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Electrodes fabricated using graphene are quite promising for electric double layer capacitors. However graphene has the
limitations of low ‘Quantum Capacitance (QC)’ near fermi level due to the presence of Dirac point that can be modified by
doping graphenewith suitable dopant. The density functional theory DFT calculations are performed for doped graphene
using Boron, Sulphur and phosphorus as dopants to improve the quantum capacitance of electrodes fabricated using
graphene. The calculations are performed at temperatures of 233, 300 and 353 °K. From present calculations no significant
temperature dependence of quantum capacitance is observed, however a marked increase in QC of value above 58uFem? is
seen. Forphosphorus and Sulphur doped graphene a significant energy gap shift of ~ 1.5 eV from the Fermi level is observed
that significantly increases the QC at Fermi level to a high value of ~ 35 uFem™. With boron dopant as well, a shift of
energy gap ~ 1.25eV from the Fermi level is observed. The shift in Dirac point increases quantum capacitance at Fermi level
that in turn can increase the energy density of supercapacitor remarkably. The effect of increasing doping concentration on
guantum capacitance is also investigated. These results suggest that doping of graphene may result in significant increase in
QC near Fermi level, if the dopants are selected carefully depending upon the use of graphene as a positive or negative
electrode. The results of these calculations reveal that the problem of low QC of graphene in the range of interest can be
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addressed by modifying itssurface and structure chemistry which may increase energy density in supercapacitors.
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1 Introduction

Electric double layer supercapacitors (EDLCS)
store more energy due to their electric double layer
design. The materials like activated carbon, graphene,
single wall carbon nanotubes and multi wall carbon
nanotubes are commonly used as electrode materials.
The high electrical conductivity and enormous
specific surface area of graphene makes it a suitable
material for supercapacitor electrodes. The tunability
of graphene’s structural and chemical properties’
makes its use as electrode more encouraging.
However, the capacitance obtained for such devices
iscritically limited by the number of electronic states
available near the Fermi level, called the quantum
capacitance®™®.  Therefore, for enhancing the
performance of SC, it becomes important to
understand thevariations in the electronic structure of
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the electrode.In EDLCs, the ions of electrolyte
responds actively towards the depletion and
accumulation of charge resulting in the formation of
an electric double layer (EDL) at the interface of
electrolyte and electrode. The presence of the EDL
creates a strongelectric field at the electrolyte-
electrode interface. This changes the electrode’s
charge distribution, creating a space-charge layer. For
regular electrodes fabricated using metal, effective
screening reduces the impact of this charge
redistribution. But, in case of graphene-electrodes,
screening is poor due to a low electronic density of
states (DOS). The presence of Dirac point in the band
structure of graphene results in DOS having a U -
shape energy dependence with minima occurring at
the Fermi level. This results in U shape bias voltage
dependence for the QC. Hence quantum capacitance
also has a minima at the Fermi level™. The quantum
capacitance becomes higher at high bias voltages but
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at lower bias voltages, which are more relevant for the
EDLCs, the quantum capacitance is smaller or
comparable to the classical electric double layer
capacitance (Cgp) for typical electrolytes'®™®. The
total capacitance C of EDLC is a resultant of the
series combination of quantum capacitance and Cgp,
and thus given as:

11 1
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It is clear from the above equation that near Fermi
level, graphene’s semiconducting behavior can
significantly decrease the total capacitance.

The lower value of the density of states results in
fall of the QC at low bias voltages. Doping graphene
with n or p-type impurities can result in the addition
or subtraction of electrons to the DOS of the system.
This may result in addition of an energy gap in
pristine graphene at K point and thus shifting the DOS
minima away from the Fermi level. Since the minima
in the density of states moves away from the Fermi
level, a significant increase in density of state near the
Fermi level is observed. This results in significant
increase in QC at low bias voltages.

Some early theoretical studies**™® on the QC of
single-layer grapheme have taken the fixed-band
approximation (FBA) into consideration, in which
discharging or charging of electrode shifts the Fermi
level. But, FBA ignores the impact of the interfacial
field and assumes the distribution of net charge
carriers as homogeneous.
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In this paper, we have performed Density
Functional Theory DFT calculations on pristine and
doped monolayer arm chair structure of graphene.
Quantities like band gap, chemical potential, density
of states and quantum capacitance are calculated. For
our calculations, Boron, Phosphorus and Sulphur are
used as dopants in different doping percentages.
These calculations are performed at the temperatures
233, 300 and 353 °K.

2 Methodology

The arm chair structure of graphene is built using
the crystal builder of the Quantumwise ATK package
with 44 number of carbon atoms as shown in
Fig. 1(a). The pristine graphene is then doped taking
elements belonging to different groups of the periodic
table like Sulphur (S), Boron (B), and Phosphorus (P).
Calculations for band structure and chemical potential
are carried out at three different temperatures i.e. 233,
300 and 353 °K. Doping effect on band structure and
chemical potential of arm chair structure of graphene
electrodes are also investigated. For this purpose,
some carbon atoms are replaced by dopant atoms as
shown in Figs 1(b-d) to obtain different percentages
of doping.

Calculations are done for three different doping
percentages i.e. 2 dopant atoms in layer of 42 carbon
atoms, (named as D2 where D represents the
symbol of the dopant), 3 dopants in 41 carbon atom
layer (named as D3) and 4 atoms in layer of 40 carbon
atoms, referred as D4. The structures used to

Fig. 1 — Structures used for: (a) Pure graphene, 44 carbon atoms; (b) 2 atoms of dopant and 42 carbon atoms layer i.e. 4.5 % doping,
D2; (c) 3 atoms of dopant and 41 carbon atoms layer i.e. 6.80 % doping, D3 and (d) 4 atoms of dopant and 40 carbon atoms layer i.e.

9.1 % doping, D4
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carry out the DFT calculations for given doping
percentages are kept same for all the dopants. DFT
Calculations are performed using the local density
approximation LDA with PW exchange-correlation
and Double Zeta Polarized basis set with k-point
sampling at 6x6x6 grid.

For computing quantum capacitance, electrodes are
modelled using first principle calculations based on
density functional theory as performed in Vienna ab
initio simulation package'®*®. Projector augmented
waves (PAW) is used to explain the electron-ion
interactions'®®° with plane-waves up to energy of
500 eV. The local density approximation (LDA)
(CA-PZ)**# is used for exchange-correlation effects.
The relaxations of all structures are performed by
using the conjugate gradient method. A vacuum layer
of 25 A is added to avoid interaction between
neighbouring  structures.  After the  structure
optimization calculations, density of states are
calculated. Then, the quantum capacitance of
electrodes is calculated based on these DOS. If ¢ is
the voltage applied and Q is the surface charge on
graphene then from density of states at energy E
(DOS(E)), we can find quantum capacitance using
equations 2, 3 and 4>

Q=e [ " DOS(E) x f(E)dE Q)
1
f(E) = Trexp Blrp) .. (%)

where, e is the electronic charge,

E is the energy w.r.t the fermi energy level and
f(E) is the Fermi-Dirac distribution function.

By definition, one can obtain quantum capacitance
by differentiating Q w.r.t ¢ i.e.

sech? (E_Ed>
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Doping impacts the electronic structure of
graphene. Dirac point gets shifted resulting in changes
of DOS near the Fermi energy level. Due to these
changes the quantum capacitance gets modified™.
Density of states and band structure can be used to
predict the nature of the charge carrier in doped
graphene. In graphene, the delocalized & cloud of the
pz orbitals of carbon is responsible for the density of
states near Fermi level. Whereas in the doped
graphene, the DOS near the Fermi level is mainly due
to the dopant atoms. As QC is directly proportional to
DOS near the Fermi level, tuning of the electronic
structure may lead to a rise in QC values. It is
expected that such results obtained theoretically by

modifying the chemistry of graphene’s surface and
structure may help in designing high quantum
capacitance graphene electrodes.

3 Results and Discussion

Our theoretical calculations show an increase in
QC for doped graphene at low bias voltages. It can be
mainly due to the creation of new DOS near the Dirac
point and the shift in Fermi level due to dopant
atoms.The chemical potential is calculated and plotted
for various doping percentages and for various do
pants (Fig. 2). On doping, chemical Potential
measurements exhibit a rise in the values w.r.t pristine
graphene for n-type dopants and a fall for p-type at all
doping percentages as seen in Fig. 2. Maximum rise
in chemical potential ~27.6% is obtained for 4.5%
sulphur doped graphene. The rise and fall in the
chemical potential values could be attributed to the
fact that doping causes a modification in the basic
electronic properties of pristine graphene.

The calculations were done for three different
temperatures i.e. 233, 300 and 353 °K. However, no
impact of temperature was observed on chemical
potential. The impact of different dopants and their
varying percentages was studied on electronic
structure and subsequently on quantum capacitance of
graphene. Results show that doping can increase the
QC in the low bias voltage region significantly. The
increase is due to the corresponding change in the
total density of states near the edges of the band. The
band structure and corresponding DOS for boron
doped graphene and the variation in QC with bias
voltage for pristine and boron doped graphene are
shown in Figs. 3-4 respectively.

In case of Boron doped graphene, with low positive
bias voltages, increase in QC is seen. The increase in
qguantum capacitance near Fermi level w.r.t pristine
graphene is higher for higher doping percentages.
For negative bias voltages, QC values for doped
graphene remains higher than pristine graphene for all
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Fig. 2 — Variation of chemical potential vs doping concentration
for pristine and doped graphene at T=300°K
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Fig. 3 — The band structure and corresponding density of states
for: (a) 4.5 % B-doped graphene, B2;(b) 6.8 % B-doped graphene,
B3 and (c) 9.1 % B-doped graphene, B4

values of bias voltages reaching to a maximum value
of 58 uFem™ for 6.8 % doping. This can be clearly
attributed to sharp increase in localized states below
the Fermi level as shown in Fig. 3.

As Boron is a p type dopant i.e. an electron
acceptor, the Fermi level of B-doped graphene shift
downward into the valence band of graphene. Thus, a
higher DOS can be found in the energy range between
the Fermi level and —3.0 eV. Hence the QC of
B-doped graphene is quite higher than that of pristine
graphene in that range (Fig. 4). The values of QC with
change in concentration are found to be fluctuating
with bias voltage.
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Fig. 4 — Graph obtained for variation in QC with bias voltage
(for B-doped graphene with varying B/C ratios)

In case of P-doped graphene, since P is n-type
dopant, the Fermi level of the system shifts towards
the conduction band as shown in Fig. 5.

The shape of the QC profile of P-doped graphene
is similar to that of pristine graphene but with the QC
minima value shifted away from the Fermi level
towards the negative bias voltage region as shown in
Fig. 6. For low positive bias voltages (~ 1 eV), doping
increases the value of QC because of higher DOS in
this range but its value decreases with increase in
doping percentages as shown in Fig. 6.

Highest QC of value 38 puFem™ is obtained for
4.5 % doping. One reason for the reduced QC value
with increase in doping in this range is because of the
interaction between the dopants in doped graphene
which become much more pronounced when the
dopant percentages passes the suitable value. The
interactions between dopants affect the localized
states near the Fermi level as can be seen in Fig. 5. As
a result, the QC value decreases with increase in
doping percentage. At high voltages, however, the
value of QC remains lower than pristine graphene’s
QC because of slight decrease in DOS with increase
in bias voltage from 1 to 2 eV. Although the DOS of
P-doped graphene increase after the minima, the QC
is still slightly lower than that of the pristine graphene
in the voltage range between 1.25 and 2 eV. For
negative bias voltage, QC of pristine graphene
remains higher than P-doped graphene.

The DOS and band structures of sulphur doped
graphene are shown in Fig. 7. In case of S-doped
graphene, (Fig. 8), though the QC values are higher
than pristine graphene but its variation with
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Fig. 5 — The band structure and density of states for: (a) 4.5 % P- ) )
doped graphene, P2; (b) 6.8% P-doped graphene, P3 and (c) 9.1 % Fig. 7 — The band structure and density of states for: (a) 4.5 % S-

P-doped graphene, P4 doped graphene, S2; (b) 6.8 % S-doped graphene, S3 and (c) 9.1
% S-doped graphene, S4
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concentration is not as in case of B-doped graphene.
Till 0.6 eV, QC decreases with increase in doping
percentage which may be attributed to the interactions
between dopant-atoms but after 0.6 eV there are
fluctuations in the magnitude of quantum capacitance
with doping concentration, with maximum QC
~53 pFem™ achieved for S3. QC of S doped graphene
is higher than pristine graphene for negative low bias
voltages also.

It appears that doping graphene with boron or
sulphur increases QC near Fermi level for both
positive as well as negative bias voltages. But the
highest value for low positive bias is achieved with
P-doped graphene. Highest value achieved for
S-doped graphene is also quite close to that obtained
for P-doped graphene (~ 58 pFem™).

The findings suggest that choice of do pants for
graphene used to fabricate electrodes should be
asymmetric depending upon the polarity of the
electrode. If graphene is to be used as anode then
n-type dopants (S and P) should be used for doping
while when used as cathode, doping with the p-type
dopants (Boron) should be preferred. In the case of
the p type-dopant (B atoms) the gap moves by as
much as 1.25eV into the conduction band. For the n-
dopants (P and S-atoms) the energy gap is shifted by
1.5eV into the valence band (Figs 6 & 8). Same
studies were done at three different temperatures i.e.
233, 300 and 353 °K. No significant change is
observed in the DOS profile and hence in the QC
values. Similar studies done for different temperature
range has also shown negligible impact of
temperature on QC™. The QC has negligible
dependence on temperature. At the Dirac point a
change in temperature from 300 to 533 °K changes
the QC from 0.47 to 0.95 pFem™ which is expected
from the Fermi-Dirac distribution'. Above the
+0.1 eV gate voltage the QC becomes essentially
independent of temperature. Temperature stability of
QC makes doped graphene based super capacitors
practically viable.

4 Conclusions

The present DFT calculations of doped graphene
with various dopants at different temperatures show
no temperature dependence of band structure,
chemical potential and DOS resulting inno significant
impact of temperature on quantum capacitance. A
viable method to increase QC near fermi level of
graphene-based electrode materials by using DFT

calculations is suggested. Graphene’s electronic
structure changes remarkably due to the presence of
dopants B, S and P.

For positive bias voltage, the highest values of QC
above 53 pFem” is obtained for 6.8 % S-doped
graphene and above 58 pFcm “for negative bias in
case of 6.8 % B-doped graphene. The results obtained
show that in low bias voltage range, QC of graphene
can be increasedbyadding B, S and P as dopants. For
Boron dopant, with positive bias, QC increases with
increase in dopingconcentration. The effects of the
variation of doping concentration of P and S on the
increase of QC of graphene are also investigated. For
low positive bias voltages, QC decreases with
increase in doping concentration of P and S.
The doping of graphene with boron increases QC
for both positive as well as negative bias voltages.
But the highest value near fermi level is achieved
with P-doped graphene.
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