon vacancies (DV systems). The smallest (almost
negligible) Fermi level shift and smallest change in
the DOS is observed for the SW defect, this is not
surprising as a SW defect does not contain any
vacancy. A SW defect also has the lowest formation
energy and therefore may be the most predominant
defect. Although, it has been reported that a SW
defect may heal itself through the rotation of the two
defective carbon atoms to their original position (a
process requiring a substantial ~4.4 eV of energy is
unlikely to be overcome at an annealing temperature
of 2073 K)¥. Furthermore, zipping reactions are
unlikely to be stoichiometric, so a number of DV555-
777 defects, may also be present. We suggest the
other higher energy defects (SV, DV5-8-5, DV5555-6-
7777) that have also been observed experimentally
using electron irradiation®), are unlikely to be
present in any significant quantity due to their signif-
icantly larger defect formation energies. From the
DOS we see that a DV555-777 defect introduces the
largest number of electronic states at lower energy
levels, whereas DV5-8-5 defects introduces empty
states in the conduction band. The increase in the
number of states ultimately leads to a higher C, and
will be discussed later. In contrast, the introduction
of a SW defect leads to the smallest change in the
overall DOS and would be expected to have the
smallest change C,

3.2 Substitutional doping

Structural defects introduced into graphene remove
electronic density of states, leading to p-doped
graphene. To realize an n-doped system, an excess of
electronic states must be introduced. This can be
achieved with the substitution of carbon atoms for
nitrogen (nitrogen has one additional electron) to
form graphitic nitrogen. The opposite effect would
occur with the substitution of a carbon atom for
boron, as an electron is removed. This study focuses
on graphitic substitutional defects over pyrrolic and
pyridinic N as these have been shown to be most
stable defect, especially at annealing temperatures
greater than 1000 °C, above which, thermal decom-
position occurs'®. Morever, the doping concentra-
tion is kept below 5% consistent with the N concen-
tration found incorporated into GMS from previous
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work!"™. To investigate the effect of substitutional
doping on the electronic structure, we first explore
the configurational space of the doped systems. The
substitution of one carbon atom with nitrogen
(1.6 wt%) or boron atom (1.3 wt%) in a 72-atom
supercell is trivial. The dopant atom can reside at any
carbon position and all configurations are equivalent,
hence the energy of only one configuration needs to
be evaluated. At higher dopant concentrations the
configurational space to be explored increases, lead-
ing to a larger number of configurations needing to
be evaluated. Considering the symmetry of the lattice
there are 15 inequivalent configurations out of 2,556
possible configurations for two carbon substitutions
(Fig. S2) or 167 inequivalent configurations (out of a
total of 59,640 configurations) for three substitutions
(~4.8 wt% nitrogen or ~3.8 wt% boron). By evaluat-
ing the probability distribution of the different
configurations of nitrogen (N)- and boron (B)-doped
graphene for two atomic substitutions (~3.2 wt%
nitrogen and ~2.5 wt% boron) we find that the most
likely configurations are where the dopant atoms are
segregated. For computational efficiency and in-line
with the experimental results reported by Blonski et
al.”, we performed the full configurational analysis
in vacuum using VASP. Test calculations using JDFT
yield a similar configurational-energy relationship
and we report the energy of each configuration in
Table S1. In Fig. 4 we present the configurational
probability distribution of the three most likely
configurations (1-3), which are all found to be non-

a

magnetic and two configurations (4 and 5) that
exhibit magnetic ordering, evident from the asymme-
try in the up and down spin channels of their respec-
tive DOS (Fig. S3). Taking the difference between the
number of electrons in each channel yields, a magne-
tization of 0.34 and 0.52 ug per supercell for configu-
ration 4 and 5 respectively in the N-doped system
and 0.05 and 0.50 yg for the B-doped system. Config-
uration 1 is found to have the lowest energy at 0 K
(Table S1) and is therefore the most stable configura-
tion. This indicates preferential segregation of the
dopant atoms, in contrast the highest energy (least
stable structure) is found to be where boron or nitro-
gen atoms are adjacent to each other at about 1.2 eV
higher in energy. Moreover, at the chemical vapor
deposition synthesis temperatures of 1073 K used in
the work of Blonski et al.” and the synthesis temper-
ature of 1173 K used by Nishihara et al."¥, our theo-
retical results indicate the most favored configura-
tion is nonmagnetic (Fig. 4). This observation eluci-
dates the reason for the observed ferromagnetism in
N-doped graphene for concentrations of greater than
5 at%, where synthesis was performed using a combi-
nation of exfoliation and reduction of graphite oxide
at temperatures of up to 1073 K. At low doping
concentrations, nitrogen is segregated throughout
the graphene basal plane and nitrogen centers are too
far apart to induce magnetic ordering. The DOS of
our doped systems (Figs. S4 and S5) also shows that
the Fermi level is shifted in energy but there are no
significant changes in the electronic structure around

3.2 wt% N-doped graphene

Configuration 1
—— Configuration 2
—— Configuration 3

Configuration 4
—— Configuration 5

Probability

2.5 wt% B-doped graphene

]

1

H

! Configuration 1

! —— Configuration 2
H —— Configuration 3
H Configuration 4

11‘73 K —— Configuration 5

Probability

0 500 1000 1500 2000 2500 3000
Temperature / K

Configuration 5

Figure 4 Probability distribution of 5 selected configurations for 3.2 wt% N-doped graphene (a) and 2.5 wt% B-doped graphene (b).
The dashed line indicates the chemical vapor deposition temperature of 1173 K. (c) Corresponding configurations drawn using
VESTA"™), configurations 1, 2 and 3 are found to be non-magnetic, whereas configurations 4 and 5 are found to be magnetic (carbon =

grey, nitrogen or boron = blue).
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the Fermi level of graphene (in contrast to the large
changes in the DOS observed for the structural
defects. This suggests nitrogen or boron doping
would lead to a lower change in C, compared to the
introduction of structural defects around the Dirac
point. Lastly, we report that in our pyridinic nitro-
gen model, where we substitute 3 neighboring carbon
atoms with nitrogen and introduce a carbon vacancy
(Fig. S6), a p-type doped system is realized, with the
Fermi level shifted to a lower energy level. The
atomic origin of this p-type character can be
attributed to the electron count. The 3 additional
electrons introduced by substitution of carbon atoms
with nitrogen are overcompensated by a carbon
vacancy, leading to a net loss of one electron and a
shift of the Fermi level into the valence band.

3.3 Functionalized graphene oxide

Graphene oxide containing hydroxy, epoxy and
carboxy groups is easily produced at large scale and
often a precursor to many graphene based
materials?. As a material for supercapacitors,
reduced graphene oxide with a number of these
groups removed is preferable due to its increased
conductivity”. As hydroxy and epoxy groups are
more likely to be present on the basal plane of
graphene, in comparison to carboxy groups that form
at edge sites, and are removed through zipping reac-
tions"™, we focus on the properties of epoxy and
hydroxy functionalized graphene (Fig. S7) with one
surface oxygen corresponding to 1.8 wt% oxygen,
with their corresponding DOS shown in Fig. S8. The
presence of such groups leads to an sp*to-sp* transi-
tion on the bonded carbon and a shift in the Fermi
level to lower energy levels that is more pronounced
for hydroxy than epoxy groups. For 1.6 wt% N-
doped graphene additional configurational disorder
is introduced due to the number of possibilities of
where oxygen can bind. Exploring the configura-
tional space, we find the lowest energy (most proba-
ble) configuration is where oxygen is bonded to the
carbon atom adjacent to the nitrogen, forming an
amide-type functional group (Fig. S7). This configu-
ration is more stable by ~0.2 eV compared to the
where oxygen is bonded to the next nearest carbon
atom. Furthermore, the Fermi energy is shifted down
in energy by 0.46 eV compared to pristine graphene.
The n-type nitrogen system is counteracted by the
presence of oxygen leading to a p-type system. This
effect is also highly dependent on the configurational
space and the oxygen binding site. Where oxygen is
bound to the next nearest neighbor carbon atom the
effect is somewhat less pronounced and the system
remains slightly n-type with the Fermi energy higher
by ~0.06 eV compared to pristine graphene. These
results indicate that by carefully selecting the dopants
and their respective concentrations one can carefully
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tune the Fermi level (and the PZC) to the desired
potential.

3.4 Potential of zero charge

In Fig. 5 we show the calculated PZC for our studied
systems. Here following JDFT the potential of the
bulk electrolyte is taken as zero'*). We take the abso-
lute potential of the SHE to be the experimentally
estimated value of 4.44 V. This gives better align-
ment of our results over the theoretical LPCM value
of 4.68 V, which was calibrated in JDFT on noble
metals surface in aqueous electrolyte. The PZC of
pristine graphene corresponds to its minimum
capacitance, dictated by its Dirac point, and the
limited number of electronic states around the Fermi
level™. A quantitative comparison to experimentally
reported values indicate our calculated PZC for pris-
tine graphene in PC of —0.56 V vs. the SHE is under-
estimated by ~0.35 V. Xia et al. report a value of
—0.2 V vs. the SHE (measured in an ionic liquid)"®. A
more comparable experimental value using a similar
PC electrolyte is reported by Tang et al., that is about
—0.25 V vs. the Ag/AgClO, electrode®. Converting
this value to the SHE scale using the relation Egyp =
Ejg/agaioa + 0.66 VI, we find an underestimation of
~0.35 V. This deviation is comparable to other stud-
ies in different electrolytes using the PBE functional.
For example, the computational study by Zhan and
Jiang using JDFT and an implicit model of 6 mol/L
KOH aqueous electrolyte reported the Fermi level to
be —0.15 a.u. This also corresponds to the Dirac point
at about —0.35 V vs. the SHE compared to experi-
mentally reported results of ~0 V vs. the SHE using
the same electrolyte!®. Whilst the theoretical PZC is
highly dependent on the DFT functional and implicit
solvent model, our theoretical model also corre-
sponds to the potential of zero free charge with no
adsorption of ions from the electrolyte and a pristine
surface free of intrinsic defects, which also affects the
electronic structure and PZC. This may introduce an
additional discrepancy compared to experimental
values that is also observed for the PZC calculated for
Cu surfaces™. In vacuum, Puschnig and Liiftner
report a work function energy of 4.28 eV compared
to our results of 4.26 eV, indicating an underestima-
tion of ~0.18 eV for graphene using the PBE func-
tional when referenced to the SHE. These errors
are close to the expected deviation of ~0.3 eV for the
PBE functional and much smaller than that of the
local density approximation, suggesting part of the
discrepancy can be attributed to the PBE
functional”, and part due to the limitations of the
LPCM. A similar discrepancy has been reported in
determining the work function of Pt(111)/water
interfaces using the ONETEP DFT code and partly
attributed to the PBE functional, and partly to the
orientational dipole moment of the water molecules
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Figure 5 Calculated PZC of the structural defects and adsorbed functionalized groups onto a graphene surface. Referenced against the

both the PZC of pristine graphene and the SHE.

at the surface with further parametrization or the use
of the rVV10 functional proposed as a remedy””. An
additional remedy maybe the inclusion of a surface
layer of solvent molecules in a hybrid
explicit/implicit approach, but this has not been
considered due to the computational complexity in
dealing with the orientation of the solvent molecules
that typically requires a statistical ensemble
approach. Focusing on the variation of the PZC from
Fig. 5, we see a clear shift in the PZC to different
potentials for the different studied systems, this
would not be apparent if the PZC of each system was
referenced to zero. The incorporation of structural
defects, pyridinic groups, B-doping, and surface
epoxy or hydroxy groups act as p-type dopants shift-
ing the PZC to higher potentials (lower Fermi ener-
gies). In contrast, substitutional N-doping, acts as a n-
type dopant shifting the PZC to lower potentials.
Interestingly, we find that if mix p- and n-type
dopants, we can recover the PZC of pristine
graphene. For example, when co-doping graphene
with 2 atoms of nitrogen and 2 atoms of boron, they
counteract each other and the PZC reverts to that of
pristine graphene (to within 6 meV). In this mixed
system the curvature of the DOS around the Fermi
level (Fig. S5) is found to retain the minimum around
the Dirac point suggesting a large change in capaci-
tance would not be achieved. In the case of one nitro-
gen substitution with a structural (DV555-777)
defect, we find a somewhat additive effect with the

resultant system being p-type, however, a full config-
urational analysis was not performed. On co-doping
with oxygen and graphitic nitrogen the scenario is
more complicated, we find preferential binding of
oxygen to the carbon adjacent to the nitrogen form-
ing an amide-type group leading to a p-type doped
system. Hence, careful doping emerges as a tool to
fine tune the PZC to a selected area of the DOS.
However, to increase C,,, we need to increase C, by
either moving further away from the PZC of pristine
graphene or by introducing defects to increase the
number of electronic states around the graphene’s
Dirac point.

3.5 Capacitance

Consistent with our values for the PZC in Fig. 5, we
present our capacitance data referenced against the
SHE (Fig. 6), calculated by taking the derivative of
the surface charge against potential (Fig. S9). In our
analysis, we integrate C,, over the presented poten-
tial range (-1.0 to 1.0 V vs. pristine graphene) and
also report C. The minimum capacitance (C;,) is
clearly visible for pristine graphene at the PZC and is
shifted to higher and lower potentials with the
increasing the number of graphitic substitutions.
This is consistent with experimental work on N-
doped graphene and our previous work on N-doped
zeolite-templated carbon!. Substitutional doping at
low concentrations does not lead to a comparatively
large change in the C, only a shift of the PZC,
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Figure 6 Total differential capacitance referenced against the
SHE. Calculated with a 8 x 8 x 1 supercell for the structural
defects and a 6 x 6 x 1 supercell for the N- and B-doped systems.
The dotted purple line indicates the differential capacitance of a
SW defect calculated using a smaller 6 x 6 x 1 unit-cell.

which is directly related to the shift in the Fermi
energy (Figs. S4 and S5). Hence, substitutional
defects do not lead to a significant increase in the
capacitance around graphene’s Dirac point. In
comparison structural defects lead to more signifi-
cant changes in the electronic structure and a larger
increase in C,,. For the case of a SW defect, there is a
small shift in the PZC and a larger C,,, consistent
with more available electronic states in the DOS (Fig.
S1). For comparison, we also include an SW defect
calculated in a smaller 6 x 6 x 1 supercell to compare
to the 8 x 8 x 1 supercell. As can be seen in Fig. 6
there is a small upshift in the capacitance curve due
to the increase in defect density. Compared to pris-
tine graphene the increase in the minimum capaci-
tance is also observed for the other structural defects.
The largest change in C,, is found for DV5555-6-
7777 and DV555-777 defects. For DV555-777, as we
move to lower energies compared to the Fermi
energy of pristine graphene the number of available
DOS increases and the differential capacitance
increases at higher potentials (Fig. 6). Large changes
in the capacitance curves are inconsistent with the
butterfly shape curves generally reported for prisi-
tine graphene and 3D graphene frameworks®),
suggesting they do not form in any significant quan-
tity. This is supported by their larger calculated
defect formation energies reported in Table 1.
Although, one route to artificially introducing more
structural defects may be able through electron irra-
diation'®. Furthermore, the recently synthesized
monolayer amorphous carbon synthesized by laser-
assisted chemical vapor deposition exhibits a large
distribution of non-hexagonal membered rings with
a large density of states around the Fermi level and
clear metallic character, indicating its potential for
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supercapacitor applications™. It is worth noting that
on charging to a specific potential the number of
introduced electronic states is not fully realized
because of an additional shift in potential of the DOS
(Fig. S10). This leads to the Dirac point shifting in
position, limiting the number of additional states
incorporated on charging, and is due to the elec-
trolyte response (Cgpy).

As Cgpp is found to be relatively constant®, the
observed curvature in the differential capacitance is
expected to be largely dictated by Cq. This suggests it
may be justified to only consider the DOS in deter-
mining C, following the FBA. To address this, we
analyzed the DOS of the neutral and positively
charged pristine graphene (Fig. S10). When we
charge the surface by 1 eV, we find the shape of the
DOS to be similar, but we see a band shift to lower
energy levels, leading to a smaller change in the DOS
than if no band shift occurred. This band shift is the
response of the electrolyte to the surface charge and
gives rise to Cyp;, whereas band filling gives rise to
Cq. We use this method!™! to separate the C,, into its
constituent (Cgpy and Cy) components (Fig. S11),
with the results of the integrated capacitance shown
in Table S2. Firstly, as the PZC is directly related to
the Fermi level and is shifted depending on the
dopant or defect, unlike pristine graphene the PZC
does not align with the minimum Cq (Fig. 7).
Secondly, substitional doping with N or B is much
more effective at moving the PZC away from C,;, but
does not greatly affect the curvature of the capaci-
tance curve (a similar effect is seen for adatom
doping, and is discussed below). In contrast, struc-
tural defects realize a small change in the PZC but
introduce slightly more DOS around the Dirac point
leading to a slightly larger capacitance. This is clearly
evident for DV5-8-5 and DV5555-6-7777 (Figs. 7b
and 7d). Thirdly, the curvature of Cq, follows C,,, with
Cgpr, remaining relatively constant at ~18 yF cm,
where in our model we have used PC as the solvent
with a dielectric constant of 64, The deviation from
linearity for Cgp; is largely attributed to manually
resolving the small changes in the shift of density of
states in order to separate C,, into its individual
contributions. The calculated Cgp; of ~18 uF cm™ is
slightly lower than the value reported by Zhan et al.
(~21 yF cm?) and may be ascribed to the lower
dielectric constant of PC used in this study compared
to that of the aqueous electrolyte used in their work
(78.4)'*. In comparison an experimental study using
PC by Tang et al. report a Cgp; of ~10 yF cm=22
suggesting our value may be overestimated and
possibly a limitation of the LPCM. Current
approaches to modelling Cgp; typically involve
molecular dynamics calculations or taking Cgpp
from experiment® and combining these results elec-
tronic structure calculations to determine C, using
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the FBA. This approach neglects the interaction
between the solvent and the charged surface. In JDFT
this interaction is accounted for through the band
shift of the DOS. At greater computational cost these
interations could be more accurately investigated
using AIMD", which for aqueous water electroylte
has been reported with good agreement to experi-
ment®. However, to the authors’ knowledge, no
similar AIMD study has been reported using a PC
electrolyte. This band shiftis dependent on the
solvent (dielectric constant) used in the implicit
solvent model and for pristine graphene when charg-

ing the surface to 1 V we observe a band shift of
~0.35 V (and hence band filling occurs over 0.65 V).
If the dielectric constant is reduced this band shift
increases leading to a reduction of Cgp;. To illustrate
this, we change the solvent to dimethyl carbonate
with a dielectric constant of 3.1. On charging to 1 V
Cgpy, the band shift is 0.50 V, leading to a decrease in
Cgpr to 8 uF cm™ The effect of the electrolyte
(implicit solvent) cannot be ignored as it leads to
band filling occurring over a smaller potential range,
and this is more prevalent for solvents with lower
dielectric constants. We conclude that while the FBA
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correctly reproduces the DOS over small potential
ranges on charging and discharging®®’, it does not
shift the DOS in energy, leading to erroneous results,
and is also unable to determine Cgp;. Hence, to
justify the use of the computationally efficient FBA
(over a small potential range), one approach we
propose is to determine the band shift theoretically
or use experimentally determined values for a given
solvent, and then perform FBA calculations shifting
the DOS accordingly to account for the electrolyte
response on charging. In Fig. S12 we show the capac-
itance curves for pristine graphene, pyridinic nitro-
gen (Fig. S6a), and the epoxy and hydroxy systems.
As in the case of our structural defects, Cgp; remains
relatively constant, again with the error attributed to
the manual separation of Cy and Cgp;. From the DOS
we find Cq increases away from C,;,, which is
dictated by the Dirac point of graphene. Theoreti-
cally the minimum C,, should approach close to zero
at graphene’s Dirac point and have a linear gradient
around the PZC, whereas we calculate a value of
3.4 uF cm™ with a parabolic curvature around the
PZC. The discrepancy is due to the electronic smear-
ing parameter used in these calculations, where we
use an electronic smearing parameter of 0.005 hartree
(Fig. S13). This leads to more rapid convergence, and
gives results more in line with experimental values
for pristine graphene, which contain defects and
charge carriers'*”. Furthermore, reducing the
smearing parameter to 0.001 hartree doesn’t lead to a
change in the calculated Fermi level. The largest
change in Cg is seen with *O,, shifting the minimum
Cq from 3.4 yF cm™ to 4.1 uF cm™ (compared to a
minimum of 9.1 yF cm™ found for DV555-777). An
experimental study by Hassan et al. report a mini-
mum Cg, of 3.8 uF cm™ for pristine graphene increas-
ing to a maximum of 11.1 uF cm™ after oxidation for
400 s, with an evident loss of curvature in the capaci-
tance curves with their results also indicating a small
potential shift of C, minimum as a function of oxida-
tion time™,

As the total charge capacity is based on the inte-
grated capacitance over a charge-discharge cycle, the
integrated capacitance (C) can be expressed as the
total charge storage capacity per unit of applied
potential.

The largest increase for the DV defects is for
DV5555-6-7777 with C! increasing from 5.2 to
7.1 uF cm over the potential range (-1 to +1 V vs.
PZC of pristine graphene; Table S2). For pyridinic
nitrogen, C,,;, is shifted downwards in potential (the
opposite trend to graphitic nitrogen) and a maxi-
mum capacitance observed at around 0.1 V vs. the
SHE (Fig. S12b). In contrast to the work of Ochoa-
Calle we do not observe a large peak in the total
capacitance near the PZC, rather Cg is still increas-
ing and its effect on C,, is less pronounced. This may
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be due to modelling a different electrolyte or the
smaller supercell used (4 x 4 vs. 6 x 6 in this work),
leading to a larger structural change and dopant
concentration (9.7 at% pyridinic nitrogen vs. 4.2 at%
in this work) and a greater shift in the Fermi level®.
Overall, we find structural defects especially DV-
defects lead to a larger introduction of density of
states around the Dirac point, increasing the mini-
mum C,, in the butterfly shaped capacitance curve.
Whereas the surface adsorbed species and the pyri-
dinic structure tend to increase C,, further away from
the minimum, with substitutional defects having a
large impact on the PZC but not significantly alter-
ing the capacitance.

The substantially larger capacitance for the DV
defects around the Dirac point suggests increasing
the number of structural defects (particularly DV
defects) is the preferred mechanism to enhancing Cq,
while dopants could be utilized to tune the PZC to
the desired potential. These results are in somewhat
agreement with the work Chen et al. who show both
structural defects and N-dopants can tune the Fermi
level and increase Cq”.. However, in their study only
a SW defect was considered, which we have found to
have the least effect of the structural defects on Cq
and only a slightly larger effect than 1.6 wt% N-
doped graphene. In contrast, we show the inclusion
of DV defects, leads to significantly larger changes in
the DOS and a larger realized C,. Furthermore, as
the energy density (E) is dictated by both its capaci-
tance and voltage (E = 1/2CV?) it is also necessary to
mention the effect of V. In previous work we have
shown that carbon edge sites and oxygen-functional
groups cause a low voltage stability’®. Moreover, we
demonstrated that edge-site free GMS with basal
defects can achieve the highest voltage stability
among high-surface carbon materials™. Therefore,
SV defects and the oxygen-functional groups shown
in this work are not preferable to achieve high V. The
most promising structure to achieve high energy
density would be basal defects, specifically DV5555-6-
7777, rather than heteroatom doping. This is an
important conclusion as GMS is expected to achieve
such a target from its edge-free and basal-defect-rich
properties. However, GMS still shows a low Cy*,
suggesting that low energy defects such as SW domi-
nate in GMS, thus having a limited effect on the Cy,.
Therefore, we suggest that if the number of effective
basal defects like DV5555-6-7777 can be incorpo-
rated into the structure, the material would show
great promise for future high-energy-density super-
capacitors.

4 Conclusion

We have investigated how structural carbon defects,
nitrogen- and boron-doping, and the addition of
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adatoms affect the electronic structure of graphene,
and determined their corresponding capacitance
using JDFT. We highlight the difference in the opti-
mized geometries of the SV defect based on the
inclusion of spin polarisation in our DFT calcula-
tions. The lowest energy configurations for nitrogen
and boron substitutions in graphene exhibit a segre-
gation of their dopant atoms. We rationalize this
segregation is the reason behind the magnetic transi-
tion for N-doped graphene only being experimen-
tally observed at higher doping levels. The large
defect formation energies for the DV vacancies and
the flatter curvature in their capacitance curves
suggest they are unlikely to be present in any signifi-
cant density. We confirm that while the fixed band
approximation (over a small potential range) exhibits
a similar DOS in both the charged and neutral
systems, the shift of the DOS, which is related to Cgp;
is dependent on the electrolyte. Hence, the FBA is
not valid in determining the capacitance, unless the
effect of the electrolyte and the resultant band shift
are also considered. Our results suggest the incorpo-
ration of more structural defects in graphene (partic-
ularly DV defects), rather than substitutional doping
with boron or nitrogen, or adatom doping with
epoxy or hydroxy groups leads to the largest increase
in capacitance around the Dirac point of graphene.
However, substitutional and the addition of adatoms
leads to a greater shift of the PZC away from the
Dirac point. We anticipate this study will provide a
framework to guide experimentalists with doping
strategies to optimize graphene-based materials for
EDL applications and raises important considera-
tions for theoreticians to perform computationally
efficient and accurate results that can be aligned with
experiment.
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