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ABSTRACT: The inherently large surface area and electrical
conductivity of graphene-like electrodes have motivated
extensive research for their use in supercapacitors. Although
these properties are beneficial for the electric double layer
(EDL) capacitance, the full utilization of graphene is curtailed
by its intrinsically limited quantum capacitance due to the low
density of electronic states near the neutrality point. While
recent work has demonstrated that modifications to graphene
can generally mitigate this limitation, a comprehensive analysis
of the impact of graphene edges, which can be created during
synthesis and post-treatment, has yet to be reported. Using a
theoretical approach, we investigate the influence of graphene
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edges on both the quantum and EDL capacitances using edge-passivated zigzag graphene nanoribbons (ZGNRs) in
[BMIM][PF,] ionic liquid as model systems. Our findings show that the presence of edges improves the quantum capacitance by
increasing the electronic density of states, which is further amplified as the ZGNR width decreases. Our analysis also reveals that
the EDL microstructure can be noticeably altered by the edges, which in turn increases the EDL capacitance. Through
comparisons with pristine graphene electrodes, our study clearly highlights that edge defects in graphene-like electrodes can
enhance supercapacitor performance by dramatically augmenting both EDL and quantum capacitances.

B INTRODUCTION

The growing demand for high-power applications such as
electric vehicles, load-leveling, communications, and portable
electronics has stimulated research into improved electro-
chemical energy storage technologies.l’2 Of these, electro-
chemical double layer capacitors (EDLCs or supercapacitors)
have gained considerable interest due to their high specific
power density and long cycle life.>* To effectively implement
EDLCs, however, their specific energy storage capabilities
require further improvement.

To date, many efforts have explored the possible utilization
of sp>based carbon nanomaterials, such as graphene, as
electrodes owing to their large specific surface areas and good
electrical conductivities.” These reports demonstrated note-
worthy improvements in capacitance, which have been ascribed
to several factors including greater electrode wetting/
accessibility, improved electrical conductivity, and possible
pseudocapacitance.*™"® However, to develop strategies for
increased performance, it is critical to understand the
underlying molecular mechanisms at the electrode—electrolyte
interface.

A recent series of experimenta and theoretical'® studies
involving interfaces near graphene-like electrodes were
conducted in an effort to elucidate this fundamental behavior.
The principal insight from these studies was that the total
interfacial capacitance (Cr) is strongly dependent on the
contributions of both the quantum (Cg) and double layer (Cp)
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capacitances which are in series. As a corollary, it was also
shown that pristine graphene electrodes have intrinsically
limited Cq, near the charge neutrality point, which subsequently
curtailed Cr. But several computational results have since
reported that structural®™>* or chemical®® modification of
graphene-like electrodes can significantly improve Cy,.

In these previous studies, it is worth mentioning that the
scope was limited to phenomena near the basal plane of
graphene where ion accumulation mostly occurs, which has
traditionally been the structural region of interest. But given the
recently revealed sensitivity of Ct to Cq and Cp, it would be
valuable to explore similar phenomena near the edges of
graphene for several reasons. First, it is well-known that the
presence of edges can alter the electronic structure of graphene,
which has been successfully utilized in many electrochemical
applications.”* ® Such modifications to the electronic structure
may subsequently affect Cq. It is also possible that the electric
double layer (EDL) microstructure, and therefore Cp, can be
noticeably perturbed near the edge sites, similarly to the case of
prismatic graphite electrodes with different degrees of
corrugation.”’
tions for graphene edges seems timely given recent advances in

the fabrication of high-quality graphene edges.29 One example

*% Furthermore, research into potential applica-
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of this is a recent demonstration by Zhang et al. in which the
splitting of vertically aligned carbon nanotubes into graphene
nanoribbons exhibited a 4-fold increase in specific capaci-
tance.>® However, to the best of our knowledge, a fundamental
study on the impact of edge defects on both Cq and Cp has
never been reported.

In this work, we investigate the effect of edge defects on Cr
using edge-passivated graphene nanoribbons (GNRs) as model
systems; we consider only zigzag GNRs (ZGNRs) since they
can be metallic and neglect armchair GNRs which are always
semiconducting. Our strategy is to decouple the relative
impacts on Cq and Cp using a first-principles-based computa-
tional approach. First, we employ density functional theory
(DFT) to study the electronic structure and Cq, of two types of
edge-passivated ZGNRs at varying widths. Using classical
molecular dynamics (MD), we then study the microstructure
and Cp, of a ZGNR immersed in [BMIM][PF], an ionic liquid
which is an advantageous class of electrolyte given its large
electrochemical window, low volatility, nonflammability, and
high thermal and chemical stability."** Our study clearly
demonstrates that the presence of edges can have a positive
influence on both Cy and Cp, when compared to the case of
pristine graphene and therefore enhances the overall Cy.

B COMPUTATIONAL METHODS

Density Functional Theory Calculations. The atomic
and electronic structures of each investigated ZGNR were
calculated using DFT within the spin-polarized Perdew—Wang
91 generalized gradient approximation (GGA-PW91),> as
implemented in the Vienna Ab initio Simulation Package®*
(VASP); the Vosko—Wilk—Nusair interpolation method was
used for the correlation part of the exchange correlation
functional.>® We used the projector augmented wave (PAW)
method to describe the interaction between ion core and
valence electrons®® and a plane-wave basis set with a kinetic
energy cutoff of 400 eV.

We first investigated two different types of edge-passivated
ZGNRs at two different widths: (i) single hydrogen (H)
termination (herein called H-18ZGNR and H-60ZGNR) and
(ii) alternating termination by a hydroxyl (OH) and single H
(herein called OH-18ZGNR and OH-60ZGNR). The OH
moiety is considered one of the most stable oxidation groups
and is known to prefer orienting parallel to the plane of the
GNR.*7*® The ZGNRs were modeled using rectangular 2 X 9
(as shown in Figure 1) and 2 X 30 supercells (corresponding to
72 and 240 C atoms, respectively) with a GGA-optimized
lattice constant of 2.466 A. Periodic boundary conditions were
employed in all three directions, but vacuum spaces of 10 and
20 A were included in the z and y directions, respectively, to
remove interactions with adjacent images (additional vacuum
spacing does not noticeably affect our results as shown in
Figure S1). For the Brillouin zone integration, we used a 6 X 1
X 1 Monkhorst—Pack®” mesh of k-points to determine the
optimal geometries and total energies and increased the mesh
size to 14 X 1 X 1 for electronic structure calculations. To make
comparisons to the pristine graphene case, we performed
similar electronic structure calculations using a four-atom
rectangular cell with dimensions of 4.272 X 2.466 A% here,a 21
X 21 X 1 k-point mesh was used for Brillouin zone sampling.

To study the atomic charge distribution of ZGNRs at
different widths, we additionally modeled rectangular 2 X 5 and
2 X 13 supercells for both H-ZGNR and OH-ZGNR cases
using the same lattice constant, vacuum spacing, and k-point
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Figure 1. (top) Schematic of the zigzag graphene nanoribbon
supercell (bound by the dashed lines) used in electronic structure
calculations. The edges were passivated by either H or H/OH atoms
where H and O are indicated by the white and red balls, respectively.
(bottom) Schematic of the simulation box used in classical molecular
dynamics simulations. The white, red, and gray balls indicate H, O, and
C electrode atoms, respectively. The white, gray, and blue lines
indicate the H, C, and N atoms in BMIM, while the pink and cyan
lines indicate the P and F atoms in PFy. Periodic boundary conditions
were applied in all three directions.

mesh. The atomic charges were evaluated using grid-based
Bader analysis** under neutral and charged (1 e per supercell)
conditions; the latter case was used to study the excess charge
redistribution. The calculated Bader charges for OH-18ZGNR
were subsequently used in the MD calculations.

Molecular Dynamics Calculations. The microstructure of
[BMIM][PF,] near OH-18ZGNR electrodes was studied from
MD simulations based on the OPLS-AA force field*"** using
the Large-Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) program.* As illustrated in Figure 1, the
simulation consisted of 3036 pairs of [BMIM][PF] surround-
ing two electrodes (39.46 X 39.2 A%) separated by 100 A in
both the y and z directions, which was large enough such that
the electrolyte maintained a bulk density in the regions between
electrodes. The inter- and intramolecular force field parameters
for BMIM, PFy, and graphitic C are described in ref 18. We
used the generalized OPLS force field parameters for OH and
H moieties.*! During the simulations, the electrode atoms were
fixed in position.

We studied when the excess surface charge density o = 0,
80.4, and —80.4 C g~ using the predicted atomic charges from
Bader analysis. We ran each MD simulation initially at 1000 K
for 1 ns followed by 1 ns at 300 K for three cycles to equilibrate
the system using a time step of 1 fs. Production runs were
carried out for 2 ns with atomic positions recorded every S ps.
All runs were in the NVT ensemble with the temperature
controlled by a Nosé—Hoover thermostat** with a 100 fs
damping parameter. MD results reported herein were obtained
from the average of five independent simulations with different
initial atomic configurations. Further details about the MD
simulations are described in ref 18.

B RESULTS AND DISCUSSION

Electronic Structure and Quantum Capacitance. In this
section, we present the band structures and density of states
(DOS) of the investigated ZGNRs, considering both the
antiferromagnetic (AF) and ferromagnetic (FM) spin states.
On the basis of the electronic structure, we then predict and
analyze the quantum capacitance (Cq) of the ZGNRs.

Figure 2a shows the DOS for H-18ZGNR (left) and H-
60ZGNR (right) in the AF state (the insets show the FM
state). According to our GGA-PW91 calculations for H-

dx.doi.org/10.1021/jp504458z | J. Phys. Chem. C 2014, 118, 21770-21777



The Journal of Physical Chemistry C

18ZGNR 60ZGNR

8.0 . :

8.0, | L !

— 8.0 '

i o D‘ " '

o, SO0 i ) E
4 ST | N R
= ] | N
-8.0 ;‘ ST “‘ 1 ; S A"‘ 1

=1.0 0 1.0-1.0 0 1.0
E-E; (eV)
(a)

> ’ :

L ' |
(7] : F a1 H T
Q Vo : 1 Vol ] ]
z K amine |y
-8.0 s SO R W

0

-1.0 0 1.0-1.0
E-Ey; (eV)
(b)

1.0

Figure 2. Spin-polarized total density of states (DOS) of (a) H-
passivated and (b) alternating H-/OH-passivated zigzag graphene
nanoribbons (ZGNR) at different widths in the antiferromagnetic
state. The insets depict the corresponding DOS of the ferromagnetic
state. Positive (negative) values of the DOS indicate the spin-majority
(spin-minority) states. The Fermi level (Eg) is marked by the dashed
line. The band-decomposed charge density isosurfaces (0.001 e
bohr™*) were obtained from the highlighted energy ranges.

18ZGNR, the AF state is marginally more stable (0.6 meV
A™') than the FM state; other functionals including LDA (~0.2
meV A™') and GGA-PBE (x1.0 meV A™') predict similar
results. In the AF case, a band gap of 0.30 eV is estimated to
arise due to the differences in AF exchange interaction between
sublattices.***>*® In the FM case, the spin-majority and spin-
minority states are both partially filled at the Fermi level (Eg).
However, in the H-60ZGNR case, both the AF band gap (0.16
eV) and difference in energy between the AF and FM state
(~0.0 meV A7) are reduced, which is expected to occur as the
GNR width increases.*

In both the AF and FM cases, the DOS exhibits peaks close
to Eg (such as in the highlighted regions). It is well-known that
these are primarily attributed to the quasi-localized p, states at
the edge sites,>”***** which is also depicted by the band-
decomposed charge density isosurfaces; H passivation removes
the dangling sp> bonds that are characteristic of bare ZGNRs
while the disrupted 7 bonds remain. Furthermore, these peaks
tend to be more broadened in the H-60ZGNR case, which
suggests that the degree of coupling between the edge p, states
and the 7 network increases as the ZGNR width increases.

Figure 2b shows the DOS for OH-18ZGNR (left) and OH-
60ZGNR (right) in the AF state (the insets show the FM
state). Similar to the H-18ZGNR case, the AF state of OH-
18ZGNR is also marginally more stable (~0.4 meV A™") than
the FM state, although the addition of OH functional groups
appears to reduce the spin order-induced stabilization.
Consequently, the band gap in the AF state is reduced to
0.23 and 0.13 eV for OH-18ZGNR and OH-60ZGNR,
respectively, while the FM state remains metallic. Comparing
the OH-18ZGNR case to the H-18ZGNR case, we observe that
in the former case the DOS peaks within —0.5 < E — E; < 0.5
eV are narrowed toward Ep; the quasi-localized C p, orbitals

tend to slightly overlap with the O 2p antibonding orbitals, as
also seen in the band-decomposed charge density isosurfaces.
However, the addition of OH in the 60ZGNR case does not
noticeably affect the extent of localization, suggesting that the
extent of coupling between the edge p, states and 7 system is
strong enough to be insensitive to the edge moieties when the
ZGNR width is sufficiently large.

Using the procedure described in ref 18, we calculate the
differential quantum capacitances (Cq g5 = do/d¢py) for all four
cases, where do and d¢y, refer to the variations of excess surface
charge density and local potential in the electrode, respectively.
Since both the AF and FM states are likely to appear, the Cq g
is computed from the average of the two cases. As shown in
Figure 3, we then predict the integral Cq (= 6/¢p; where ¢ =
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Figure 3. Integral quantum capacitances (Cq) as a function of local
electrode potential (¢g) for the (a) H-passivated and (b) alternating
H-/OH-passivated zigzag graphene nanoribbons (ZGNR) at different
widths as compared to that of pristine graphene. The depicted Cq of
the ZGNR electrodes was computed from the average Cq, of the
antiferromagnetic and ferromagnetic states. The middle line indicates
the neutrality point.

/ Cq,ait dpe) which is the preferred metric to evaluate the total
charge storage capability at a given ¢bz. In comparison to the
pristine graphene case, the Cq of the ZGNRs tends to be
increasingly enhanced as the ZGNR width decreases, which is
especially apparent when lgpgl < 0.5 V (due to the additional
availability of states). Our calculations further demonstrate that
the addition of OH greatly improves Cq, in the 18ZGNR case
but only marginally in the 60ZGNR case. We should also note
that unlike pristine graphene electrodes, the ZGNR electrodes
have intrinsically different Cq, profiles at the anode and cathode.

Beyond the Cq,, we also explore the local charge
redistribution at the edges of ZGNRs at varying widths; the
charge redistribution is particularly important as it can affect the
electrostatic interactions at the electrode—electrolyte interface.
To quantify this behavior, we use grid-based Bader analysis to
compute the atomic charges.* In Figure 4a, we first present the
atomic charges of the edge-passivating moieties of both H- and
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Figure 4. Estimated (a) partial charges of edge-passivating groups and
(b) degree of excess charge accumulation at the edges of zigzag
graphene nanoribbons (ZGNR) with varying width and edge
passivation. The partial charges were computed from grid-based
Bader analysis. The excess charge accumulation was calculated from
the fractional amount of excess charge found at the edges (defined by
the shaded region) after one charge carrier was injected into each
ZGNR.

OH-ZGNRs. Here, the H and OH groups are expectedly
positively and negatively charged, which will affect the
microstructure of the interface as discussed below. Yet also
note that the partial charges seem insensitive to the width of the
ZGNR. We then estimate the degree of excess charge
accumulation at the edges in Figure 4b; one electron or hole
is injected into each system, after which the fraction of excess
charge stored at the edges (defined up to a depth of 3.7 A) is
calculated. Both the H- and OH-ZGNR cases clearly
demonstrate that the excess charge accumulation at the edges
becomes more pronounced superlinearly as the GNR width
becomes smaller. In the next section, we will discuss the
implications of this behavior on the EDL microstructure and
Cp.

Double Layer Microstructure and Capacitance. Near
Uncharged Electrodes. We study the EDL microstructure and
Cp of OH-18ZGNR immersed in [BMIM][PF4] IL, which
serves as a model system to understand how the presence of
edges can affect the interfacial structure and Cp. We begin with
a thorough analysis of the IL microstructure near uncharged
electrodes. Figure Sa shows the two-dimensional (2D) mass
density (p,,) profiles of BMIM (left) and PF (right) when o =
0C g_l. First, we draw attention to the ion segregation and
ordering near the edges. The PFq profile exhibits distinct high-
intensity (color range from yellow to dark red) spots directly
above/below the edges whereas BMIM exhibits low-intensity
shades (color range from purple to blue). This indicates that

P (g cm’)

P (g cm™)

0.6
= i, 0000
S ogf fl e o0sT
sn . )
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— l'. - . :
“BMIM
0.60 300.4
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Figure S. (a) Two-dimensional color map of mass density (p,,)
profiles for BMIM and PF4 near uncharged zigzag graphene
nanoribbon electrodes alternatingly passivated by H and OH (OH-
18ZGNR). The position of the electrode is indicated by the black line
in the center of the color maps. (b) Average p,, along the edge
direction (over the shaded region shown in the inset). (c) Average p,,
along the basal plane (over the shaded region shown in the inset). (d)
Schematic of region (R) used to calculate the average p,, surrounding
the electrode as a function of distance (r). (e) Average p,, surrounding
the electrode (left axis) and mixing parameter (y,.,,) of PFy (right
axis).

PF¢ (BMIM) tends to be clustered (deficient) directly at the
edge, which is primarily attributed to the strong electrostatic
attraction (repulsion) between the PF anion (BMIM cation)
and the positively charged H atoms (see Figure S2 for the
partial charges from Bader analysis). We also observe BMIM
accumulation (PF4 depletion) around the rims of the edges
(adjacent to the negatively charged O atoms) and subsequent
PF¢ accumulation (BMIM depletion) directly normal to the
edge C atoms (which are positively charged). This alternating
cascade of segregated anions and cations surrounding the edges
results from the combined influence of electrostatic interactions
between (i) anions/cations with the charged electrode atoms at
the edges and (ii) IL ions with adjacent counterions. However,
the degree of anion—cation segregation around the electrode
tends to diminish near the basal region, as demonstrated by the
mingled presence of high-intensity spots in both BMIM and
PF, profiles. In Figure S3, we provide a snapshot of the IL jons
adjacent to the electrode to visually demonstrate the decaying
anion—cation cascade surrounding the electrode.

Next, we explore the variation in p,, as a function of distance
from the electrode for BMIM and PF4 The average p,,
estimated along the edge direction (48 < z < 52 A) (Figure
Sb) shows a distinct (reduced) peak associated with PFg
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(BMIM) which can be expected based on Figure Sa.
Interestingly, the p,, profiles reveal alternating layering of
anions and cations. Such behavior is typical of ILs near charged
surfaces,*”*® indicating that the aforementioned charge
redistribution toward the electrode edges is strong enough to
trigger a similar response. In contrast, the average p,, estimated
normal to the basal plane (60 < y < 80 A) (Figure Sc) displays
cation and anion profiles with spatial similarity (the ions
maintain charge neutrality), which is consistent with previous
studies near uncharged pristine graphene electrodes.'®**~5>
This suggests that although the basal plane is slightly positively
charged due to the redistribution of electrons in the basal plane
toward the edges (6p,q = 6.7 C ¢! or 0.5 uC cm™2), the
electrostatic interactions are not significant enough to induce
anion/cation segregation in the normal direction.

It would also be interesting to quantify the extent of PFq
segregation from BMIM in order to evaluate the net ionic
charge accumulation surrounding the electrode due to the
presence of edges. We compute a mixing parameter () which
is calculated within the region (R) defined with radial extension
r as shown in Figure 5d:

_ ,/};pm,anion / Mvvanion dR
A (pm’anion/MWanion + pm,cation /Mvvcation) drR (1)

X

where MW, is the molecular weight of species i. The p,,
averaged in R and Y, in R are presented in Figure Se, which
shows a maximum y,,., = 0.53 at r = 6 A that quickly tapers to
Xanion = 0.50 when r > 10 A. In other words, charge neutrality is
essentially maintained despite the slight amassment of PFq
anions. This suggests that the presence of edges primarily
influences the ordering and segregation of ions surrounding the
electrodes while the net ionic charge accumulation is only
marginally affected.

To determine the Cp from the microstructure, we first
estimate the potential of zero charge (¢b;) from the computed
space charge variation (pq) which is determined from the
distribution of electrode and IL atoms with fixed atomic
charges. We subsequently solve Poisson’s equation (V¢ =
—pq/so), in which ¢ is the potential variation and g, is the
vacuum permittivity (details are described in the Supporting
Information). In Figure 6, the 2D ¢ profiles are depicted where
the ¢ in the bulk IL region is taken as reference (¢ = 0 V). The

(V)
-2

(y) 4«
[US T N TS e

Figure 6. Two-dimensional color map of the potential (¢)) profile near
uncharged zigzag graphene nanoribbon electrodes alternatingly
passivated by H and OH (OH-18ZGNR). The position of the
electrode is indicated by the black line in the color map. The ¢ in the
bulk region of the electrolyte is taken as reference (¢ = 0 V).

¢, then, is determined from the average surface ¢ of the
electrode, which we find to be 0.22 V; note that ¢, > 0 V is
consistent with the observed accumulation of PFy anions. For
comparison, pristine graphene (at op,y = 6.7 C g') is
estimgged to have a similar potential drop of 0.19 V (with ¢, ~
0V).

Near Charged Electrodes. Our analysis now extends to the
case when the electrodes are charged. Figure 7a—d shows p,,

90 120 90 120
y@&)

—_
| GNR
050 80 150 180
z(4)
13 - ——— 07
- o |- 0)
L Y 1 A R
2 .. PR g
N e L gg—] 3
BMIM . .
050300 30"
(&)

Figure 7. Mass density (p,,) profiles for BMIM and PF near charged
zigzag graphene nanoribbon electrodes alternatingly passivated by H
and OH (OH-18ZGNR). (a—d) Two-dimensional color map of p,,, for
BMIM and PF; (the electrode position is indicated by the black line).
(e, f) Average p,, along the basal plane (over the shaded region shown
in the right panel). (g, h) Average p,, along the edge direction (over
the shaded region shown in the right panel). (i, j) Average p,,
surrounding the electrode and mixing parameter ¥.ounerion) Of the
counterion as a function of distance (r) within the shaded region (R)
shown in the right panel.

near OH-18ZGNR electrodes when ¢ = +80.4 C g~* (+6.2 uC
cm™?). Near the edges of both the cathode and anode, the
profiles of each counterion (co-ion) increase (decrease) in both
intensity and distinction as compared to the neutral case. This
suggests that the alternating cascade of anions/cations
surrounding the edges exhibits greater ion segregation than
the uncharged case, which is expected since the majority
fraction of injected charge carriers accumulate at the edges and
thereby enhance the electrostatic attraction (repulsion) with
counterions (co-ions). Furthermore, the alternating cascade

dx.doi.org/10.1021/jp504458z | J. Phys. Chem. C 2014, 118, 21770-21777
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seems to extend further into the basal plane region when the
electrode is positively charged rather than negatively charged.
We postulate that this behavior manifests more strongly near
the cathode since PF4 anions are more compact and symmetric
than BMIM cations, which therefore facilitates the layering
along the electrode width.

We next examine the variation in p,, along the edge direction
and normal to the basal plane. Figure 7ef depicts the average
Pm in the edge direction near the cathode and anode,
respectively. Here, the first peak in the PF, profile is noticeably
enhanced (diminished) at the cathode (anode) edge. The first
peak in the BMIM profile, on the other hand, is only marginally
suppressed (augmented) at the cathode (anode) edge. In
addition, the alternating layering behavior, as also seen in the
uncharged case (Figure Sb), is maintained (suppressed) at the
cathode (anode) edge. These observations suggest that the
electrostatic interaction with the positively charged H atom still
tends to dominate ion accumulation and segregation behavior
directly at the edges since the injected charge carriers merely
strengthen (reduce) the partial charge of H at the cathode
(anode). In direct contrast, the average p,, profiles near the
basal plane (Figure 7gh) do not display distinct alternation
between PF4 and BMIM peaks, indicating that the ions are less
noticeably segregated in the direction normal to the basal plane.
In other words, the electrostatic interactions from the basal
plane (6, ~ £ 54.1 C g™') are not strong enough to induce
such layering behavior.

To quantify the overall counterion accumulation surrounding
the electrode, we calculate y.querion and the corresponding R-
averaged p,, profiles near the cathode and anode in Figure 7ij.
Although it is readily apparent that the average p, of
counterions near the cathode tends to exceed that of the
anode when r < 6 A, the net ratio of counterions to co-ions
remains similar for both cathode and anode. Therefore, the
overall charge stored at the electrode—electrolyte interface is
expected to be comparable near the cathode and anode, despite
differences in the edge-induced perturbations to their respective
microstructures.

Figure 8 shows the predicted 2D ¢ profiles near the charged
OH-18ZGNR electrodes. Using the same approach from the

+80.4Cg! -80.4Cg!
=y B0
@ ‘-. | I -.;"q» j 1
C00 b | | | - 0
R 2 | | 70 o g
el e |
= ! _}40
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Figure 8. Two-dimensional color map of potential (¢)) profiles near
charged zigzag graphene nanoribbon electrodes alternatingly passi-
vated by H and OH (OH-18ZGNR). The position of the electrode is
indicated by the black line. The ¢ in the bulk region of the electrolyte
is taken as reference (¢p = 0 V).

uncharged case, we estimated the average surface ¢. Then
taking the difference between the surface ¢ and ¢, we find that
the potential drop in the EDL (¢p) is 0.79 and —0.78 V for the
cathode and anode, respectively. For comparison, the respective
¢p at 6 = £80.4 C ¢! in the pristine graphene case are 1.45
and —1.38 V.>* The reduction in ¢y should be unsurprising
since most of the excess charge accumulates at the edges where
it can be easily screened, thereby lowering the overall
overscreening of counterions near the majority of the electrode.
Correspondingly, the integral Cp using the OH-18ZGNR
electrodes is 101.8 (103.1) F g' when o = 80.4 (—80.4) C g™,
which is nearly a factor of 2 greater than that of the respective
Cp using pristine graphene.”® Given that the excess charge
accumulation at the edges increases with the narrowing of the
ZGNR, we may also expect the enhancement in Cp, to increase
in turn.

Edge Effects on the Total Interfacial Capacitance. As
summarized in Table 1, we have predicted the C; and the
applied potential (¢,) when ¢ = + 804 C g™' using OH-
18ZGNR electrodes based on the combination of the integral
Cq and Cp (1/Cr = 1/Cq + 1/Cp). We find that Cr is 80.2
(76.8) F ¢! at the cathode (anode), which is nearly twice that
of the predicted Cy near pristine graphene.>® Based on our
analysis of Cq and Cp, it is clear that this enhancement can be
attributed to significant gains in both Cq and Cp. We therefore
anticipate that the nanoengineering of carbon-based electrodes
to incorporate a high density of edges (such as from aligned
GNRs,* graphene quantum dots,** or even large-scale vacancy
defects®) could greatly benefit supercapacitors and deserves
ample investigation.

Throughout this assessment, we also contemplated the
impact of several factors that were outside the scope of this
work but may be of interest in future research. For instance, it
would be interesting to explore the influence of different edge-
passivating functional groups on both the electronic structure
and the EDL microstructure. In particular, the edge-induced
perturbations to the EDL microstructure may be sensitive to
the configuration and size of the functional group as well as the
relative strength of electrostatic interactions with the
constituent atoms. Here, we should also note that more strict
quantitative predictions using our method may require
additional considerations. For example, we did not model
charge polarization at the electrode—electrolyte interface for
simplicity, which may affect the EDL microstructure as well as
the electronic structure of the electrode. In addition, conven-
tional DFT can introduce self-interaction errors which may
underestimate charge localization but can be mitigated using
hybrid functional methods.*® We also neglected charge transfer
between [BMIM][PF,] and the electrode since it appears to be
unlikely.®’
sufficient to demonstrate that the presence of edges can
enhance the performance of supercapacitors by virtue of
increasing both Cq and Cp.

Nevertheless, our computational approach is

Table 1. Summary of Predicted Capacitances for Charged OH-18ZGNR Electrodes in [BMIM][PF4]*

o(Cgh) Cq (Fg™) Cp (Fgh)
+80.4 378.1 (134.7) 101.8 (55.4)
—80.4 300.6 (138.5) 103.1 (58.3)

Cy (F g'l) s V) b 4% ®a V)
80.2 (39.3) 0.21 0.79 1.00
76.8 (41.0) -0.26 —0.78 —1.04

“For comparison, the capacitance values for the pristine graphene case are also shown in parentheses.
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We investigated the impact of ZGNRs in [BMIM][PF] ionic
liquid on the quantum and EDL capacitances (and, therefore,
the interfacial capacitance) using a combined DFT and classical
MD approach. In our electronic structure analysis, we
considered two different widths of H-passivated (H-18ZGNR
and H-60ZGNR) and alternatingly H-/OH-passivated ZGNR
(OH-18ZGNR/OH-60ZGNR) electrodes. Our results demon-
strate that the electronic states are quasi-localized in the vicinity
of the edges, although the degree of localization tends to
decrease with increasing width. We then calculated the
quantum capacitances (Cy) from the electronic density of
states. Comparisons with that of pristine graphene reveal that
the ZGNR electrodes have significantly larger C, which are
further enhanced as the ZGNR width decreases. Furthermore,
our results show that the degree of excess charge accumulation
at the edges increases superlinearly as the ZGNR width
decreases. We also studied the influence of edge defects on the
EDL microstructure using the OH-18ZGNR as a model system
when the excess surface charge density 6 = 0 and +80.4 C g™".
We find that the presence of edges induces an alternating
cascade of PFs and BMIM ions in which the segregation is
greatest near the edges. Upon charging, the microstructure of
the EDL exhibits a greater response near the edges due to the
preferential accumulation of excess charge carriers toward the
edges. As a result, the EDL capacitance (Cp) of the OH-
18ZGNR case is also predicted to be greatly enhanced when
compared to the pristine graphene case. Finally, the total
interfacial capacitance (Cp = [1/Cp + 1/Cq]™") of the OH-
18ZGNR case is found to experience a 2-fold increase in
comparison to the pristine graphene case when o = 80.4
(—80.4) C g~". Our findings clearly highlight that the inclusion
of a large density of edge defects in graphene-like electrodes
can dramatically improve both Cq and Cp, and therefore the
overall performance of supercapacitors.

B ASSOCIATED CONTENT
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The DOS at varying vacuum spacing, calculated Bader charges
at the edge of OH-18ZGNR, a molecular snapshot of the
electrode—electrolyte interface, and additional details on the
method to solve Poisson’s equation. This material is available
free of charge via the Internet at http://pubs.acs.org.
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