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ABSTRACT OF THE DISSERTATION
Computational Insights into Materials and Interfaces for Capacitive Energy Storage
by
Cheng Zhan
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2018

Dr. De-en Jiang, Chairperson

Supercapacitors, such as electric double-layer capacitors (EDLCs) and pseudocapacitors,
are becoming increasingly important in the field of electrical energy storage. Theoretical
study of energy storage in EDLCs focuses on solving for the electric double-layer structure
in different electrode geometries and electrolyte components, which can be achieved by
molecular simulations such as classical molecular dynamics (MD), classical density
functional theory (classical DFT), and Monte-Carlo (MC) methods. In recent years,
combining first-principles and classical simulation to investigate the carbon-based EDLCs
has become increasingly popular due to the importance of quantum capacitance in
graphene-like 2D systems. More recently, the development of joint density functional
theory (JDFT) enables self-consistent electronic-structure calculation for an electrode
being solvated by an electrolyte. In contrast with the large amount of theoretical and
computational effort on EDLCs, theoretical understanding of pseudocapacitance is very
limited. In this dissertation project, we first study the carbon-based EDLCs and focus on

several important aspects of EDLCs including quantum capacitance, nitrogen doping,

vil



dielectric screening, and edge effect. Then, based on our physical understanding on
EDLCs, we designed novel 2D boron supercapacitors, which exhibit promising capacitive
performance comparing with conventional carbon electrodes. Finally, we also introduced
how to study pseudocapactive mechanism through first principle calculation with solvation
model technique. Two typical pseudocapacitor systems are investigated: RuO2(110) and
Tiz3CoTx (T=0,0H) in H>SO4 electrolyte. Based on our study, the relation between EDL
and redox behavior were revealed. We summarize and conclude with an outlook for the

future of materials design and discovery for capacitive energy storage.
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Chapter 1. Introduction
1.1 Basics of capacitive energy storage

The wide adoption of renewable energy, in the form of solar and wind energy,
combined with the electrification of transportation and the proliferation of mobile devices
are all driving the need for efficient, cost-effective electric energy storage devices in sizes
ranging from hand-held to grid-based. The most commonly used energy storage devices
are batteries and supercapacitors. A battery stores energy by bulk redox/intercalation
reactions, while a supercapacitor stores energy through surface ion-adsorption or surface
redox/intercalation reactions. A battery has high energy density but low power density,
while a supercapacitor boasts of high power density due to the fast surface physical and
chemical processes.! The global supercapacitor market was $1.2B in 2014 and by some
estimates will grow over 20% per year to more than $7B in 2023.% There are two main
types of supercapacitors: electric double-layer capacitors (EDLCs) store electrical energy
through formation of electric double layer at the electrode/electrolyte interface, while
pseudocapacitors store electrical energy by reversible surface redox reaction or ion
intercalation. EDLCs, pseudocapacitors, and batteries exhibit distinctly different
electrochemical behavior in cyclic voltammetry (CV).?

1.2 Operating mechanism of electric double-layer capacitors

1.2.1 The Helmholtz model of an electric double layer

In EDLCs, electrical energy is stored by the formation of an EDL through the
counter ion adsorption at the electrode surface. The concept of the EDL originated from

the interfacial double layer model in classical surface physical chemistry, first proposed by



Hermann von Helmholtz in 1853.# Thus, it is also known as the “Helmholtz Layer”, formed
by the co-ion exclusion and counter-ion adsorption. According to the Helmholtz model,

the differential capacitance of an EDL can be computed by:

Er&pA

C=d , 1-1

where A is the area of the electrode, &, is the dielectric constant of the electrolyte solvent,
&o 1s vacuum permittivity, and d is the thickness of the Helmholtz layer. Note that this is
independent of applied voltage or properties of the electrolyte other than the solvent
dielectric constant.

We can use Eq.1-1 to estimate the areal capacitance (Cs = C/A) for a planar
electrode. Generally speaking, the value of d in aqueous electrolytes is several angstroms.
Here we assume d=0.3 nm, the value of &, should be about 6 instead of 80 for water in a
high electric field.” Thus, Cy is about 18 pF/cm?, in good agreement with the average
reported values for aqueous electrolyte EDLCs (~15 pF/cm?).% Tonic liquids (IL) usually
have a dielectric constant about 10, but their sizes tend to be larger, so we estimate their Cy
to be about 10 pF/cm?, very close to experimental measurement of ~11 pF/cm?.°

1.2.2 The Gouy-Chapman model and beyond

Between 1910 and 1913, Gouy and Chapman derived, independently, an improved
model for differential capacitance, which exhibits dependence on electrode voltage and
ionic concentration. The “Gouy-Chapman” (GC) model introduced the diffuse layer, which
describes the ion charge distribution as a function of distance to the electrode surface, and
the Maxwell-Boltzmann statistics to account for the thermal effect. In 1924, Stern

proposed combining the Helmholtz model with the Gouy-Chapman model to describe the



electrode/electrolyte interface: a subset of the ions with finite size absorb on surface to
form the “Stern Layer”, while others form the Gouy-Chapman diffuse layer. This model is
known as the “Gouy-Chapman-Stern” (GCS) model.” The GCS model gives a more general
description of the electrode/electrolyte interfacial behavior, but is highly simplified. For
example, the diffusive ions in the GCS model are treated as point charges. Thus, important
ionic features that influence capacitance, such as radii and valences, are ignored. A more
rigorous model is necessary, especially for systems utilizing an ionic liquid electrolyte
where the diffuse layer and ion steric effect have large influence on the charge capacitive
behavior.

In 2007, Kornyshev proposed a model to describe the interfacial capacitance of the
metal/ionic liquid system by solving the “Poisson-Fermi” equation, which treats the
electrolyte by a mean-field lattice-gas model.® They derived an analytical expression for

the differential capacitance:

70 142ysinnzX In(1+2ysinh2(%)) ’
2 2

c=cC cosh(%) \/ 2ysinh?2 %) 1

where y is reduced concentration of ions, Co is the linear Gouy-Chapman capacitance
defined by Cy = €/4mLp, Lp is the Debye length, and uo is surface electric potential in
reduced unit. They found that when the concentration changes from high to low, the
differential capacitance curve changes from the “bell” shape to the “Bactrian-camel” shape ,
due to the competition between Stern layer and diffuse layer, which cannot be captured by
the traditional GCS model. This analytical method provides a clear physical picture for the

interfacial capacitive behavior. Moreover, this theory has been improved recently by



adding the short-range correlation for the ionic liquid electrolyte.” Independently, Bazant
et al. derived the same analytical solution (Eq. 2) from solving a modified Poisson-Nernst-
Planck (MPNP) equation to describe the ion transport during dynamic charging at large
bias voltage.!% !!
1.3 An estimate of how many ions need to be separated when charging an EDLC

An EDLC consists of two symmetric porous electrodes sandwiching a separator,
with the electrolyte stored mainly inside the pore volumes of the electrodes (for a
commercial device, volume contribution from the separator is negligible). When charged
up, the ions separate and form two separate EDLs at the two opposite electrodes (Figure 1-
1). A typical organic-electrolyte, activated-carbon-electrode EDLC has a specific
capacitance of about 100 F/g based on the weight of carbon. Suppose 1 g of carbon for the
positive electrode is charged to 1.5 V, while 1g of carbon for the negative electrode is
charged to -1.5 V. This leads to a surface charge of +150 C on the positive electrode and -
150 C on the negative electrode. The typical pore volume of activated carbon is 0.90 cm®/g
and a typical concentration of an organic electrolyte is 1 M of tetracthylammonium
tetrafluoborate (TEABF4) in acetonitrile or propylene carbonate. Hence the total numbers
of available ions in this EDLC are 170 C of cations and 170 C of anions. In other words,
ion separation is essentially complete when the EDLC is fully charged: all anions move to
the positive electrode, while all cations move to the negative electrode. The typical

thickness of an EDLC electrode is about 200 um coated on two sides of a current collector

(such as Al foil), so the typical length of ions traveled during cycling of an EDLC should



be about 100 um. Thickness of a typical separator is about 40 um, so we have neglected it

in this simple estimate.

Uncharged Charged
Figure 1-1. Schematic of an EDLC consists of two planar electrodes in an electrochemical cell.
1.4 Recent experimental advances in EDLCs
The most widely used electrode materials for EDLCs are porous carbon-based

materials,'> 13

such as activated graphene oxide,'* activated carbons (AC)," carbide-
derived carbons (CDC),'®!® carbon nanotubes (CNT),'?! onion-like carbons (OLC)?* ?*
and graphene.** % The gravimetric capacitance of these carbon materials is sensitive to
their structure, especially the porosity and specific surface area (SSA). The pore size can
also greatly affect the ion partitioning and packing inside the pores, which causes a large
change in capacitance. The relationship between the pore size and the capacitance of ionic
liquids has been investigated experimentally by Simon and Gogotsi.?®?® This important
work reveals the pore size-dependent capacitance and suggests that the capacitance

maximum can be achieved by optimally matching the pore size and ion size. Carbon

nanotubes (CNT) have been reported for use in novel EDLCs electrode materials.?®*° The



reported capacitance of single-wall carbon nanotube (SWCNT) is 180 F/g (or ~14 pF/cm?)
with an aqueous electrolyte,”® and the SSA is estimated to be 1315 m?%/g.*! Onion-like
carbons have also been reported as promising EDLC electrode materials exhibiting very
large power density at discharging rate of up to 200 V/s.2*32 Moreover, graphene’s unique
electronic structure has large influence on the charge capacitive behavior.!'> 2
1.5 Experimental techniques for characterizing EDL

Characterizing the EDL with various experimental techniques is important in both
revealing the underlying physics and validating the theoretical predictions and simulations.
Within the Fluid Interface Reaction Structure and Transport (FIRST) Energy Frontier
Research Center (EFRC), funded by the U.S. Department of Energy,®
computational/theoretical modeling methods are combined with complementary
experimental characterization tools that probe similar spatial and/or temporal scales, as
shown in Figure 1-2. Among the experimental methods, Quasi-Elastic Neutron Scattering
(QENS) is an effective technique to study microscopic dynamics on the time scale of pico-
seconds to nano-seconds for spatially constrained diffusion and long-range translational
diffusion of ions inside porous carbons.’* 3 Another important tool to probe the
solid/liquid interfacial structure on a flat substrate is X-ray reflectivity, which can provide
the structural change of the electrolyte at the interface with sub-angstrom resolution and
under applied potential 338
Electrochemical Strain Microscopy has been developed within the FIRST Center

to explore dynamic electrochemical processes, such as voltage-controlled ion transport,

intercalation and local electrochemical reactivity at the nanometer and meso scales. In



particular, for the intercalation process, Electrochemical Strain Microscopy can clearly
measure ion dynamics and electrode structure changes, such as expansion and distortion.*"
42 Nuclear Magnetic Resonance (NMR)**# could measure the structure of ion sorption
and configuration in supercapacitor electrodes. In addition, it is also able to provide the
picture of ion dynamics in supercapacitor.’ Scanning Probe Microscopy (SPM) can
directly measure the structure of EDL through the AFM tip that approaches the surface. By
measuring the force during the surface scanning, one can obtain the exact structure of EDL,
such as the oscillating ion distribution.* 48 Other experimental probes, not shown in
)

Figure 1-2, useful for characterizing EDLs include Sum Frequency Generation (SFG)™ and

Second Harmonic Generation (SHG)*°, which can provide the structural information of
carbon at interface, such as molecular vibration and bond stretching. Infrared Spectroscopy
(IRS) and Scanning Transmission Electron Microscope (STEM) are also used to solve for

and visualize the structure at interfaces without measuring dynamic information.



Electron:
High-Res. TEM
Scanning Trans. (STEM)

Neutron (N) and X-ray (X):
Inelastic (INS)
Quasi-elastic (QENS)

102 |-Spin Echo (NSES) Scanning Probe:
Reflectometry (NR, XR) AFM

—Adsorption (Q-EXAFS) Electro. Strain Micr. (ESM)
Small Angle (SANS, SAXS)
—X&N Pair Dist. Func. (PDF)

-
o
IS

LENGTH (meters)
)
&

10®

10 -
105 103 101 10° 107 10 10° No dynamic
information

TIME (seconds)

Figure 1-2. The length and time scales of different simulation and experimental techniques.

1.6 Important issues in capacitive energy storage

For capacitors, the most urgent issue is to improve their energy density (generally
speaking, the energy density of supercapacitor is below 10 Wh kg!, while battery could
possess the energy density over 100 Wh kg'!) so that they can better compete with
batteries.! To design materials and interfaces for EDLCs with higher energy density
requires a deeper understanding of the factors and contributions affecting the total
capacitance of an EDLC.

1.6.1 Classical vs. quantum capacitance

From conventional EDL theory, the capacitance of EDLCs stems from the
adsorption of counter-ion at the charged electrode surface. This electrolyte response
51

induced capacitance can be obtained from classical thermodynamics and electrostatics.®

Thus, we refer to it as “classical capacitance”, which is not explicitly dependent on the



electronic state of electrodes. The macroscopic electrode potential is related to the electron
chemical potential u,. For an ideal metal electrode, which has extremely large electronic
density of states (DOS), adding or removing few electrons does not cause a significant shift
in . (Figure 1-3a). Thus, the macroscopic electrode potential change is dominated by the
surface potential drop of the EDL. However, a small electronic DOS at the Fermi level
could result in an additional significant potential drop when adding or removing the same
amount of electrons from the electrode (Figure 1-3b). This capacitance due to the electronic
structure of the electrode being a poor metal is called quantum capacitance (Cg), which is
especially important for graphene. Different from Cyp, the capacitance caused by electrolyte
response and EDL formation is defined as EDL capacitance (Cept), which is not explicitly

dependent on the electronic property of electrode.

(a) (b)
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Figure 1-3. Different electrode-charging behaviors: (a) metal and (b) graphene electrodes. With the
same amount of excess charge, graphene could exhibit significantly larger shift in the Fermi level
(Ap) than a typical metal.

1.6.2 Pore size, surface area, pore geometry
Experimental studies have shown that optimal pore size is related to ion size and

can result in a maximum in the capacitance.?® 2" Theoretical calculations and molecular



simulations also verified this phenomenon and predicted that capacitance oscillates with
pore size for ionic liquids inside an ideal slit pore.>" > However, treating a porous carbon
as a single slit pore is problematic because pore size is not uniform in a real porous carbon,
which can exhibit complex features such as a broad distribution and/or a bimodal
distribution. These complexities make such systems difficult to model. In particular, ion
accessibility and selectivity in a distribution of nanopores could have a significant impact
on the macroscopic capacitance.

Specific surface area (SSA) and pore geometry are also important factors in
determining EDLC performance. For a flat single layer graphene in contact with electrolyte
on both sides, the theoretical SSA is about 2630 m*/g. However, in porous carbon, the SSA
is strongly related to the pore geometry. In particular, the curvature is important in porous
carbons dominated by micropores.>®> Numerical simulation of the Poisson-Boltzmann (PB)
equation has shown that the capacitance of a cylindrical or spherical electrode is radius
(Ro)-dependent when Ry is small; for large Ry, the capacitance approaches that of a planar
electrode.’* However, an electrode composed of real porous carbon is not in an ideal
geometry such as planar, cylindrical or spherical. Thus, the pore size, SSA and pore
geometry are coupled together.

1.6.3 Electrolytes

The capacitance can be effectively modified by changing the ion size, valence, and
concentration in the electrolyte, which calls for guidance from simulations. For ionic
liquids, the cation and anion are usually different in size. As a result, the charging behavior

on the two electrodes become asymmetric, as is observed experimentally.>> Moreover,
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solvent is also very important to the energy density of supercapacitor since, for example, it
dictates the electrochemical window. Organic solvents offer electrochemical windows up
to 3V. Aqueous electrolytes usually have higher capacitance than ionic liquid, but suffer
from narrow voltage window of about 1.2V. In addition, the capacitance depends on the
scan rate and a promising EDLC is also expected to have large capacitance at fast
charging/discharging rate. This requires fast ion transport in response to the electrode
charge. The time-dependent charging behavior can in principle be simulated by molecular
dynamics (MD) or solving the Poisson-Nernst-Planck (PNP) equation, but difference of
many orders of magnitude exists between the simulated time scale (on the order of ns to
us) and the experimental scan rate (seconds).'® '3 A multiscale approach is needed to
bridge the gap.

1.6.4 Defects and functional groups on carbon

Introducing surface defects (both physical and topological defects) could change
the surface structure, atomic bonding and SSA, hence the EDL structure and capacitance.’’
Simulations need to take into account changes on both the electrode’s electronic structure
and the EDL structure.’® Functionalization is another effective way to modify the graphene
electrode and improve the capacitive performance. The mechanism of how functional
group influences capacitance can be more complicated than surface defect effect due to the
possible redox reaction caused by functional groups. When the functional group is
introduced on a graphene electrode, the electronic structure change is likely to cause the

Co to change, and the interaction between functional group and electrolyte could influence

11



the EDL structure and Cgpr. Some oxygen or nitrogen contained groups have redox
reactivity that can make the capacitive mechanism change from EDL to pseudocapacitive.

1.6.5 EDLC vs. pseudocapacitor

The methods to model EDLCs have been well developed. However, currently there
is no appropriate method for modeling pseudocapacitance due to the complexity of
interfacial redox processes. During the charging process of a pseudocapacitor, the
pseudocapacitance can be affected by many factors, such as the diffusing behavior of
reactant species, EDL at interface, and surface redox kinetics. These issues are difficult to
be self-consistently captured in the same model. So developing a feasible model to capture

the pseudocapacitance is urgently needed.
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Chapter 2. Simulation methods used in supercapacitor modeling
2.1 Classical molecular methods to simulate EDLCs

In this section, we briefly review the most commonly used classical molecular
simulation methods to simulate EDL and EDLCs. These include classical density
functional theory (CDFT), classical molecular dynamics (CMD), and grand canonical
Monte Carlo (GCMC). In both CDFT and GCMC, coarse-grained models are commonly
used for the electrolyte, while in CMD all-atom models are usually employed.

2.1.1 Coarse-grained classical density functional theory

CDFT is a powerful method to simulate the equilibrium properties of complex
liquids and soft materials. Both primitive and non-primitive coarse-grained models are
employed to represent the ionic species, impurities, and solvent molecules in the electrolyte
solution.! The model system consists of charged hard spheres for ionic species and a hard-
sphere dimer for solvent molecules. CDFT was used to simulate the EDL structure and
capacitance for the electrolyte solution in various pore geometries.>® The details of the
CDFT calculations have been published before.” ! The density profiles of cations, anions,
impurities, and the solvent segments inside the pore can be obtained by minimization of
the grand potential, given the number densities of ions and solvent molecules in the bulk,
system temperature, pore size, pore geometry, and the surface electrical potential. To
illustrate, we may consider an electrolyte system containing spherical cations and anions
and solvent molecules represented by two tangentially connected spheres of opposite

charge. The grand potential is given by!'!
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BQUpm(R), {pa (1)} = BFlpu(R), {pa (M} + [[BYu(R) = Bumlpm(R)dR +
Yo J[BYa(r) = Bualpa(r)dr 2-1

where B! = kgT, R = R(r5,,75_) represents two coordinates specifying the positions of

two segments in each solvent molecule, £, is the chemical potential of an ionic species,

M, is the chemical potential of the solvent, W, (r) stands for the external potential for

ions, and Wy, (R) is the summation of the external potential for a solvent molecule. F is the
total intrinsic Helmholtz energy
BF = [[In py(R) — 1oy (R)AR + B [V, (R)py (R)AR + X [[In pa () — 1]pa (r)dr +
BF* ,2-2
where V4, stands for the bonding potential of the solvent molecule and F®*is the excess
contribution due to intermolecular interactions. The detailed expression for each
contribution and the numerical details can be found from a previous study.! The mean
electrostatic potential can be obtained from the density distributions of the ions by using
the Poisson equation. The surface charge density Q is obtained from the condition of
overall charge neutrality. The differential capacitance Cy of the EDLs can be calculated as
a derivative of the surface charge density Q with respect to the surface potential.
Time-dependent density functional theory (TDDFT) is an extension of the classical
DFT to describe dynamic or time-dependent processes based on the assumption of local
thermodynamic equilibrium.!>'* For ion diffusion in an electrolyte solution near
electrodes, TDDFT asserts that the time evolution for the local density profiles of ionic

species, p; (7, t), follows the generalized diffusion equation
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20D = 9+ {Dypy(r, OVIBu(r, €) + BV} 23

where D; stands for the self-diffusivity of ion i, p;(r,t) is the local chemical potential and
could be obtained by a derivative of the intrinsic Helmholtz energy F with respect to the
density, and V;(r) denotes the external potential arising from the electrodes. With TDDFT,
one could examine the ion dynamics inside the nanopores.

2.1.2 Atomistic classical molecular dynamics

Atomistic molecular dynamics (MD) simulations have been broadly and effectively
employed to investigate the structure of EDL and capacitance of EDLCs. The key for MD
simulation to accurately capture the fundamental aspects of EDLCs relies on the model
used for the electrode/electrolyte interface. When simulating the charged electrodes,
currently there are two methodologies that have been developed: the constant charge
method and the constant potential method. In the constant charge method, a partial charge
(of equal value) is assigned to each atom on the electrode surface. The potential associated
with each value of surface charging is calculated by solving Poisson’s equation. Given its
simplicity of implementation, the constant charge method has been widely adopted by

researchers to simulate electrodes with simplified geometries, such as graphene basal

15-19 21,22

planes,'>"" carbon onions,?’ carbon nanotubes?!?? and slit pores.?> 2* These studies provide
insights into the charging mechanism of EDLCs, and the results match well with the
experimental results in both capacitance and interfacial structures.?

The constant charge method neglects possible fluctuations and inhomogeneities in

surface charges induced by electrolytes. The constant potential method overcomes this

drawback and constrains a constant potential drop between the two electrodes by
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redistributing the surface charge over the course of simulation. The charges on the
electrode atoms fluctuate in order to satisfy the condition of minimizing the electrostatic
energy of the system.??® Researchers have compared these two different methods when
simulating supercapacitors. Merlet and co-workers modeled a supercapacitor based on 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6) and carbon electrodes, and
found that both methods showed quite similar ionic density profiles at low potential drop
for the planar surface.”” Wang et al. modeled the LiClO4-acetonitrile/graphite EDLCs and
drew a similar conclusion.’® However, in both studies, the structural difference becomes
significant when the potential difference is high (over 5 V).*! The constant potential
method is computationally slower than the constant charge method,?® 3> 33 but it allows

MD simulations to explore more complex and inhomogeneous electrode systems, such as

34-36 7 8-40

rough surfaces, activated carbon’’ and amorphous CDCs,? where the constant-
charge method is not really applicable.
Accurate force fields for the electrolyte are also necessary for MD simulations of

EDLCs. Many force fields have been developed for RTILs, including coarse grained,*!-*

44-46 47,48

united-atom,**4° all-atom and polarizable force fields.*>? Coarse-grained force fields
simplify the whole molecule into a few or even one bead, and are hence useful in reducing
computational cost to capture long-time dynamic® and interfacial properties.** ** But their
lack of atomic details for the electrolyte molecule may limit the degree of agreement that
can be achieved with experiments.>® All-atom force fields provide a richer representation

of the electrostatic interactions and molecule configurations in the EDL. However, the non-

polarizable all-atom force fields for ionic liquids usually overestimate the ion-ion
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interactions, resulting in smaller diffusion coefficients and higher viscosities compared
with experimental results. Scaling partial charges has been considered as an effective way
to compensate the polarization effect and recover diffusion coefficients and electrical
conductivity.>*® Another solution is to use a polarizable force field. The inclusion of
electronic polarizability has been shown to not only improve dynamic properties, but also
reproduce local ion structures,”® >° but at an order of magnitude higher computational
cost.%

2.1.3 Constant voltage Grand Canonical Monte Carlo

Kiyohara et al. developed a constant voltage GCMC to simulate an EDLC system
with planar electrodes and coarse-grained ions.®"* © The Monte Carlo steps include ion
insertion, deletion, migration and exchange in the electrolyte as well as charge balance and
exchange among electrodes. Given the electrode setup, the bulk electrolyte activity, and
the applied potential, many millions of MC steps are performed to reach the equilibrium.
Then EDL structure, surface charge, and capacitance can be derived, similar to the process
from the CDFT method. The oscillatory behavior in the capacitance of an ionic liquid
electrolyte in a slit nanopore shown by CDFT and CMD simulations was successfully
reproduced by constant voltage GCMC.%* % Unlike the available CDFT method which is
limited to simulate EDLC in one dimension (hence can treat only one pore size in a single
simulation), the GCMC method is three-dimensional and can simulate a multiple-sized and

more realistic porous electrode.
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2.2 Ab initio simulations of the electrochemical interfaces

The role of electrode chemistry in EDLCs is important when the electrode is not an
ideal metal or hard wall boundary. Generally speaking, the influence of electrode chemistry
can be considered from two perspectives: “contact layer” effect and “quantum capacitance”
effect. The former one comes from the electron-solvent repulsion at charged interface and
could influence the structure and screening potential of electric double layer, as reported
by Ando et al through ab initio MD,% while the latter one cause the additional electrode
potential drop and decrease the total capacitance. In this review, we mainly focus on the
quantum capacitance effect. The simplest way to capture the electrode chemistry in carbon-
based electrodes is considering the quantum capacitance (Cp), which has been briefly
introduced in 1.6.1. One can compute Ci:; by combining Cgpz. from classical simulation
with Cp from electronic structure. The total electrode potential drop is calculated through
summing up the potential drop contribution of Cp and Cepr at the same surface charge
density.'® % Methods have also been developed to capture the polarization effect (the
electrostatic interaction between electrode and electrolyte) self-consistently at the
electronic-structure level. Here, the electronic chemical potential shift Ay, is treated as the
electrode potential drop and has contributions from band filling/emptying in the electrode
and ionic screening in the electrolyte. Currently, there are two methods that can capture the
electronic structure of the electrode in contact with the EDL: the effective screening

medium (ESM) and joint density functional theory (JDFT).
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2.2.1 Effective screening medium (ESM)

The original idea of ESM was proposed by Otani et al. to achieve first-principles
calculation of charged surfaces and interfaces taking into account ionic screening.®’ In the
ESM method an infinite dielectric medium was inserted at the boundary of the periodic
cell that can ideally screen all the excessive charge in the periodic cell through setting a
mirror charge at the dielectric boundary.®® The position and dielectric constant of the ESM
are adjustable, which can influence the electrostatic potential of the whole system. The
total energy functional includes the electrostatic interaction between the electronic system
and the ESM; the electrostatic potential is obtained by solving the Poisson equation. ESM
can capture the polarization effect on the electrode from ionic screening of electrolyte. The
thickness of the vacuum slab between the screening medium and the electrode is known,
so the vacuum part can be regarded as a dielectric capacitor with €, = 1 and C,,,. = €A/d.
Here, A is the surface area and d is the vacuum slab thickness. By subtracting the
contribution of the vacuum slab from Ay,, one can obtain the potential drop due to the
electrode and then compute Co. However, there are still several limitations in ESM: first,
the mirror charge in ESM cannot be used to describe the EDL in the electrolyte because
the thermal behavior and ion diffusion are not included in the Poisson equation; second,
the liquid response to the electrode charge cannot be captured in ESM. Thus, ESM is more

applicable to study the electrode capacitive behavior.
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2.2.2 Joint density functional theory (JDFT)
2.2.2.1 Theoretical framework
The concept of Joint Density Functional Theory (JDFT) was originally proposed
by Arias, aimed at solving the solid/liquid interface self-consistently.®” The philosophy of
JDFT is treating the solute by electronic DFT and solvent by classical DFT. By minimizing
the total free energy, one can obtain the equilibrium state of the solute/solvent system. The
free energy functional in JDFT formalism can be written as:"°
Ajppr[n, {Ng}, V()] = Apkn] + Ag[{Ng}] + AA[n, {N,}, V()] . 2-4
Apk 1s the electronic energy functional from Hohenberg-Kohn Theorems and Ay, is the
classical density functional of the liquid free energy.’’AA is the coupling energy related to
the interaction between solute (the electrode) and solvent (the liquid).
2.2.2.2 Implicit solvation and linear polarizable continuum model
Besides classical DFT, the solvation effect and the electrolyte response can be more
easily described by implicit solvation with linear response approximation. For example,
the total free energy functional of an electronic system solvated in the linear polarizable

continuum model (Linear PCM) can be written as:”!

A, d(M)] = Arxcn@] + [ dBrip@nG) — N, (2, RD] — 2|7 ()2 -

8m
w00

Arxc is the single particle Kohn-Sham kinetic energy plus exchange-correlation energy.
The second term on the right-hand side is the electrostatic energy of electron and nuclei in

electrostatic field. The last two terms correspond to the energy of electric field in the
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dielectric medium and the energy contributed by electrolyte ions described by the Debye-
Hiickel theory. In this equation, n(r) is the electron density of the explicit system,
N(r,{Z,R;}) is the nuclei density and ¢(r) is the total electrostatic potential including
Hartree potential and solvation contribution. The local dielectric constant €(r) and inverse
Debye length k(r) are determined from the local solvent density, cavity function, bulk
dielectric constant (€,) and the inverse Debye screening length in the bulk fluid (x},).”> The
equilibrium state of the solute/solvent system is given by minimizing the total free energy
functional with respect to n(r) and ¢(r).”" Advanced solvation models have been developed
for JDFT, including non-local effects,”” nonlinear dielectric response,’* spherically
averaged liquid susceptibility ansatz (SaLSA), and charge-asymmetric nonlocally
determined local-electric (CANDLE) solvation model.”> 7® SaLSA and CANDLE could
capture the nonlocal dielectric response of polar solvent.”’
2.2.2.3 Electrochemical simulation by JDFT and corresponding technical
details
In a two-electrode electrochemical cell, the electrode potential € (the voltage) of
the working electrode is defined by the energy required to move one electron from the
working electrode (electronic chemical potential at u®) to the reference electrode
(electronic chemical potential at u"): so € = u® — u" per the fundamental charge. If we
choose zero potential as reference, then € = —u. When the electrode in the simulation is
neutral, the calculated u is related to the potential of zero charge (PZC). By plotting the
calculated PZC and experimental PZC of different metal surfaces, one can extrapolate the

potential of standard hydrogen electrode (SHE).
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The procedures of charge-potential curve simulation via JDFT are: (1) Build a slab
model with the vacuum thickness larger than 10 A to avoid inter-layer interaction; (2)
Optimize the electrode structure (ionic and lattice optimization) via general electronic DFT
code; (3) Specify a solvation model (Linear PCM, Non-linear PCM, SalSA, CANDLE etc.)
and parameters (concentration, ion type, solvent etc.), then import the optimized electrode
structure and run JDFT calculation. The calculated Fermi level is treated as the potential
of zero charge and the zero potential reference € = —pu; (4) Transfer the target surface
charge density or gravimetric charge density to unit cell charge, then redo the electronic
structure calculation under the same solvation condition with target electrode charges; (5)
By calculating the voltage € at various charge Q, one can plot the Q- € curve and calculate
the capacitance by differentiating the curve. The parameters (both for electronic structure
part and solvation part) used in our simulation are in the “method” section in each chapter,

which can help readers to learn the JDFT code and reproduce my computation.
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Chapter 3. Quantum Effects on the Capacitance of Graphene-based Electrodes
3.1 Introduction

Electric double-layer capacitors (EDLCs) are a type of supercapacitors that have
high power density and long cycle life. Unlike rechargeable batteries, EDLCs store electric
energy at solid-electrolyte interfaces by applying a bias voltage.! The specific capacitance
of an EDLC is on the order of hundreds of Farads per gram, much greater than that of a
conventional dielectric capacitor.” In recent years, graphene has been found to be a
potential electrode for EDLCs.® Unlike traditional electrodes such as metals, graphene
electrodes are unique two-dimensional materials with a quantum capacitance (QC).* This
quantum effect arises from the limited electronic density of states at the Fermi level: when
the graphene electrode is charged, electrons begin to occupy higher-energy states, leading
to quantum capacitance.

In an EDLC of graphene and electrolyte, the total capacitance reflects the overall
effect of quantum and electric double-layer (EDL) capacitances (Eq. 3-1). Quantum
capacitance (Cq) depends on the material’s electronic structure, while EDL capacitance

(CepL) depends on the electrode-electrolyte interfacial structure.> ©

— = 3-1

Ceotat  Co CEDL

For a metal electrode, quantum capacitance is extremely high due to the large electronic
density of states at the Fermi level. As a result, its contribution to the total capacitance is
negligible given the inverse-sum relationship in Eq. 3-1, and the experimentally measured

capacitance of a metal electrode hence corresponds to the EDL capacitance. For a 2D-
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material such as graphene, quantum capacitance and EDL capacitance are on the same
order of magnitude, thereby greatly influencing the total capacitance.

According to recent experiments’- ® the quantum capacitance dominates the total
capacitance for single-layer graphene in both ionic liquid and aqueous electrolytes. The
new discovery raises an important question about the contribution of the quantum
capacitance in the diverse carbon materials used in EDLCs. For example, commercial
EDLC:s use activated carbons as electrodes. How important the quantum capacitance is for
those carbon materials remains unclear. As a first step to address this question, we consider
variation of quantum capacitance with the graphene thickness. High-resolution
transmission electron miscopy (TEM) images of porous carbons show that their walls
consist of a few layers of stacked graphene.’ In this paper, we investigate the quantum
capacitance and their contribution in the total capacitance at the graphene/electrolyte
interface as a function of the graphene layers for both the ionic-liquid and aqueous
electrolytes.

3.2 Computational Methods

Quantum capacitance is computed with the electronic density functional theory
within an implicit solvation model as implemented in the JDFTx software.'” ' Periodic
boundary conditions (that is, the supercell model) were used to describe the interface:
single layer graphene was modeled as a lateral 2.460 X 2.460 A? thombus sheet with a unit-
cell length of 2.460 A, close to the experimental value of 2.461 A; the vacuum or electrolyte
layer above the graphene electrode was modeled as a 20-A slab along the z-direction.

Generalized gradient approximation in the form of Perdew-Burke-Ernzerhof (GGA-PBE)
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functional is applied to describe the exchange-correlation energy.!? Ultra-soft
pseudopotential is used to describe the interaction between the nuclei and the electrons;!?
the electron wavefunctions are described by a plane-wave basis set with a kinetic energy
cutoff of 20 hartree. 24X24X1 k-point mesh is used to sample the Brillouin Zone. The

linear polarizable continuum model (PCM)!? is coupled with an implicit solvent model to

fill the vacuum layer to study the influence of the electrolyte on the quantum capacitance.

. . . d . .
Quantum capacitance is defined as Cy = i , where Q is the excessive charge on

the graphene electrode, and ¢ is external potential. Q can be expressed by an integral term
related to the electronic density of state (DOS) and the Fermi-Dirac distribution function
f(E). When the chemical potential of electrons is shifted by applying an electrical

potential, ¢ /e, the graphene charge is

+00
Q=e/_, DEf(E) - f(E - p)]dE, 3-2
where E is the relative potential to the Fermi level. By differentiating Q with respect to ¢,

one obtains Cq:

_dQ _ e? (+= 2 [E-9
Co = Go =1z /2 D(B)sech [m] dE 33

By obtaining DOS from the electronic DFT calculations, we can readily calculate the
quantum capacitance from Eq. 3-3.!* Here we should note that our quantum capacitance
calculation is based on Fix-Band-Approximation® !°, which means that the band structure
and density of states in the system is not affected by the electron occupation. Recently
published paper has improved the quantum capacitance modeling by introducing the

relaxed band structure in a charged system, which gave a more accurate and deeper
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understanding on quantum capacitance.'® When calculated few layers graphene system, we
also doing the calculation without screening effect in inner graphene layers. Recent paper
reported that few layers graphene can completely screen the electric field when the layer
number go up to four.!” Thus, our model will overestimate the quantum capacitance in few
layers graphene. Although our quantum capacitance modeling is not perfect, we can still
see its influence on total capacitance due to its low value at Fermi Level. Since quantum
capacitance go up rapidly and can be very large, calculation with or without screening
effect can both give similar total capacitance.

Classical density functional theory is used to obtain EDL capacitance for graphene
in contact with an ionic liquid or aqueous electrolyte. The details of the CDFT calculations
have been published before.'®?* Briefly, we obtain the EDL differential capacitances by
computing the surface charge densities at various surface potentials. The ionic liquid is
modeled as a mixture of charged hard spheres of single valence and equal size (0.425 nm
in diameter) at a molar volume of 154 cm®/mol at 298 K. The model system mimics that
of a typical ionic liquid such as 1-ethyl-3-methylimidazolium tetrafluoroborate
[emim][BF4]. An aqueous NaF electrolyte of 1 M in 298 K is modeled as charged hard
spheres of 0.116 nm and 0.119 nm in diameter for the cations and anions, respectively. The
Stern layer capacitance is calculated using the bulk dielectric constant (¢ = 6) of NaF due
to the compact layer formed at the surface observed in the density profile. Compared with

24-28

classical molecular dynamics, an alternative approach to obtain EDL capacitance,

classical DFT is much more efficient. With both quantum capacitance and EDL
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capacitance calculated from electronic and classical DFT, respectively, we then compute
the total capacitance.

We establish the total capacitance as a function of applied voltage (¢,) by
combining Cq and CgpL as described in Hwang’s work.'* 2 We calculated quantum
capacitance as a function of @ ¢ = (E — Epermi)/e and EDL capacitance as a function of
QepL = @ — @pzc- The applied voltage is the sum of partial voltage in QC and EDL, thus
we have ¢, = @oc + @gpr- Co amd Cepr are both voltage-dependent, but they share the
same interfacial charge. Thus, we can obtain the relationship between surface charge
density with applied voltage by summing up the ¢ and @gp,, at the same surface charge
density from quantum and EDL charge curve, as shown in Figure 3-2(c) and Figure 3-3(c).

3.3 Results and discussion

3.3.1 Quantum capacitance of single-layer and multi-layer graphenes

Figure 3-1a shows the quantum capacitance of a graphene electrode of different
thickness next to the vacuum. One can see that the quantum capacitance exhibits a “V”
shape near the Fermi level with the slope increasing proportionally to the number of layers.
The thickness effect can be expected from the definition of quantum capacitance in Eq. 3-
3.1% As the number of layers increases, the total electronic DOS per unit area of the
electrode surface increases proportionally. The non-zero quantum capacitance at the Fermi
level can be interpreted by the thermal broadening function in Equation 3-3, consistent with
the experimental observation.!'

To examine the effect of an electrolyte on the quantum capacitance, we computed

the quantum capacitance for a 1.0 M NaF aqueous electrolyte. The theoretical results
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(Figure 3-1b) indicate that the presence of an electrolyte only slightly affects the quantum
capacitance of a graphene electrode with few layers. The electrolyte effect is negligible for
the single-layer graphene. In our calculation of the quantum capacitance using JDFT, the
total Hamiltonian and free energy functional have included the implicit solvation part via
an exact dielectric function and the Debye screening effect.'” In the free-energy functional,
all terms including the fluid part are electron density dependent. An electrolyte affects the
quantum capacitance by shifting the Dirac point; however, the shift is small for a single-

15,31 and

layer graphene as found previously.* In addition, both experimental observation
ab initio molecular dynamics simulation®> have shown that the quantum capacitance of a
single-layer graphene is insensitive to the presence of an electrolyte.

Direct measurements of quantum capacitance of a graphene electrode have been
reported recently. Tao et al. measured quantum capacitance of single layer graphene in an
ionic liquid electrolyte,'® and obtained a value of about 6.7uF/cm? at the Fermi level. Wang
et al. obtained quantum capacitance by capacitance bridge technique in a vacuum?®! and
found a value of about 0.8 uF/cm? at the Fermi level in vacuum. Our calculated quantum
capacitance is about 1.3 uF/cm?, close to Wang’s result. Tao et al. explained their
abnormally high quantum capacitance at the Fermi level in terms of the charge impurity

effect induced by electrolyte during measurement. '
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Figure 3-1. FBA based quantum capacitance of a graphene electrode with different numbers of
graphene layers in (a) vacuum; (b) a 1.0-M NaF aqueous electrolyte.

3.3.2 Total capacitance for an aqueous electrolyte next to a single-layer graphene

It is computationally challenging to directly model the total capacitance of an
electrode/electrolyte interface, as one has to simultaneously model both the electronic
response in the electrode and the mobile-ion response in the electrolyte. Although JDFT!®
' can in principle solve this problem, the classical DFT part in the JDFT approach is still
under development. We instead employed a more practical and commonly used
approach,® %2 by simulating quantum capacitance and electric double layer capacitance
separately and then combining them together to obtain total capacitance.

Figure 3-2(b) presents the calculated total capacitance of single-layer graphene in
a 1M aqueous electrolyte solution. One can see that the total capacitance is mostly
dominated by quantum capacitance near the potential of zero charge (PZC) Here the PZC
is 0 V in classical DFT simulation. Especially, from -0.1 to 0.1 V, the total capacitance is

nearly equal to quantum capacitance in Figure 3-2(a). As the absolute potential increases,
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the EDL capacitance becomes more significant. At |¢[=0.6 V, quantum capacitance is
similar to EDL capacitance and the total capacitance is about half of the EDL capacitance.
Thus, in single-layer graphene, the quantum capacitance always plays an important role.
Qualitatively, our calculated total capacitance of single-layer graphene is in good

8,33

agreement with recent experimental results,™ °> which also show a V-shaped capacitance-

potential curve.
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Figure 3-2. (a) Charging curve corresponds to Cq, Cepr and Cy. (b) Total differential capacitance
of single layer graphene in 1M NaF.

3.3.3 Total capacitance for an ionic-liquid electrolyte next to a single-layer
graphene

As shown by our earlier studies, classical DFT is a powerful tool for studying the
EDL capacitance in ionic liquids.>*3® The calculated total capacitance of the interface
between a single-layer graphene electrode and an ionic-liquid electrolyte is plotted in
Figure 3-3(b) by combining the quantum capacitance from electronic DFT and the EDL

capacitance from classical DFT prediction. One can see that the EDL capacitance shows a
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“bell” shape, which is related to ionic concentration and has been predicted by analytical
theories,’” classical DFT calculations,* and molecular dynamics simulations.*® ** The
calculated total capacitance shows a V-shaped capacitance-potential curve, which matches
the experimental measurement in ionic liquid very well.” Around the PZC (within +/- 0.4
eV), quantum capacitance also dominates the total capacitance in ionic liquid. But at higher
voltages (|o-¢pzc|=0.6 V), the EDL capacitance tends to approach total capacitance and

becomes more important, although quantum capacitance still has a significant contribution.
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Figure 3-3. (a) Charging curve corresponds to Cq, Cepr and Cy.. (b) Total differential capacitance
of single layer graphene in ionic liquid.

3.3.4 Total capacitance as a function of the number of graphene layers.

The results above show that quantum capacitance is very important for the single-
layer graphene electrode both in aqueous and ionic-liquid electrolytes. However, as the
number of graphene layers increases, the quantum capacitance rises significantly (Figure
3-1) and thus it would be interesting to see how the corresponding total capacitance

changes. Figure 3-4(b) shows the total capacitance of few-layer graphene electrodes in an
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aqueous electrolyte solution. The capacitance increases significantly from a single-layer to
a double-layer graphene. As the number of layers further increases, however, the
capacitance increase becomes smaller and the V shape of the total capacitance profile tends
to converge beyond around four layers. In addition, the V shape near the PZC becomes
narrower due to the diminishing contribution of the quantum capacitance.

The layer effect in an ionic liquid is plotted in Figure 3-5(b). Unlike the V shape
capacitance-potential curve obtained from the aqueous electrolyte, the total capacitance in
the ionic liquid changes from a “bell shape” to a “camel shape” as the number of graphene
layers increased. This change is due to the bell-shaped EDL capacitance in an ionic liquid
and the diminishing contribution of the quantum capacitance for electrodes with a large
number of graphene layers. For the single-layer graphene, the capacitance is dominated by
the quantum capacitance, so its total capacitance is V-shaped. As the number of graphene
layers increases, the total capacitance is still dominated by the quantum capacitance near
the PZC, but away from the PZC (for example, more than 0.4 eV away), the total
capacitance is dominated by the bell-shaped EDL capacitance. Consequently, the overall
potential dependence shows a camel shape. The total-capacitance profile tends to converge

beyond four layers of graphene.
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Figure 3-4. (a) The relationship between surface charge and potential drop in few layers graphene.
(b) Calculated total capacitance as a function of the layer number in few layers graphene in 1M
NaF aqueous electrolyte.
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Figure 3-5. (a) The relationship between surface charge and potential drop in few layers graphene.
(b) Calculated total capacitance as a function of the layer number in few layers graphene in ionic
liquid.

3.3.5 Comparison of integral capacitance from -0.6 V to 0.6 V

In practical operations, a supercapacitor typically consists of two symmetric carbon

electrodes that are charged up to the electrochemical window of the electrolyte: 1.2 V for

aqueous electrolytes and 2.5 to 3.0 V for ionic liquids. It would be more informative to
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compare the integral capacitance at an experimentally reasonable voltage range sufficiently
away from the PZC and evaluate the influence of the quantum capacitance. Toward that
end, we chose -0.6 to 0.6 V for the sweep range of electrode voltage, and the results for
both aqueous and ionic liquid electrolytes are plotted in Figure 3-6(a). In both cases, the
capacitance almost levels off beyond four layers of graphene. Our results agree well with
a recent experiment for the ionic-liquid/graphene interface, which shows that total
capacitance is limited by quantum capacitance when the number of graphene layers (N) is
less than four and by EDL capacitance for N > 4.”

We have further analyzed the relative contribution of quantum capacitance and
EDL capacitance in total differential capacitance for the case of the six-layer graphene at
different surface potential. Figure 3-7 shows that, away from the PZC, the total capacitance
is dominated by EDL capacitance although quantum capacitance is comparable to EDL
capacitance at PZC. Due to the inverse-sum relationship in Eq. 3-1, when the quantum
capacitance is much greater than the EDL capacitance, its contribution to the total
capacitance becomes negligible and the EDL capacitance dominates the total capacitance.
In addition, from partial voltage analysis on Cq and CepL, we can also see that as the applied
voltage go up, the partial voltage on Cq becomes less dominative. When the total applied
voltage is 0.2 V, the partial voltage contribution of Cq is 0.11 V which is more than half of
the total. When the applied voltage go up to 0.6 V, the voltage contribution of Cgq is 0.24
V and its corresponding Cq is quite large. Thus, the total capacitance is dominated by EDL

capacitance.
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Figure 3-6. (a) Integral capacitance of a graphene electrode from -0.6 V to 0.6 V applied voltage
as a function of the number of graphene layers in both aqueous and ionic liquid electrolytes. (b)
Capacitance contribution in few layer graphene in aqueous electrolyte, corresponding to integral
quantum, EDL and total capacitance at same surface charge density.
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Figure 3-7. Relative contributions of quantum and EDL capacitances to the total differential
capacitance of a six-layer graphene electrode at different voltage.

3.3.6 Relevance to realistic carbon electrodes
Activated carbon represents the most widely used electrode material for EDLCs;
recent developments use other carbons such as carbide-derived carbons, onion-like
carbons, and mesoporous carbons.* *! High-resolution TEM images indicate that all these
carbons consist of stacked graphene layers at the pore walls.” ** In other words, the

electrode surfaces are typically made of a few layers of graphene. Our work suggests that,
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for these realistic carbons and away from the PZC, the quantum capacitance is probably
insignificant for the performance of EDLC devices if the carbon pore-wall thickness is
above three. In addition, our partial voltage analysis shows that even when the layer
number go up to six and total capacitance is converged due to large quantum capacitance,
Cq can still consume about 1/3 applied voltage. This energy cost on electrode will induce
a big waste! Thus, increasing conductivity (or quantum capacitance) is also a promising
way to increase energy storage and efficiency.
3.4 Summary and conclusions

We have studied the quantum capacitance and the total capacitance of graphene
electrodes as a function of the number of graphene layers for both aqueous and ionic-liquid
electrolytes. The quantum capacitances were predicted from electronic density functional
theory based on Fix-Band-Approximation with an implicit solvation model and the
electric-double layer (EDL) capacitances were from classical density functional theory. For
both aqueous and ionic-liquid electrolytes, quantum capacitance plays a dominant role in
the total capacitance of a single-layer graphene electrode. The overall potential-dependent
profile of total capacitance increases with the number of graphene layers but the extent
diminishes quickly. When the number of layers reaches four, the total capacitance tends to
converge and the EDL capacitance dominates at voltages sufficiently different from the
potential of zero charge. Our work here shows that, for supercapacitors with realistic

carbon electrodes, the capacitance performance depends on the pore-wall thickness.
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Chapter 4. Enhancing graphene capacitance by nitrogen: effects of doping
configuration and concentration
4.1 Introduction

Electric double-layer capacitors (EDLCs), also called supercapacitors, store electric
energy physically at the electrode-electrolyte interface by the formation of electric double
layer under a bias voltage.! The specific capacitance of an EDLC can be much greater than
that of a conventional dielectric capacitor.? In recent years, carbon nanomaterials such as
carbide-derived carbons and graphene have become popular as supercapacitor electrode
materials due to their combination of good conductivity and high specific surface area.””
Graphene, unlike a traditional metal electrode, has a different capacitive performance due

to its quantum capacitance, %!

which is caused by its limited density of states (DOS) near
the Fermi level.
In graphene supercapacitor, total capacitance C,¢q; reflects the overall effect of

quantum capacitance Cyp and the electric double-layer (EDL) capacitance Cgp,, and can be

estimated by

L= 4-1

Ceotat  Co CeDL

if one ignores the polarization effect of solvent on the electronic structure of electrode
surface.'® Under this assumption, one can treat quantum and EDL capacitance separately
to study the total capacitance.® '* !> The contribution of quantum capacitance to the total
capacitance is negligible when the electrode is metal such as Pt which has extremely large
DOS near the Fermi level. However, in graphene and graphene-like 2D systems, quantum

capacitance is significant because it is comparable to the EDL capacitance.
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A consequence of the theoretical relationship of quantum, EDL, and total
capacitances in Eq. 4-1 is that Cyyrq; < min(CQ, C EDL), suggesting that in cases where the
quantum capacitance is less than the EDL capacitance, the total capacitance may be
increased by increasing quantum capacitance. To alter the DOS and thus change the
quantum capacitance, the most common and widely used way is doping. Nitrogen-doped
graphene has been studied for many years and shows a higher capacitance than pristine
graphene and porous carbon.!®?* Ruoff et al. attributed this capacitance enhancement to
quantum capacitance increase,'® but Choi explained the capacitance increase by the higher
binding energy between pyridinic group and cation.'® So this topic is still controversial due
to the complex structure of N-doped graphene and the experimental difficulty of accurate
measurement of the quantum capacitance.

In this paper, we aim to elucidate the role of N-doping in graphene capacitance. To
simplify the complex structure, we separately study the three most common configurations
in N-doped graphene: graphitic, pyridinic, and pyrrolic. In N-doped carbons, these three
configurations can be distinguished by X-ray Photoelectron Spectroscopy (XPS) of N 1s
binding energy,? as experimentally observed.?® Here we focus on a single-layer graphene
sheet to elucidate the influence of N-doping on quantum capacitance and EDL capacitance.

4.2 Computational methods

Quantum capacitance is calculated by the electronic density functional theory
(DFT) with implicit solvation model through the JDFTx code.?”- 2 N-doped graphene is
modeled by a two-dimensional sheet with periodic boundary conditions; the lateral

supercell is built up with repeating unit cells of graphene of a 2.46 A lattice parameter,
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close to the experimental value of 2.461 A in pristine graphene. The thickness of the
vacuum slab is 20 A above graphene sheet along the z direction and filled with an implicit
electrolyte (that is, a dielectric continuum). The generalized gradient approximation in the
form of Perdew-Burke-Emzerhof functional is applied to describe the exchange-correlation
effect.?’ Ultra-soft pseudopotential is used to describe the interaction between nuclei and
valence electrons.’® The optimization of ionic position is accomplished by the BFGS
algorithm at fixed lattice constant with 20 hartree cutoff energy for the planewave bases,
6X6x1 k-point mesh to sample the Brillouin Zone, and 10 hartree tolerance in total
energy for convergence. For accurate calculation of the density of states D(E) near the
Fermi level, a 40 hartree cutoff energy and a 48x48X1 k-point mesh are used. From D(E),

we can readily calculate the quantum capacitance from

_dQ _ e? (+= 2 [E+e
0 =G = 1z [T D(B)sech [m] dE 42

where Q is the excessive charge on the electrode and ¢ is external potential. See Ref. 14
for details about how we compute Cq.

Classical Molecular Dynamics (CMD) simulations were performed to obtain EDL
capacitance based on the same nitrogen-doped configurations as those used in calculating
quantum capacitance. As illustrated in Fig. 1a, the simulated channel system consists of a
slab of 1.0 M NaCl aqueous solution enclosed between two electrodes. The separation
between the two electrodes was set to 5.0 nm to ensure a bulk-like behavior of the
electrolyte in the channel center. The SPC/E model was used for the water molecules;>! the
Lennard-Jones (LJ) parameters for Na* and CI- were taken from the work of Smith et al.*

All atoms in the electrode were described by a polymer consistent force field (PCFF)* 3
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and were fixed in space during the simulation. The electrode-electrolyte interaction
included the Coulombic contribution (accounted for from the electrostatic interaction
between atomic charges) and the van der Waals (vDW) contribution (accounted for from
the LJ potentials). The LJ parameters for the vdW interaction between an electrode atom

(type 1 with LJ parameters o;; and €;;) and an electrolyte atom (type j with LJ parameters

. . 1
gjj and €;;) were obtained by using Lorentz-Berthelot rules: 0;; = > (0;; + gjj) and €;; =

(Eiiejj)l/z-

The simulations were performed in the NVT ensemble using the MD package
GROMACS.*® Since the system has a slab geometry, the slab-PME method®® was used
here to compute the electrostatic interaction. The dimension vertical to the electrode was
set to be 5 times the electrode separation to guarantee that the accuracy of the electrostatic
force calculation is comparable to that of the two-dimensional Ewald method.*” Each
simulation was initiated at 800 K for 2 ns, followed by 9 ns of equilibrating at 298 K, with
temperature controlled by Berendsen thermostat. Another 15 ns of production run was
performed for analysis. The time step of 2 fs was applied and the atomic positions were
saved every 4 ps. Our past experience showed that 2-fs time step is sufficient enough to
yield stable dynamics for the aqueous systems. Herein, we indeed found that 2-fs time step
afforded stable dynamics and stable electrostatic potential profiles in the water/graphene
system.*®3? In addition, to ensure statistical accuracy, each simulation was repeated 3 times
with different initial configurations (electrode configurations shown in Fig. 4-1b-d).

Different electrical potentials were created by varying the surface charge densities

of the electrode. The excess charges were evenly distributed to each atom. The final partial
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charge of each atom is comprised of the excess charge and the partial charge from force
field. MD calculation setup is similar to previous work. 4

We establish the total capacitance as a function of applied voltage (¢,) by
combining Cq and Cgpr as described in literature.'* First, we calculated the charging curves
(Q vs.) for both quantum and EDL capacitances separately: quantum capacitance as a
function of @oc = (E — Efermi)/e and EDL capacitance as a function of @gp, = ¢ —
@pzc- Then, we used the interfacial charge Q to connect the two capacitances by obtaining
the corresponding potential drops @gp;, and @q¢ from EDL and quantum capacitances,
respectively, at the same surface charge. So the total applied potential drop ¢, = @gpL +
@oc and total capacitance is therefore Ciot = Q/¢@,. By varying Q, the charging curve for

the total capacitance is obtained.*!
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(a)

(b)

(c)

(d)

Fig. 4-1. (a) Snapshot of the MD simulation system; (b) graphitic N-doped graphene sheets with
doping percentage of 3.1%, 5.5% and 12.5% from left to right; (c) pyridinic N-doped graphene
with doping percentage of 6.1%, 9.7% and 17.6% from left to right; (d) pyrrolic N-doped graphene
with doping percentage of 3.2% and 5.9% from left to right. The concentration percentage is
defined by the atom ratio from the number of atoms in the system (C and N). For instance, the N
concentration is N atoms/(N atoms +C atoms). Grey, blue, purple, green, red and white balls denote
the carbon, nitrogen, Na*, CI°, oxygen and hydrogen atoms respectively.
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4.3 Results and discussion
We first examine the quantum capacitance, then the EDL capacitance, and finally
the total capacitance of N-doped graphene electrodes.
4.3.1 Quantum capacitance of different N-doping configurations at low
concentration
We calculated the quantum capacitance of the N-doped graphene with different
doping mole concentration. The three most common configurations are chosen: graphitic,

pyridinic and pyrrolic,?® 44

as shown in Fig. 4-1b, 4-1c and 4-1d, respectively. The
quantum capacitance and Density of States (DOS) of these three N-doping configurations
are plotted in Fig. 4-2 and Fig. 4-3, respectively. One can see that graphitic and pyridinic
N-doping configuration can greatly increase quantum capacitance, but pyrrolic N shows a
“V”-shaped curve similar to pristine graphene.

The quantum capacitance shown in Fig. 4-2 can be explained by the n-doping and
p-doping mechanism in graphene sheet.*’ In the pyrrolic N-doping configuration, N atom
can donate an extra electron in the P, orbital due to the formation of N-H bond but the
associated C vacancy results in the loss of one electron in the delocalized m bond. Thus,
the total number of electron does not change compared to pristine graphene. This explains
why the pyrrolic N-doping configuration shows a “V”’-shaped quantum capacitance similar
to pristine graphene; the DOS plots of pristine graphene and pyrrolic-N-doped graphene
are also similar (Fig. 4-3). Graphitic N-doping can be regarded as an electron donator,

which contributes one more electron to the delocalized m bond than C atom. Thus, the

“Dirac Point” moves toward higher energy position and the DOS near the Fermi level
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increases (Fig. 4-3), so the quantum capacitance increases. In pyridinic N-doping, the
number of electron on the P, orbital of nitrogen does not change, but pyridinic N-doping
causes a C vacancy and the system loses one electron compared to pristine graphene. Thus,
the system is like a p-doping semiconductor, which shifts the “Dirac Point” down; the DOS
near the Fermi level increases greatly (Fig. 4-3) and the quantum capacitance increases

consequently.

450 - —a— Pyridinic
—e— Graphitic
400 - —v— Pyrrolic

—a— Graphene

Quantum Capacitance (uF/cm?)

Fig. 4-2. Quantum capacitances of graphitic, pyridinic, and pyrrolic N-doped graphenes, with mole
fraction of nitrogen at 3.1%, 9.7%, and 5.5%, respectively, in comparison with that of pristine
graphene.
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Fig. 4-3. Total Density of States (DOS) of graphitic, pyridinic, and pyrrolic N-doped graphenes,
with mole fraction of nitrogen at 3.1%, 9.7%, and 5.5%, respectively, in comparison with that of
pristine graphene.

4.3.2 Quantum capacitance of graphitic N-doped graphene at different doping
levels

We computed the quantum capacitance of graphitic N-doping configuration with
different doping concentrations and the results are plotted in Fig. 4-4. One can see that
quantum capacitance exhibits considerable fluctuation, which is different from a smooth
curve from a previous report.*® This may be due to our much denser k-point sampling in
the Brillouin zone. We found that high doping concentration can increase quantum
capacitance and change the peak position, due to the corresponding change in the total
DOS with concentration. As mentioned above, graphitic N-doping can be treated as the n-

doping type semiconductor, which will cause the “Dirac Point” move to the position below
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Fermi level. Thus, as the concentration goes down, quantum capacitance decreases and the

“Dirac Point” tends to move back to the Fermi level.

2501 e 125%
: ‘\ v 5.5%
200 A 31%
¢ . 2%
1504 + Graphene

.
\\

100 4/

Quantum Capacitance (uF/cm?)

Fig 4-4. Quantum capacitance of graphitic N-doped single layer graphene with different doping
concentrations in comparison with that of pristine graphene.

4.3.3 Quantum capacitance of pyridinic N-doped graphene at different doping
levels

The quantum capacitance of pyridinic N-doped graphene with different doping
concentrations is plotted in Fig. 4-5. In pyridinic N-doping configuration, the quantum
capacitance enhancement is much stronger than graphitic N-doping under a comparable
doping concentration. The quantum capacitance maximum can reach 400 pF/cm? in
pyridinic N-doping configuration with the 9.7% doping concentration, but the quantum

capacitance maximum is only ~250 puF/cm? with 12.5% graphitic N-doping. However, the

61



quantum capacitance fluctuation in pyridinic configuration is much stronger. Unlike
graphitic N-doping, the quantum capacitance of pyridinic N-doping configuration will be
very close to zero when the potential is below more negative than -0.4 eV. This character
in pyridinic configuration does not depend on the doping concentration and will severely
limit the total capacitance when the applied voltage is significantly negative. This
extremely low quantum capacitance can be explained by the existence of a small gap at the
“Dirac Point” caused by the p-type doping mechanism. One can see this gap in the DOS

plot (Figure 4-3) at 0.5 ~1.0 eV, corresponding to a negative electrode potential of about -

0.5t0-1.0V.
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Fig 4-5. Quantum capacitance of pyridinic N-doped graphene with different doping concentrations.

4.3.4 Quantum capacitance of pyrrolic N-doped graphene.
The quantum capacitance of pyrrolic N-doping graphene with different doping
concentration is plotted in Fig. 4-6. Unlike the graphitic and pyridinic N-doping

configurations, pyrrolic N-doping configuration exhibits a “V”-shaped quantum
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capacitance similar to that of pristine graphene when the doping concentration is low. As
discussed previously,* pyrrolic N-doping configuration has the same amount of electrons
as pristine graphene and can be regarded as neither n-type nor p-type doped graphene due
to the formation of N-H bond and vacancy. For a graphene or quasi-graphene type of 2D
materials, the total DOS always shows a “V” shape and the “Dirac Point” will be near the
Fermi level. At low doping concentration, the correlation of pyrrolic N-doped graphene
and vacancy between each unit cell can be treated as a small perturbation. Thus, the total
DOS and quantum capacitance are very close to those of pristine graphene. However,
things are different when doping concentration is quite large. In this situation (doping
concentration is 5.9%), quantum capacitance approaches zero near the Fermi level due to

a gap in the total DOS as shown in Fig. 4-7.
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Fig 4-6. Quantum capacitance of pyrrolic N-doped graphene with different doping concentrations
in comparison with that of pristine graphene.
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Fig 4-7. Total electronic density of states of pyrrolic N-doped graphene with the doping
concentration of 5.9%.

4.3.5 EDL capacitance of N-doped graphene in 1M NaCl aqueous electrolyte

Generally speaking, the EDL capacitance of carbon electrodes is ~20 puF/cm? in
aqueous electrolyte® and ~8 uF/cm? in ionic liquid.*’*** The voltage window is about PZC
+0.6 V in an aqueous electrolyte and about PZC £1.5 V in an ionic liquid. Since the
quantum capacitance that we explored lie mainly and is more reliable in PZC +0.6 V, we
focus on the capacitance of doped graphene electrodes in an aqueous electrolyte.

The differential capacitance of N-doped graphene calculated by MD simulation in
IM NaCl aqueous electrolyte is plotted in Fig. 4-8. One can see that comparing with
pristine graphene, the EDL capacitance is almost the same for the pyrrolic configuration
and perturbed to a small degree in the case of graphitic and pyridinic configurations. At
high levels of doping, the differential capacitance is likely affected by the partial charge of

dopant, causing the change on EDL capacitance curves as shown in Fig. 4-8b and 4-8c. In
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most experimental studies, the total nitrogen content is lower than 10%;* in this case, Fig.
4-8 shows that the EDL capacitance does not change much in comparison with that of
pristine graphene. This conclusion was also found previously for N-doped graphene in an
ionic liquid electrolyte.*

From the EDL capacitance in Fig. 4-8, we can conclude that the capacitance
enhancement caused by N-doping effect is not due to EDL capacitance. From Eq. 4-1, we
know that total capacitance can be estimated from knowledge of both the quantum
capacitance and EDL capacitance. Consequently, quantum capacitance may be the key
factor in explaining the capacitance enhancement of N-doping effect. Specifically, the
inequality Ciorq; < min(CQ, C EDL) suggests that in those N-doped systems in which €, <
Cgpr » the quantum capacitance will be the predominant determinant of the total

capacitance. For systems in which Cy > Cgp,, the EDL capacitance will be the

predominant determinant of total capacitance.
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Fig 4-8. Electric double-layer (EDL) capacitance of (a) pristine graphene, (b) graphitic, (c)
pyridinic and (d) pyrrolic Nitrogen-doped single layer graphene with different doping
concentrations. The EDL capacitance is obtained from classical MD simulation for 1M NaCl
aqueous electrolyte.

4.3.6 Total integral and differential capacitance of N-doped graphene in 1M NaCl
electrolyte

Now that we have computed both quantum and EDL capacitances separately, we
can combine them to obtain total capacitance. To compare with experiment more clearly,

we used the charging curve based on Cqand CgpL to calculate the integral capacitance from
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-0.6 V to 0.6 V (Table 4-1). One can see that compared to pristine single-layer graphene,
the integral capacitance increases about 63% in graphitic and 82% in pyridinic N-doping,
but only by 4% in pyrrolic N-doped graphene. The capacitance enhancement in our
prediction is in good experiment with Fu et al.’s experimental work?? that showed
capacitance enhancement about 50% for graphitic- and pyridinic-dominated
configurations. Choi et al. applied nitrogen plasma to treat the graphene sample that may
have caused more defects, and they found higher increases (over two times).!8

We can obtain further insights from the total differential capacitance plotted in Fig.
4-9. Graphitic and pyridinic N-doped graphene both have high and similar integral
capacitance, but very different differential capacitance. Graphitic N-doped graphene
exhibits a more stable and flat differential capacitance in the voltage window. Pyridinic N-
doped graphene exhibits a larger differential capacitance than graphitic N-doped graphene
at negative surface potential, but the differential capacitance goes down as the electrode
potential go up. In addition, the calculated total differential capacitance curves of graphitic
and pyridinic are very close to the EDL capacitance obtained from MD simulation. This is
because for both graphitic and pyridinic nitrogens, quantum capacitances are much larger
than EDL capacitances and the total charging dictated by the EDL charging. Unlike
graphitic and pyridinic N-doped graphenes, pyrrolic N-doped graphene shows a “V’-
shaped differential capacitance similar to that of pristine graphene and in good agreement

with the experiment. '
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Table 4-1. Integral capacitance of different types of N-doped graphene. The voltage window is
from-0.6 Vto 0.6 V.

N-type Integral Capacitance (uF/cm?)
Pristine Graphene 293
Graphitic 4.79
Pyridinic 5.34
Pyrrolic 3.05
10 - C
—a— Pyridinic Nitrogen
—e— Graphitic Nitrogen
—v— Pyrrolic Nitrogen
< —=— Graphene
&
L
2
3
S
.‘é
&
O
0 T T T T T T T T T T T 1

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
P-Ppzc (V)

Fig 4-9. Total differential capacitance of different types of N-doped graphene for 1M NaCl aqueous
electrolyte
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4.3.7 Relevance to real N-doped carbon electrodes

In real carbon or nitrogen-doped carbon materials, the electrode structure is very
complicated. Experimentalists always measure BET surface area and pore size distribution
to obtain some porosity information in carbon material. For N-doped graphene, the
commonly used way to identify different nitrogen types and their relative concentrations is
XPS measurement of N 1s binding energy (B.E.). Our calculation has shown that different
types of N-doping configuration have different quantum capacitance and differential
capacitance. In real situation, experimentally obtained nitrogen doped graphene is a
mixture of different N-doping configurations. Thus, the integrated capacitance should
depend on the relative proportion of each configuration, which can be well controlled by

synthesis method*> *

and characterized by XPS. It has been shown both experimentally
and theoretically that pyridinic and pyrrolic nitrogens have stronger thermal stability than
graphitic nitrogen in high temperature.'® 2> 23- 5% Combining the thermal stability and our
capacitance study, one can arrive at important implications for capacitance enhancement
in N-doped graphene systems. The most important implication is that one should increase
the concentrations of pyridinic and graphitic nitrogens and decrease that of pyrollic type to
increase capacitance. Since graphitic nitrogen is much less stable than the other two types,
one should focus on the pyridinic type if high-temperature treatment is needed in synthesis.

Our calculated quantum capacitance (Fig. 4-6) and differential capacitance (Fig. 4-
9) of pyrrolic N-doped graphene both show a “V”-shaped capacitance vs. voltage curve,

which is very similar to pristine graphene. This calculation shows very good agreement

with Ruoff et al.’s experimental measurement in aqueous electrolyte;'® their XPS analysis
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showed that most nitrogen atoms are in the pyrrolic configuration. The large capacitance

17.19 i3 probably caused by graphitic and pyridinic

enhancement observed by Choi'® and Liu
N-doping configuration.
4.4 Summary and Conclusions

We have calculated the quantum, electric double-layer (EDL), and total
capacitances of N-doped graphenes of different N types and concentrations to investigate
their effects on capacitance. The EDL capacitance was calculated by classical MD
simulation and quantum capacitance by Kohn-Sham DFT. Graphitic and pyridinic
configurations greatly increase quantum capacitance, proportional to the doping
concentration. Pyrrolic configuration shows a “V”’-shaped quantum capacitance similar to
that of pristine graphene, hence no enhancement. Classical MD simulations of the doped
graphene electrodes in 1M NaCl aqueous electrotype showed that N-doping has little effect
on EDL capacitance for the doping concentrations examined. Total capacitance, from
combining quantum capacitance and EDL capacitance, exhibits good agreement with
experimental results. When the pyrrolic configuration is dominant, measured differential
capacitance shows a “V”’-shaped curve similar to pristine graphene. When the graphitic or
pyridinic configuration is dominant, large capacitance enhancement is observed. In
conclusion, graphitic and pyridinic nitrogens can greatly increase total capacitance by
increasing quantum capacitance and the pyrrolic configuration will limit the total
capacitance increase. Given the much higher stability of pyridinic and pyrollic nitrogens

than graphitic nitrogen, one should dope more pyridinic nitrogen and avoid the pyrrolic

type.
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Chapter 5 Contribution of Dielectric Screening to the Total Capacitance of Few-
Layer Graphene Electrodes
5.1 Introduction

Electric double-layer capacitors (EDLCs), as a type of supercapacitors, are playing
an important role in energy storage because of its high power density and long cycle life.!
In recent years, graphene and advanced porous carbons have been found to be very
promising for EDLCs.?!! Unlike traditional electrode materials, graphene has quantum
capacitance (Cq) due to its limited density of states (DOS), which could have a significant
influence on its overall capacitive performance.'?'* Hwang et al. first developed an
approach to calculate total capacitance (Cir) by separately modeling quantum capacitance
and EDL capacitance (CgpL) on single layer graphene:'> quantum capacitance is modeled

by the electronic DOS of the neutral electrode!* '

and EDL capacitance is from classical
molecular dynamics (CMD) simulation.!”?* This approach of computing the total
capacitance ignores the close interaction between the electronic structure of the electrode
and the distribution of the mobile ions in the electrolyte. Especially, screening effect and
charge penetration into the electrode surface could be important and contribute to total
capacitance, which the separate, non-self-consistent approach cannot account for.
Few-layer graphene (FLG) electrode is a typical system that screening effect could
affect the capacitance. However, the physical picture is still not clear in this system though
several recent experiments have been done.”>’ Although it is straightforward to measure

the total differential capacitance by electrochemistry, CepL and Cq of few layer graphene

are not experimentally available from direct measurement. Ruoff et al.”® measured Cepr, on
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Pt surface and combined the measured CepL with calculated Cq to calculate the Cio of single
layer graphene. This calculated Cio for the single-layer graphene shows good agreement
with experimental measurement.?® But in few layer graphene, a fixed CepL with increasing
Cq with the layer number?® seems unable to explain the experimental results of how Cio
changes with the layer number.?> Tao measured the Cq of single layer graphene by
subtracting CgpL. from Cior, and his measured value is also quite comparable to theoretical
prediction.!?> However, the measured Cq of few layer graphene from Downard et al. is very
low and does not match the theoretical Cq.!> Consequently, a comprehensive and clear
theoretical understanding of the capacitance in few layer graphene is very necessary and
the non-self-consistent approach of separately modeling Cepr and Cq has not been able to
fulfill such a purpose. In this paper, we use an approach that describes the electrode and
the electrolyte together self-consistently, in order to seek a clear physical picture of the
capacitance of FLG electrodes and the role of screening effect.
5.2 Method

5.2.1 Electronic structure calculation of solvated electrodes

Electronic structure of a solvated graphene electrode is solved by Joint Density
Functional Theory with an implicit solvation model, using the JDFTx package developed
by Arias et al.*° Periodic boundary condition is applied to describe the interface: Single
layer graphene is modeled in a 2.460x2.460 A? rhombus sheet as a unit cell. Few layer
graphene is modeled as ABAB stacking pattern with the interlayer distance of 3.400 A.
The vacuum layer thickness is 20 A along z-direction, which will be filled with an

electrolyte described by the linear polarizable continuum model (LPCM).*° The exchange-
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correlation energy for the graphene electrode is described by Generalized Gradient
Approximation in the form of Perdew-Burke-Ernzerhof functional (GGA-PBE).3!
Ultrasoft pseudopotential is used to describe the nuclei-electron interaction in carbon, with
40 hartree kinetic energy cutoff for plane-wave basis. 60X60X1 k-point mesh is used in
sampling Brillouin zone of graphene electrodes to accurately capture the electronic

chemical potential in the periodic system. Figure 5-1 shows the model setup.

Implicit Solvation Model Few Layer Graphene Implicit Solvation Model
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Figure 5-1. Schematic of a charged few layer graphene in contact with an implicit electrolyte on
both sides.

5.2.2 Charging simulation and Fermi level shift
In calculations from JDFTx,** ¥ C is defined by the derivative of excess charge

with respect to the chemical potential shift (Ag). Potential of zero charge (PZC) is defined
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by the electronic chemical potential of the neutral electrode system (Figure 5-2b). We
separate the chemical potential shift (Ap) into two parts as shown in Figure 5-2. The Fermi
level shift (pq) corresponds to band filling or emptying and therefore gives rise to quantum
capacitance (Cq). The band shift (¢ng), as we will show later, is the overall consequence
of electrolyte response (giving rise to EDL capacitance) and electrode screening (giving

rise to dielectric capacitance).
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Figure 5-2. The definitions of the total potential drop (A) across the electrode/electrolyte interface
and its quantum (¢q) and non-quantum (¢nq) contributions in a JDFTx calculation: A is the shift
in chemical potential under either a negative (a) or positive (c) surface charge density relative to
the neutral surface (b); @q is the shift of the Fermi level relative to the Dirac point; ¢ngq is the band
shift relative to the neutral surface.
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5.3 Results and discussion
5.3.1 Differential capacitance and total capacitance of FLG and Pt electrodes
We calculated area-normalized total differential capacitance and total integral
capacitance of FLG in 6M implicit electrolyte, as shown in Figure 5-3a and 5-3b. A “U”-
shaped differential capacitance in graphene capacitor has been observed both in

experimental measurement®: ?® and theoretical simulation,'* !5 32

and can be explained by
the low quantum capacitance near PZC. With layer stacking, total differential capacitance
and integral capacitance increase, but converge when layer number reaches three. For the
single layer graphene, the calculated specific capacitance is about 115 F/g in 6M aqueous
electrolyte, comparable to experimental value ~135 F/g in 5.5M KOH.* To separate the
role of EDL contribution, we compared FLG with Pt(111), an ideal metal electrode for
which the total capacitance is dominated by the EDL capacitance and the contributions of
quantum capacitance and dielectric response are minimal. One can see that the Ciot of Pt
(111) is pretty constant at about 13 pF/cm?. This number can be considered as a good
estimate of the Cgpr on the graphene surface as assumed previously by Ruoff et al.?®

5.3.2 Quantum capacitance of FLG separated from total capacitance

Next we show the contribution of quantum capacitance from our JDFT results.
Since we solved the Kohn-Sham eigenvalue for the charged system, the Fermi level and
DOS are computed after band relaxation (Figure 5-2). Our calculated Cq of FLG as a
derivative of total charge with respect to Fermi level shift is shown in Figure 5-4. One can

see that Cq increases linearly with layer stacking, very similar to the results obtained in

fixed band approximation (FBA).?*: 3 In FBA, the analytical solution of Cq is derived from

80



the DOS of neutral electrode and electronic Fermi distribution function, which ignored the
influence of excess charge on DOS. Recent work from Wood et al.?® indicated that FBA
could overestimate Cq because of the influence of excess charge on DOS. However, our
calculation of quantum capacitance based on relaxed band shows similar results to FBA.
The large quantum capacitance beyond three layers of graphene suggests that their
contribution to the total capacitance will be minor beyond three layers. The Pt(111) results
in Figure 5-3b indicates that the EDL capacitance should be constant at about 13 uF/cm?,
but the total integral capacitance of FLG is only about 6 pF/cm? beyond three layers (Figure
5-3b). This suggests a third contribution to the total capacitance beyond the quantum and

EDL capacitances. This third contribution is due to the dielectric response of the FLG

electrode.
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Figure 5-3. (a) Total differential capacitance of few-layer-graphene electrodes (b) Total integral
capacitance of few-layer-graphene electrodes and multi-layer Pt (111) (voltage window is from -
1V to 1V).
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Figure 5-4. Calculated differential quantum capacitance (Cq) of FLG from the Fermi level shift.

5.3.3 Dielectric screening effect in FLG

The screening of the electric field in FLG under a gate electrode has been examined
by tight-binding models previously.’®> ¥ Uesugi et al. experimentally studied the
differential capacitance of FLG in ionic liquid electrolytes and theoretically analyzed the
change of the capacitance with the graphene layers using classical electrostatics based on
computed charge distribution of inside the FLG. The dielectric contribution was implicitly
included in the so-called geometric capacitance (Cg) together with the double layer
contribution in their analysis.?® Hence the dielectric contribution has not been quantified.
The JDFT approach here would allow us to separate and quantify the dielectric contribution

via a self-consistent electronic structure calculation for a solvated electrode.
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To examine in detail the dielectric response of the electrode, we plotted the change
in the average electrostatic potential (computed self-consistently from the Hartree potential
of the electronic system), Ay (z), across the FLG electrode into the electrolyte layer at a
fixed electrode charge density in Figure 5-5a. Ay(z) corresponds to the band shift or ¢ng
in Figure 5-2. One can clearly see from Figure 5-5a that Ay (z) increases as the position
moves deeper into the electrode. The slope of A (z) reflects the response electric field
inside the FLG and how far the external electric field penetrates into the FLG electrodes;
the distributions of the excess charge in the electrodes are plotted in Figure S5-1 in the
Supporting Information (SI). When layer number is small, AY(z) continues going up as
layer stacking since few graphene layer cannot completely screen the external electric field.
When the layer number is eight (four layer on each side), FLG can completely screen
external field so that Ay(z) stop increasing in the center. Thus, the 4" and 5" graphene
layers have the same potential drop. To show a comparison with the metal electrode, we
also computed AY(z) in Pt (111). As shown in Figure 5-5b, two layer Pt shows a perfect
screening to external field so that Ay (z) does not increase with Pt layer stacking, which
can explain why Pt has an almost constant capacitance. Moreover, AY(z) shows identical
shape at the surface layer in FLG electrodes in Figure 5-5a, which means the contribution
of EDL is roughly constant (the flat line in Figure 5-5a); the EDL region reflected by the
fluid charge response is plotted in Figure S5-2 in SI. The corresponding EDL potential
drop is about 0.7 V, leading to a Cgpr about 12.9 uF/cm?. This EDL capacitance is
comparable to that of Pt(111), which has a potential drop of 0.65 V and a corresponding

EDL capacitance of 13.8 uF/cm? More important, Figure 5-5a shows that the dielectric
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response inside the FLG electrodes also contributes to the total capacitance. Below we
analyze this contribution in detail.

5.3.4 Contribution of dielectric screening and “three contribution” model

With the same charge density Q, total capacitance of any system is defined by
Q/®¢or» Where @, is the total potential drop or electronic chemical potential shift and can

be regarded as the sum of quantum effect (¢) and non-quantum effect (¢yq) as shown in
Figure 5-2. ¢ is defined by Fermi level shift, which corresponds to Cq. @ is the overall

consequence of electrolyte response (@gp;) and dielectric screening (@pjerec) Of the
electrode, both of which can be evaluated from the electrostatic potential (Figure 5-5a).

Thus, total capacitance can be written as:

Q
Cior = 5-1
tot PQt+PpielectPEDL
So:
1 _ 1 + 1 + L 5-2

Ctor  CQ Cpielec CEDL
To evaluate the exact influence of dielectric screening effect on the capacitance, we
analyzed the potential drop and capacitance contribution in Figure 5-6a and 5-6b at a fixed
surface charge density of 9 uC/cm?. We found that with the layer number increasing, the
quantum contribution (@, ) to the total potential drop decreases and the dielectric
contribution (@ p;erec) Increases, while the EDL contribution remains about constant. The
decreasing @ and increasing @ p;eiec Mmake the total potential drop (¢¢,;) only change a
little with layer stacking, which explains why total capacitance does not change much when

n > 3. Figure 5-6b shows that the total capacitance in FLG electrode has three contributions:
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Cq, CepL and Cbpielec; dielectric capacitance (Cpielec) becomes comparable to CepL beyond
three layers, leading to a much smaller Cio.

The present JDFT calculation employed an implicit solvation model. With an
explicit solvation model, CgpL. would be more accurately predicted, but we expect that
Cpictec and Cq would not be affected much by the solvation model since they are dominated
by the electronic structure of the FLG electrode. Indeed, Hwang et al.*® have shown through
DFT-MD that Cq is basically electrolyte-independent. In addition, we greatly varied the
solvation parameter in our implicit model and found that the dielectric screening behavior
inside the electrode is not influenced by the surface potential (Figure S5-3 in SI).

In few layer graphene, Cq will increase linearly with the layer stacking, but Cpielec
will decrease, which could explain the converging behavior of total capacitance when layer
number is above three. To increase total capacitance through electrode modification, on

t16-39 403nd surface functionalization, on

the one hand we can increase Cq by doping effec
the other hand we should weaken the dielectric screening in electrode by increasing
conductivity or decreasing material thickness. Our calculation also provides a deeper
understanding on experimental work by Ruoff et al.?>: the decreasing non-quantum

capacitance with graphene layer stacking is due to dielectric screening effect in few layer

graphene and not related to the Helmholtz layer structure as suggested.
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electrodes and (b) Pt (111). FLG and Pt have the same planar charge density. The dashed line
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5.4 Summary and conclusion
In sum, we have applied the Joint Density Functional Theory to examine the
capacitance of few layer graphene electrodes in contact with an implicit electrolyte. We
found that the total capacitance converges to about 6 uF/cm? beyond about three layers of

graphene. Quantum capacitance, as evaluated by the Fermi level shift, increases linearly
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with the layer number and shows consistency with calculation from fixed-band-
approximation.?’ EDL capacitance was found to be constant at about 13 pF/cm? with the
layer number from the comparison with a perfect metal surface, Pt(111). The much lower
total capacitance in comparison with the EDL capacitance for the few-layer-graphene
electrode with three or more layers was found to be due to the dielectric screening effect
of the electrode being a semiconductor. This dielectric screening converges at about four
layers into the electrode. Thus, the change of the total capacitance with layer stacking is
the overall consequence of increasing quantum capacitance, constant EDL capacitance, and
decreasing dielectric capacitance. Our work provides a deeper understanding on the
capacitance in few-layer-graphene electrodes and shows that the dielectric screening of a
semiconducting electrode material is also a very important part of the total capacitance for
an electric double layer capacitor.

References

(1) Zhang, L. L.; Zhao, X. S. Carbon-based materials as supercapacitor electrodes.

Chem. Soc. Rev. 2009, 38, 2520-2531

2) Zhai, Y. P.; Dou, Y. Q.; Zhao, D. Y.; Fulvio, P. F.; Mayes, R. T.; Dai, S. Carbon
materials for chemical capacitive energy storage. Adv. Mater. 2011, 23, 4828-4850

3) Wang, Y.; Shi, Z. Q.; Huang, Y.; Ma, Y. F.; Wang, C. Y.; Chen, M. M.; Chen, Y.
S. Supercapacitor devices based on graphene materials. J. Phys. Chem. C 2009, 113,
13103-13107

€)) Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008,
7, 845-854

5 Chmiola, J.; Largeot, C.; Taberna, P. L.; Simon, P.; Gogotsi, Y. Monolithic carbide-
derived carbon films for micro-supercapacitors. Science 2010, 328, 480-483

(6) Dyatkin, B.; Gogotsi, Y. Effects of Structural Disorder and Surface Chemistry on

Electric Conductivity and Capacitance of Porous Carbon Electrodes. Faraday Discuss.
2014, 172, 139-162

87



@) Black, J. M.; Feng, G.; Fulvio, P. F.; Hillesheim, P. C.; Dai, S.; Gogotsi, Y.;
Cummings, P. T.; Kalinin, S. V.; Balke, N. Strain-Based In Situ Study of Anion and Cation

Insertion into Porous Carbon Electrodes with Different Pore Sizes. Adv. Energy Mater.
2014, 4, 1300683

(8) Richey, F. W.; Dyatkin, B.; Gogotsi, Y.; Elabd, Y. A. Ion Dynamics in Porous
Carbon Electrodes in Supercapacitors Using in Situ Infrared Spectroelectrochemistry. J.
Am. Chem. Soc. 2013, 135, 12818-12826

9) Hou, C. H.; Liang, C. D.; Yiacoumi, S.; Dai, S.; Tsouris, C. Electrosorption
capacitance of nanostructured carbon-based materials. J. Colloid Interface Sci. 2006, 302,
54-61

(10)  Zhang, P. F.; Qiao, Z. A.; Zhang, Z. Y.; Wan, S.; Dai, S. Mesoporous graphene-
like carbon sheet: high-power supercapacitor and outstanding catalyst support. J. Mater.
Chem. A 2014, 2, 12262-12269

(11)  Saha, D.; Li, Y. C.; Bi, Z. H.; Chen, J. H.; Keum, J. K.; Hensley, D. K.; Grappe, H.
A.; Meyer, H. M.; Dai, S.; Paranthaman, M. P., et al. Studies on supercapacitor electrode
material from activated lignin-derived mesoporous carbon. Langmuir 2014, 30, 900-910

(12) Xia, J. L.; Chen, F.; Li, J. H.; Tao, N. J. Measurement of the quantum capacitance
of graphene. Nat. Nanotechnol. 2009, 4, 505-509

(13) Wang, L.; Chen, X.; Zhu, W.; Wang, Y.; Zhu, C.; Wu, Z.; Han, Y.; Zhang, M.; Li,
W.; He, Y., et al. Detection of resonant impurities in graphene by quantum capacitance
measurement. Phys. Rev. B 2014, 89, 075410

(14) Pak, A. J.; Packw, E.; Hwang, G. S. Relative contributions of quantum and double

layer capacitance to the supercapacitor performance of carbon nanotubes in an ionic liquid.
Phys. Chem. Chem. Phys. 2013, 15, 19741-19747

(15) Paek, E.; Pak, A.J.; Hwang, G. S. A computational study of the interfacial structure
and capacitance of graphene in [BMIM][PFs] ionic liquid. J. Electrochem. Soc. 2013, 160,
Al-A10

(16) Paek, E.; Pak, A. J.; Kweon, K. E.; Hwang, G. S. On the origin of the enhanced
supercapacitor performance of nitrogen-doped graphene. J. Phys. Chem. C 2013, 117,
5610-5616

(17)  Xing, L. D.; Vatamanu, J.; Borodin, O.; Bedrov, D. On the Atomistic Nature of

Capacitance Enhancement Generated by Ionic Liquid Electrolyte Confined in
Subnanometer Pores. J. Phys. Chem. Lett. 2013, 4, 132-140

88



(18) Vatamanu, J.; Cao, L. L.; Borodin, O.; Bedrov, D.; Smith, G. D. On the Influence
of Surface Topography on the Electric Double Layer Structure and Differential
Capacitance of Graphite/lonic Liquid Interfaces. J. Phys. Chem. Lett. 2011, 2, 2267-2272

(19) Vatamanu, J.; Borodin, O.; Smith, G. D. Molecular Simulations of the Electric
Double Layer Structure, Differential Capacitance, and Charging Kinetics for N-Methyl-N-
propylpyrrolidinium Bis(fluorosulfonyl)imide at Graphite Electrodes. J. Phys. Chem. B
2011, 115, 3073-3084

(20)  Vatamanu, J.; Borodin, O.; Smith, G. D. Molecular Insights into the Potential and
Temperature Dependences of the Differential Capacitance of a Room-Temperature lonic
Liquid at Graphite Electrodes. J. Am. Chem. Soc. 2010, 132, 14825-14833

(21)  Feng, G.; Zhang, J. S.; Qiao, R. Microstructure and Capacitance of the Electrical
Double Layers at the Interface of Ionic Liquids and Planar Electrodes. J. Phys. Chem. C
2009, 113, 4549-4559

(22)  Feng, G.; Jiang, D. E.; Cummings, P. T. Curvature Effect on the Capacitance of
Electric Double Layers at Ionic Liquid/Onion-Like Carbon Interfaces. J. Chem. Theory
Comput. 2012, 8, 1058-1063

(23) Feng, G.; Cummings, P. T. Supercapacitor Capacitance Exhibits Oscillatory
Behavior as a Function of Nanopore Size. J. Phys. Chem. Lett. 2011, 2, 2859-2864

(24) Feng, G.; Huang, J. S.; Sumpter, B. G.; Meunier, V.; Qiao, R. Structure and
Dynamics of Electrical Double Layers in Organic Electrolytes. Phys. Chem. Chem. Phys.
2010, 12, 5468-5479

(25) Ji, H.; Zhao, X.; Qiao, Z.; Jung, J.; Zhu, Y.; Lu, Y.; Zhang, L. L.; MacDonald, A.
H.; Ruoff, R. S. Capacitance of carbon-based electrical double-layer capacitors. Nat.
Commun. 2014, 5, 3317

(26)  Uesugi, E.; Goto, H.; Eguchi, R.; Fujiwara, A.; Kubozono, Y. Electric double-layer
capacitance between an ionic liquid and few-layer graphene. Sci. Rep. 2013, 3, 1595

(27)  Brooksby, P.; Farquhar, A.; Dykstra, H.; Waterland, M.; Downard, A. Quantum
capacitance of aryldiazonium modified large area few-layer graphene electrodes. J. Phys.
Chem. C 2015, 119, 25778-25785

(28)  Stoller, M. D.; Magnuson, C. W.; Zhu, Y. W.; Murali, S.; Suk, J. W.; Piner, R.;

Ruoff, R. S. Interfacial capacitance of single layer graphene. Energ Environ. Sci. 2011, 4,
4685-4689

&9



(29)  Zhan, C.; Neal, J.; Wu, J. Z.; Jiang, D. E. Quantum Effects on the Capacitance of
Graphene-Based Electrodes. J. Phys. Chem. C 2015, 119, 22297-22303

(30) Letchworth-Weaver, K.; Arias, T. A. Joint density functional theory of the
electrode-electrolyte interface: application to fixed electrode potentials, interfacial
capacitances, and potentials of zero charge. Phys. Rev. B 2012, 86, 075140

(31)  Perdew,J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77, 3865-3868

(32)  Sun, S.; Qi, Y.; Zhang, T. Y. Dissecting Graphene Capacitance in Electrochemical
Cell. Electrochim. Acta 2015, 163, 296-302

(33) Stoller, M. D.; Park, S. J.; Zhu, Y. W.; An, J. H.; Ruoff, R. S. Graphene-based
ultracapacitors. Nano Lett. 2008, 8, 3498-3502

(34) Vatamanu, J.; Ni, X. J.; Liu, F.; Bedrov, D. Tailoring graphene-based electrodes
from semiconducting to metallic to increase the energy density in supercapacitors.
Nanotechnology 2018, 26, 464001

(35) Radin, M. D.; Ogitsu, T.; Biener, J.; Otani, M.; Wood, B. C. Capacitive Charge
Storage at an Electrified Interface Investigated via Direct First-Principles Simulations.
Phys. Rev. B 2015, 91, 125415

(36) Koshino, M. Interlayer Screening Effect in Graphene Multilayers with ABA and
ABC Stacking. Phys. Rev. B 2010, 81, 125304

(37)  Guinea, F. Charge Distribution and Screening in Layered Graphene Systems. Phys.
Rev. B 2007, 75, 235433

(38) Paek, E.; Pak, A. J.; Hwang, G. S. On the influence of polarization effects in
predicting the interfacial structure and capacitance of graphene-like electrodes in ionic
liquids. J. Chem. Phys. 2015, 142, 024701

(39) Zhang, L. L.; Zhao, X.; Ji, H. X.; Stoller, M. D.; Lai, L. F.; Murali, S.; Mcdonnell,
S.; Cleveger, B.; Wallace, R. M.; Ruoff, R. S. Nitrogen doping of graphene and its effect
on quantum Capacitance, and a new insight on the enhanced capacitance of N-doped
carbon. Energ Environ. Sci. 2012, 5, 9618-9625

(40)  Zhan, C.; Zhang, Y.; Cummings, P.; Jiang, D. E. Enhancing graphene capacitance
by nitrogen: effects of doping configuration and concentration. Phys. Chem. Chem. Phys.
2016, 18, 4668-4674

90



Supporting Information

0.00——
g -0.01 1
[} - One layer
® -0.02- —— Two layer
> —— Four layer
g ] —— Eight layer
O -0.034
8
2 -
[
o -0.04 -
(72}
c 4
[}
@ -0.05-
o ]
-0.06 : T T T T T T T T 1
0 1 2 3 4 5

z-Z, (A

Figure S5-1. Fluid charge response. The total charge on electrode is 0.06 e and the few layer
graphene is in contact with electrolyte on both sides. Fluid response charge equals to the integral
of fluid response charge: Qcicctrode = -Qftuia-

91



+QuClent +ouClont®
0.02 4 0.02 {
< 0014 L 001
X )
& 000 & 0001
i One layer s Two layer
S S
5 -0.01- 5 -0.014
5 k]
a o
-0.02 4 -0.02 4
-0.03 T T -0.03 T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
Position (A) Position (A)
0.03 T 0.03 " Toaloae
0.02 4 0.02 4
< 01 < 01
) >
] @
2 0.00 A 2 0.00 4 AN N\
/T Four layer U\/\ (\/\J b Eight byerM'\/\ ,\f“[\ﬁ
(&} (8]
5 0.014 5 001
& &
o o
-0.02 4 -0.02 {
-0.03 r T T T T -0.03 1 T T T T
-15 -10 -5 0 5 10 15 -20 -10 0 10 20
Position (A) Position (A)

Figure S5-2. Excess charge distribution in FLG. Layer number is one, two, four and eight in (a)-

(d).

92



1.8 —— eps=3, ¢=0.5M
eps=78, c=6M

1,6- |
14- / '\\
12- 1 A
S 1.0 o A
> 0.8
0.6-
0.2- ’ A
= o
95 9 5 0 5 10 15
Position (A)

Figure S5-3. The electrostatic potential drop in different solvation parameter (Ay (2)) of 4 layer
graphene with the surface charge density of 9 uC/cm?. “eps” represents the bulk dielectric of
solvent and “c” is the concentration of ions in electrolyte, which will influence the dielectric
function and Debye screening length in Linear PCM.

93



Chapter 6 Computational insight into the capacitive performance of graphene edge
planes
6.1 Introduction

Capacitors are widely used electronic devices that store and release electric energy
quickly. There are two types of capacitors: a dielectric capacitor achieves its energy storage
through a dielectric medium ' (such as an oxide layer); an electrochemical capacitor (also
called “supercapacitor”) stores electric energy based on surface redox reaction
(“pseudocapacitor”) or electric double layer (“electric double-layer capacitor” or EDLC).
Compared with dielectric capacitors, supercapacitors have much higher energy density;
compared with batteries, they have much higher power densities and long cycle lives *”.
Carbon materials, including activated carbons, graphene, and advanced porous carbons,
are used as electrode materials for EDLCs because of their low cost, high conductivity,
good chemical stability, and low density 3!°. However, the capacitance of graphene is
limited by its low electronic density of states (DOS) at the Fermi level ''°. This quantum
capacitance can be separately computed through electronic density functional theory
(DFT), while the EDL capacitance can be obtained through classical methods (molecular
dynamics, classical DFT, or Monte Carlo) '8 20-24,

To increase the quantum capacitance (Cq) and hence the total capacitance, one
effective way is to increase the electronic density of states at the Fermi level for the
electrode material via nitrogen functionalization and doping of the graphene electrode %
26 or using the lighter and more metallic borophene >’. Several simulations have focused

28-33

on how to improve Cq of graphene-based electrode . For few-layer-graphene
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electrodes, our recent work showed that dielectric screening also contributes to the total
capacitance **. Most of the theoretical studies on graphene systems have focused on the

graphene basal plane '3 8 28 31, 33.35. 36

, while little has been done on the capacitive
performance of graphene edge planes. Recent experiments have indicated that the graphene
edge plane could have higher capacitance than graphene basal plane *’*!. Theoretical
understanding on the capacitance of graphene edge plane is still limited **, and the
dielectric contribution has not been taken into account to provide a complete physical
picture of the capacitance behavior.

In this work, we apply the self-consistent joint density functional theory to simulate
the graphene edge plane in contact with the electrolyte via an implicit solvation model. We
will separate the contributions from quantum, EDL, and dielectric capacitances. To include
explicit ion solvation, we will also apply classical molecular dynamics to investigate the
contribution of the EDL capacitance of graphene edges.

6.2 Methods

6.2.1 Joint density functional theory

Electronic structure of the solvated electrode in implicit electrolyte is solved by
joint density functional theory, using the JDFTx package with the charge-asymmetric
nonlocally-determined local-electric (CANDLE) solvation model solvation ** **. The
interface model is described by periodic boundary conditions: pristine graphite crystal is
modeled in a 2.460 x 2.460 A’ rhombus lattice in ABAB stacking pattern with the

interlayer distance of 3.40 A. We used the (110) and (100) surfaces of graphite to model

the armchair edge and zigzag edge, respectively. The sp? carbon atom at the edge site is
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terminated by H atom with the C-H bond length of 1.140 A. The vacuum layer thickness
is 20 A and will be filled by implicit solvation model (6M monovalent aqueous electrolyte).
The model is shown in Fig. 6-1. The exchange-correlation energy for the electronic system
is described by Generalized-Gradient-Approximation with Perdew-Burke-Ernzerhof
functional (GGA-PBE) *°. The ultrasoft pseudopotential is used to describe the nuclei-
electron interaction for carbon and hydrogen atoms “°. To accurately capture the electronic
chemical potential shift, the kinetic energy cutoff of plane wave basis set is 30 hartree and
the k-point mesh for Brillouin zone sampling is 24x36X1 for armchair edge and 36xX24 X1
for zigzag edge.

The total differential capacitance Cp ot is defined by: Cp 1o¢ = €9dQ/d e, Where Q
is area-normalized excess charge density of electrode and pe is the electronic chemical
potential of the solvated electrode 3*. The integral capacitance Cio is defined by: Cypr =

e04Q/Au, . The shift in the electronic chemical potential ( Ay, ) includes three

contributions:
AQ AQ AQ
C = = = 6-1
ot ™ Ape/eq PQ+PNQ  PQtPEDLT®PDielec
-1 _ -1 -1 _ -1 -1 -1
Ctot - CQ + CNQ - CQ + CEDL + CDielec 6-2

where Cq and Cnq correspond to quantum capacitance and non-quantum capacitance,
respectively. eo in equation 5-1 is the unit charge. Cng originates from the electrostatic
energy change of the electrode/electrolyte system due to the external electric field of EDL,
which can be obtained from the band shift in the JDFT calculation 3. Cng is the total
consequence of CepL and Cbpielec, Which correspond to the EDL response of the electrolyte

and the dielectric screening of the electrode, respectively. The EDL and dielectric
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screening contribution can be separated by plotting the electrostatic potential for an ideal
planar electrode surface, such as Pt and graphene. However, these two contributions are
not separable in the graphene edge plane electrode due to the difficulty in defining the
electrolyte/electrode interface for such a non-ideal and corrugated surface. Thus, we will
use classical molecular dynamics to better understand the surface morphology effect on the
EDL capacitance. Besides, based on the definition of capacitance in equation 6-1, the
capacitance can be obtained from two ways: (1) fixing the electrode to obtain pe shift, (2)
fixing the pe to obtain the electron number change. These two ways are both doable in
JDFTx code and they gives identical result. In this project, we used the first way since it is

more convenient for the potential drop contribution analysis.

(a) Implicit Solvation (b) Implicit Solvation

Implicit Solvation Implicit Solvation

Fig. 6-1. The model used in the joint density functional theory calculation: (a) and (b) are the side
view of graphite (110)-armchair and (100)-zigzag surfaces, respectively. (c) and (d) are the front
view of single layer armchair edge and zigzag edge, respectively.
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6.2.2 Classical molecular dynamics (CMD) simulations

We applied CMD in the NVT ensemble using the GROMACS *7 package to
simulate the EDL capacitance of different graphene edge planes. As illustrated in Fig. S5-
1 in the supplementary data, each simulated system consists of a slab of 6 M NaCl aqueous
solution enclosed between two electrodes, which were set at least 5.0 nm away to guarantee
a bulk-like behavior of the electrolyte in the channel center. All the electrode atoms were
fixed during the simulation. The force field parameters for the electrode and the electrolyte
are adopted from our previous work 2°. When simulating the charged electrode, additional
partial charges were added to surface H atoms only. The slab-PME method *® was used to
compute the electrostatic interaction, and the dimension vertical to the electrode surface
was set to be 5 times the separation distance of the electrodes, to ensure that the accuracy
of the electrostatic calculation is comparable to that of the two-dimensional Ewald method
49 Each simulation was initiated at 800 K for 2 ns, followed by 8 ns of annealing to 298 K
and then equilibrated at 298 K for 10 ns. Another production run of 10 ns was performed
for data analysis. The temperature was controlled by using a Berendsen thermostat °°. The
time step of 1 fs was applied. Each simulation was repeated three times with different initial
configurations to reduce statistical errors. Here, one should note that the reason we use fix-
charge method on surface H atom is that DFT calculation (Figure S6-6) showed that the
excess charge mainly focus on the H atom at interface. Generally speaking, at this point,
the constant potential MD should be a better way to capture the EDL capacitance more
accurately.”! However, although some charge penetration is observed in Figure S6-6, but

is doesn’t have large influence on the EDL capacitance when electrode surface morphology
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is similar. This point has been indicated in our previous work through JDFT study by
comparing the few layer graphene and Pt electrode.’* Thus, in this work, using constant
charge MD is enough to capture the influence of surface morphology on the EDL
capacitance and estimate the EDL contribution in total capacitance.
6.3 Results and discussion

6.3.1 Electronic chemical potential () shift and potential at the point of zero
charge (¢pzc) for the graphene edge plane

To determine the charge vs potential curve for the graphene edge-plane electrodes,
we need to determine their ¢pzc. We calculated the electronic chemical potential (ue) of
the graphene edge solvated in the implicit electrolyte with various electrode thicknesses.
The calibrated Standard Hydrogen Electrode (SHE) in the CANDLE solvation model in
JDFTx is -4.66 eV *. The calculated g, of the graphene basal plane at zero charge is -4.0
eV, so its theoretical gpzc is -0.6 V vs SHE. The experimental ¢pzc of graphene is located
at-0.2 V to 0.1 V vs SHE 2. Table 6-1 shows the calculated g of neutral graphene edges
(both armchair and zigzag type) of different thickness (see Fig. S6-2 and S6-3 for the range
of thickness). Consistent with a previous theoretical study on the work function of graphene
nanoribbon that the graphene edge has lower work function than pristine graphene >3, we
found that p. of neutral graphene edges are higher than that of the graphene basal plane.
The theoretical @pzc of a graphene zigzag edge is -1.6 V vs SHE, while that of the graphene
armchair edge is -1.7 V vs SHE, so the graphene edge planes are more suitable to be the
anode material for positive charge. In addition, Table 6-1 shows that the thickness of edge

plane has minor influence on pzc, a trend also found in few-layer graphene systems 2.
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Table 6-1 Electronic chemical potential () of armchair and zigzag graphene edges of different
thickness at zero surface charge and the corresponding potential (pzc) at the point of zero charge
vs standard hydrogen electrode (SHE). (see Fig. S5-2 and S5-3 for the so-named edge structures).

Edge Structure He (eV) Yrzc vs SHE (V)
Armchair-1 -2.93 -1.73
Armchair-2 -2.84 -1.81
Armchair-3 -2.95 -1.71
Armchair-4 -2.93 -1.72
Armchair-5 -2.87 -1.78

Zigzag-1 -3.06 -1.59
Zigzag-2 -3.09 -1.57
Zigzag-3 -3.09 -1.56
Zigzag-4 -3.09 -1.57
Zigzag-5 -3.09 -1.57

6.3.2 Charge-potential curve of graphene edges in contact with an implicit solvation
model

The calculated electrode charge vs electrode potential (derived from me shift at a
fixed electrode charge Q) curve is plotted in Fig. 6-2a and 6-2b for the armchair and zigzag
edges, respectively; the differential capacitance is plotted in Fig. 6-2c and 6-2d, obtained
by applying numerical differentiation on the fitted charge-potential curves. In Fig. 6-2a and
6-2c, one can see that the capacitance of the armchair edge shows strong dependence on
the potential near PZC and then becomes flat at high voltage. This is due to the
semiconducting nature of the armchair edges: the Fermi level is located in the middle of
the band gap (the electronic density of states, DOS, is shown in Fig. S6-4), which causes a

greater U shift when the edge plane is charged from its neutral state. At higher voltage (>
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1V), the differential capacitance of the armchair edge loses its strong voltage dependence
due to a quite flat DOS below the band gap, as shown in Fig. S6-4. Armchair-3 edge has
higher capacitance at PZC than other edges (Fig. 6-2¢) due to its narrower gap and special
electronic structure (see Fig. S6-4). Unlike armchair edges, zigzag edges have higher
capacitance which is less voltage dependent (Fig. 6-2d). This can be explained by the
special edge state of the zigzag edges (see Fig. S6-5), which yields a large DOS at the

Fermi level and makes the quantum capacitance contribution (1/Cq) trivial.
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Fig. 6-2. Charge vs potential (a, b) and differential capacitance (c, d) vs potential curves for the
armchair edge (a, ¢) and the zigzag edge (b, d) of different electrode thickness. Armchair 1 through
5 thicknesses: 4.43, 5.66, 6.89, 8.12, 9.351&; zigzag 1 through 5 thicknesses: 5.12, 7.25,9.38, 11.51,
13.64 A. Corresponding structures are in Fig. S2 and S3.
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6.3.3 Electrostatic potential drop inside the electrode

To understand the charging inside the graphene edge plane, we plotted the planar-
average total electrostatic drop, Ag(r), of a positively charged edge plane in Fig. 6-3. As
shown in Fig. 6-3a, A¢(r) of the armchair edge keeps increasing in the electrode region,
meaning that the electrode cannot completely screen the external electric field from the
Helmholtz layer at the electrode/electrolyte interface. This phenomenon is the same as the
screening effect in the few-layer graphene electrode as shown in Fig. 6-3c. The Ag(r) curve
in Fig. 6-3a still tends to increase in the center position of the electrode, so we expect that
increasing the edge plane thickness will make the Ag(r) continue to increase and it will
plateau when the edge plane reaches a critical thickness. Thus, the armchair edge is not a
promising candidate for the EDLC electrode material. Compared with armchair edges,
zigzag edges show different A (r) in the electrode region: as shown in Fig. 6-3b, A¢(r)
increases steeply at the edge region and then becomes flat inside the electrode. The external
electric field only penetrates into a small distance in the zigzag edge and then it is
completely screened. Thus, the zigzag edge has a higher capacitance than the armchair
edge and the basal plane.

6.3.4 Potential drop and capacitance contribution for graphene edge

We next analyze the contributions to Ci. Unlike the case of few-layer graphene
where we can clearly distinguish three contributions (quantum, dielectric, and EDL), we
cannot separate the EDL and dielectric screening parts in the potential drop for the edge
planes because the electrode-electrolyte interface (dashed lines in Fig. 6-3a,b) is hard to

define. Thus, in this work they are grouped together as a non-quantum contribution, which
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together with the quantum capacitance yields Ci (Eq. 6-2). Fig. 6-3d shows that the
armchair edge has a similar potential contribution to a 10-layer graphene and both contain
significant contributions from quantum capacitance. The calculated areal capacitance of
each electrode is listed in Table 6-2. The predicted total capacitance of the armchair edge
is 6.12 pF/cm?, which is lower than the capacitance of the 10-layer graphene (6.52
uF/cm?). Compared with the armchair edge and the 10-layer graphene, the zigzag edge
shows very different results: it has a lower electrostatic potential drop inside the electrode
region (in Fig. 6-3b). In addition, the quantum contribution to the potential drop is also
negligible due to the high Cq of zigzag edge (Table 6-2) and its large DOS at the Fermi
level (Fig. S6-5). The calculated capacitance of zigzag edge is 9.04 uF/cm?, significantly
higher than those of the armchair edge and the few-layer graphene.

Recent experiment showed that the edge-enriched graphene showed about 50%
capacitance enhancement over that of the graphene basal plane *°, while theoretical
understanding on this capacitance increase focuses on the Cq issue **. Our work here shows
that the capacitance enhancement depends on the edge type.

Table 6-2 Quantum (Cgq) and non-quantum (Cng) contributions to capacitance for the graphene
edge planes in comparison with the basal plane of a 10-layer graphene, according to Eq. 5-2.

Electrode Ciot (UF/cm?) Cq (uF/cm?) Cno (uF/cm?)
Armchair-5 6.12 22.83 8.37
Zigzag-5 9.04 1142 9.11
10-layer graphene 6.52 56.18 7.38
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Fig. 6-3. Planar-average electrostatic potential drop in the electrode, Ag(r), along the electrode
surface normal at a fixed surface charge density of 20 uC/cm? for: (a) armchair edge, (b) zigzag
edge, and (c) 10-layer graphene; (d) is the corresponding total potential drop including both
quantum (Fermi level shift) and non-quantum (band shift) contributions. The corresponding planar
average charge distribution is plotted in Fig. S6. The dashed lines in (a), (b) and (c) indicate the
position of surface atom that could be roughly treated as the electrode/electrolyte interface.

6.3.5 Classical molecular dynamics (CMD) study on the armchair and zigzag edge

In our JDFT study of the edge planes above, we cannot separate the EDL and
dielectric contributions in Cnq. To examine the EDL structure and capacitance of the edge
planes, we used CMD to study the armchair and zigzag edges in contact with a 6M NaCl

aqueous solution. To find out how the surface morphology would influence the EDL

capacitance, we charged the surface in two different ways: (i) the surface carbon atoms
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were assigned with the partial charges from force fields (labeled as FF); (ii) the partial
charges on the surface carbon atoms were manually set to zero (labeled as non-FF). In both
cases, additional electrode charges were homogenously added to the surface H atoms when
charging the electrodes because the JDFT study above showed that the excess charge
mainly resides on the surface atoms (Fig. S6-6). The non-FF case can directly show how
the surface charge inhomogeneity affects EDL capacitance, while the FF case gives the
combined consequence of surface morphology and partial charges inside the electrode.

The differential EDL capacitance from CMD is plotted in Fig. 6-4. Because the
graphene edge plane is non-flat, we need to consider the effect of solvent accessible surface
area (SASA; Table 6-3). We plotted both SASA-normalized (Fig. 6-4a) and un-normalized
(Fig. 6-4b) EDL capacitances. One can see that the edge plane always has the higher EDL
capacitance than the basal plane, but the difference is smaller for the SASA-normalized
one; so the SASA is one of the reasons for the higher EDL capacitance of the edge plane
than the basal plane. Fig. 6-4a shows that near the PZC, the EDL capacitances of edge
planes are about 20 to 25 uF/cm?, and decrease as the potential goes up. When there is less
surface charge inhomogeneity (non-FF), the differential capacitance is smaller at low
potentials. Overall, the higher EDL capacitance of the zigzag edge is in line with our JDFT
results for both the total capacitance and the non-quantum contribution that contains the
EDL part (Table 6-2).

The ion distribution and EDL structure at various potentials are plotted in Fig. 6-5.
With the same potential drop, the responses of counter-ions are shown in Fig. 6-5c and 6-

5d. One can see that the edge planes have higher counter-ion (CI") concentrations near the
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electrode surface than the basal plane, which means that the edge planes could form a
thinner Helmholtz layer and hence higher EDL capacitance. Thus, there are two factors
causing the EDL capacitance increase at the edge. First, the surface morphology of
graphene edges favors adsorption of CI'. The counter-ion in the FF cases also has higher
peaks than in the non-FF cases, indicating that surface charge inhomogeneity also makes
the EDL capacitance higher. Second, the corrugation on the edge planes leads to higher
SASA which at the same bias potential can induce a stronger counter ion response, thereby

yielding higher EDL capacitance.
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Fig. 6-4. Differential capacitance of graphene basal and edge planes from classical molecular
dynamics simulations: (a) solvent accessible surface area (SASA)-normalized; (b) un-normalized,
surface area determined by the lateral cell size. FF means the partial charges of carbon atoms are
from the force field, while non-FF means that the partial charge on carbon atoms is manually set to
be zero. Charging is realized by changing the charges on the surface H atoms.
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Fig. 6-5. Na* (a, b) and CI" (c, d) distributions in the electrolyte at PZC (left panel) and 0.3 V vs
PZC (right panel) from classical MD simulations for various electrodes; FF means the partial
charges of carbon atoms are from the force field, while non-FF means that the partial charge on
carbon atoms is manually set to be zero. Charging is realized by changing the charges on the
surface H atoms.

6.3.6 Combining JDFT and CMD results

The JDFT results offer the total capacitance together with the quantum and non-
quantum contributions, while the CMD simulations provide the EDL capacitance. To
estimate the third contribution due to the dielectric screening, we plotted the potential drops
by combining both JDFT and CMD results in Fig. 6-6. The dielectric contribution is
separated from the non-quantum potential drop (obtained from JDFT) by subtracting the
EDL contribution (obtained from CMD). The calculated dielectric capacitance is 19.28
uF/cm? for the armchair edge and 13.33 uF/cm? for the zigzag edge, in agreement with the
different electronic structures between the armchair and zigzag edges (Fig. S6-4 and S6-
5). Here again we note that due to the less-defined electrode/electrolyte boundary for the
edge planes, the separation of the dielectric and EDL contributions for them can be subject

to large uncertainty.
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The areal capacitance of pristine graphene is about 6 uF/cm?, which has been
reported by many experimental studies '* '8 3% Liu et al. reported the experimentally
measured areal capacitance of edge-enriched graphene nano-ribbon at about 10 gF/cm? at
low scan rates *°, which shows good consistency with our results in Table 5-2 for zigzag
edges. Moreover, recently published experimental work by Cen et al. also found that the
edge plane has higher capacitance than the basal plane *'. Recently published work by
Yang et al *° studied the EDL capacitance of graphene edge site via MD simulation and
found that the EDL capacitance enhancement from edge effect is caused by its larger
interlayer spacing and higher screening efficiency in electrolyte, which is basically
consistent to our MD work, but we provide a more comprehensive understanding on the
edge effect from electronic DFT perspective. Besides, the role of edge effect can be very
different and more complicated in realistic porous carbon: Merlet et al ° studied the
electrolyte confinement in real porous carbon model and found that edge site (carbon
electrode with concave curvature) tends to retain lower local charge than other
configurations at constant potential ensemble in porous carbon and it could have significant
influence on the nano-confinement of electrolyte, which revealed the importance of nano-
confinement effect.

Atomic level imaging >’ and DFT calculations °* > have indicated that the zigzag
edge is more favorable than the armchair edge on metal surfaces. The experimental
synthesis of the pure zigzag graphene edge has been achieved by Fasel et al ®°. We think
that the experimentally observed capacitance enhancement in graphene nano-ribbons may

be attributed more to the zigzag edge than to the armchair edge *°.
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Table 6-3 Solvent accessible surface area (SASA) relative to that of the basal plane

Electrode Solvent Accessible Surface Area
(SASA)
Basal Plane 1
Armchair Edge 1.2
Zigzag Edge 1.41

6.4 Summary and conclusions
We have studied the capacitance of graphene edge planes in contact with an
electrolyte. Joint density functional theory with an implicit solvation model showed that
the zigzag edge has higher capacitance than the armchair edge and the basal plane due to
the edge state (giving extremely large quantum capacitance) and the combined effect of

dielectric screening and EDL response. Classical molecular dynamics (CMD) with an
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explicit electrolyte revealed the EDL capacitance in the order of zigzag edge > armchair
edge > basal plane. The edge planes have higher solvent-accessible surface area and surface
charge inhomogeneity that favors the adsorption of counter-ions, leading to higher
capacitance. Our theoretical work therefore provides a complete picture of the various
factors contributing to the charge capacitive performance of graphene edges and suggests

that the zigzag graphene edge should be created for enhanced capacitance.
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Supporting Information

(b)

Fig. S6-1. Snapshots of classical molecular dynamics simulations of 6 M NaCl aqueous solution
enclosed between two graphite electrodes: (a) basal plane; (b) armchair edge; (c) zigzag edge.
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Fig. S6-2. Structures of armchair edges (1 to 5) with different thickness.
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Fig. S6-3. Structures of zigzag edges (1 to 5) with different thickness.
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Chapter 7 Boron Supercapacitors
7.1 Introduction
Supercapacitors have much higher power density than batteries and much greater
capacities than conventional dielectric or electrolytic capacitors. They store electric energy

electrochemically!~

and can be divided into two main types: electric double layer
capacitors (EDLCs) and pseudocapacitors. EDLCs stores electrical energy by the
formation of electric double layers at the -electrode/electrolyte interface, while
pseudocapacitors store energy via reversible redox reactions at the electrode surface.®® Due
to the simple mechanism of electrostatic charge separation and absence of chemical
reactions, EDLCs have much longer cycle life than pseudocapacitors.

Activated carbon is the most widely used electrode material for EDLCs because of
its low cost, good conductivity, and chemical stability.®!> Many other types of porous

14, 15 and

carbons have also been explored for EDLCs, including carbide-derived carbons
other nanostructured carbons.'® The specific capacitance of these carbon materials ranges
from 100 to 200 F/g.! Due to its high specific surface area (~ 2600 m?%g) and

17-20 the specific capacitance of graphene has been measured recently: it is

conductivity,
about 130 F/g in aqueous electrolyte and 90 F/g in ionic liquid.®> Graphene EDLCs also
exhibit very long cycle life.?! However, unlike a traditional metal electrode, the total
capacitance of graphene is limited by its quantum capacitance (Cq), due to its low density

of states (DOS) near the Fermi level.?>> To address this issue, one promising way is to

dope the graphene with heteroatoms such as nitrogen to increase the DOS at the Fermi
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level (in other words, making it more metallic). This strategy has been explored both
experimentally and theoretically in many previous studies.?6-3

A new idea to move beyond graphene EDLCs in terms of specific capacitance is to
use a lighter and more metallic material. This idea leads us to boron. There is a recent surge
of interest in exploring novel 2D structures of boron.>> 3¢ Theoretical studies suggested
many possible types of structures of boron, including a/B/y/g types and the less stable
triangular and hexagonal sheets.’”*! The density and configuration of the holes in the 2D
hexagonal lattice are important indicators of the relative stability of different types of the
2D boron sheet.’”*! Recently, Wu et al. successfully synthesized a stable 2D boron sheet
on the Ag(111) surface and visualized the structure by scanning tunneling microscope
(STM).** The experimentally obtained structures are named B12 and y3 whose hole
density (1) is higher than 1/8.%> The 12 structure has been theoretically predicted before,*
while y3 is a new configuration. Since the 2D boron sheets can have higher specific surface
area than graphene and some of them were predicted to be metallic,* we believe that 2D
boron could be a promising electrode material for supercapacitors. To test this idea, we
choose six typical 2D boron configurations and simulate their performance for capacitive
energy storage. We show that they are highly promising for EDLC applications.

7.2 Model and Method

The six chosen configurations based on previous experimental and theoretical

studies are shown in Figure 7-1. They differ in hole density (n values) and the arrangement

of the holes. The 2D boron sheets are modeled with the B-B bond length of 1.70 A, very

close to many previous theoretical simulation results.’” 3 To simulate their charge
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capacitive behavior, we applied joint density functional theory (JDFT) developed by Arias

et al.,** #

which solves the electrode/electrolyte system self-consistently and is
implemented in the code JDFTx v.0.99. Periodic boundary condition was applied to
describe the interface; the two sides of the 2D boron electrode were solvated by a 10-A
electrolyte described by a polarizable continuum model (PCM) called the charge-
asymmetric nonlocally-determined local-electric (CANDLE) solvation model which
explicitly takes into account the solvent charge asymmetry.*> This solvation model
improves upon the linear** and nonlinear PCM*® implementations in JDFT. Here we use
the CANDLE model to simulate a 6M aqueous solution. The exchange-correlation energy
of the electronic system was calculated by generalized gradient approximation in the form
of Perdew-Burke-Ernzerhof functional (GGA-PBE).*’ Ultrasoft pseudopotential was used
to describe the nuclei-electron interaction in boron, with 30 Hartree cutoff energy for the
plane wave basis.*® A 24x24x1 k-point mesh was used to sample the Brillouin zone to
accurately capture the electron-density optimization at fixed potential calculations in
JDFT. To simulate the capacitance, we first fixed the electronic chemical potential on the
electrode (y) and then computed the surface charge density on the electrode (Q) from the
self-consistent JDFT calculation.*” The differential capacitance of the boron electrode is
defined by the derivative of Q vs. y: Cp = dQ/dy, while the integral capacitance is defined
as: Cr = Q/Awv — yrzc), where ypzc is the potential at the point of zero charge. More details

of the methodology and the calculations are provided in Supporting Information.
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7.3 Results and Discussion

7.3.1 Cohesive energy, electronic structure and PZC of boron sheets

We first examine the stability and electronic structure of the six typical 2D boron
or borophene structures in Figure 7-1. We calculated their cohesive energy (Eb) according
to: Ep = Egtom — Esheet> Where Eqom is the energy of a single boron atom in the P state
and Esnee: 1s the energy per atom of a 2D boron sheet. So more positive Ep, more stable the
structure. From Table 7-1, one can see that the calculated Ey, of the six boron sheets varies
from 5.84 to 5.90 eV/atom, consistent with previous DFT results.’” B3, B4, B5, and B6
have about the same stability (within 0.02 eV/atom) and are about 0.05 eV more stable than
B1 and B2 because their lower n values are closer to the optimal (1/9 and 2/15) as
predicted by Ismail-Beigi and Yakobson.?”#! Electronic density of states (DOS) in Figure
7-2 shows that all the six boron sheets are metallic, indicating that they will be good
electrode materials for supercapacitors.

Potential at the point of zero charge (ypzc) is an important quantity of an electrode
that one can use to evaluate the electrochemical window of charging for an
electrode/electrolyte interface. The calculated ypzc values of the six 2D boron sheets from
JDFT referenced to the standard hydrogen electrode (SHE) are listed in Table 7-1. One can
see that the predicted PZC values of B3 to B6 are quite close to that of graphene, implying
that the voltage windows of commonly used electrolytes such as KOH for graphene
electrodes will also be suitable for charging the 2D boron electrodes. Although the ypzc
values of B1 and B2 are higher, the difference (~ 0.6 V) is much less than the voltage

windows of common electrolytes (~ 1.2 V for aqueous and ~ 2.5 V for organic electrolytes).
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Table 7-1. Hole density (1), calculated cohesive energy (Ep), and potential at the point of
zero charge (PZC) of the six boron sheets

Model? n Eb (eV/atom) ypzc vs. SHE (V)
B1 (B12) 1/6 5.85 0.06
B2 (x3) 1/5 5.84 -0.04
B3 (new a) 1/9 5.90 -0.69
B4 (new B) 177 5.88 -0.39
BS5 (al) 1/8 5.90 -0.55
B6 (B1) 1/8 5.88 -0.46
Graphene - - -0.58

“The notations in the parentheses are from the literature: B12 and 3 from ref. **; new a and new
B from ref. *’; a1 and B1 from ref.*.

o
=

& :( PN

Figure 7-1. Structure models of the six 2D boron sheets examined in this work: (a) B1, 3x3
supercell; (b) B2, 3X2 supercell; (c) B3, 3x3 supercell; (d) B4, 3x2 supercell; (e) BS, 3x3
supercell; (f) B6, 3X3 supercell.

125



Ly
B

B1 ! B2
3
2 M
1.
0.
5
— 4l B4
= |
e .
[f8] ]
O "
(] 0
5
4-
3
o
1-
0 n}
-2 1 1] 1 2 -2 -1 1 2
i el Ferrmni Level
Energy (eV)

Figure 7-2. Total electronic density of states (DOS) of the six boron sheets as labeled in Figure 7-
1.

7.3.2 Charging behavior and capacitive performance of 2D boron sheets

We next examined how the 2D boron sheets respond to negative and positive
charging up to 1 V relative to the ypzc. Figure 7-3 shows a typical charging state of the
electrode/electrolyte interface in the JDFT calculation, where the electrode is at 1 V vs.
PZC. One can see that the positive charge on the electrode centers at above 1 A away the
plane of the boron nuclei, while the electrolyte ions (or the Helmholtz layer) peaks at 2 A
away from the boron plane. By integrating the planar charge on the electrode, we can obtain
the surface charge density, Q. Figure 7-4 shows how the surface charge density (Q) changes
with the applied potential (). One can see that all of the 2D boron sheets examined can

store more charge than graphene at the same applied potential.
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By differentiating the numerically fitted Q vs. y curves, we obtained the area-
normalized differential capacitance in Figure 7-5. One can see that the differential
capacitance of graphene is about 3 to 5 uF/cm?, much lower than those of the 2D boron
sheets. The differential capacitances of B1 and B2 boron sheets are highest, ranging from
20-30 pF/cm? at the -1 V to 13-15 uF/cm? at the 1 V and never lower than 12 uF/cm?. The
charging asymmetry or the higher capacitance at the negative voltages is related to the
asymmetric response of the boron sheets’ electronic structure to the applied potential across
the electrode/electrolyte interface. The asymmetric electrolyte response in aqueous
electrolyte has been experimentally observed at metal electrode surface.’® The asymmetry
can arise from either the EDL capacitance (for example, the solvation model) or the
quantum capacitance. We compared the CANDLE model with the linear PCM model
(Figure S7-1) and found that indeed the CANDLE model gives more charge response at
the negative side, while the linear PCM model gives more symmetric charging. This
difference confirms the effect of explicitly treating solvent charge asymmetry in the
CANDLE model. In addition, we separately computed quantum capacitance of B1-B6
through the fixed-band-approximation (Figure S7-2),>* and found that they all show non-
symmetric behavior. Hence, quantum capacitance also contributes to the asymmetric
charging as seen in Figure 7-5.

Specific or gravimetric capacitance is an important measure to compare the
performances of different electrode materials for EDLCs. We calculated the integral
specific capacitance of the six 2D boron sheets for the voltage window from -0.6 V to 0.6

V around ypzc in Figure 7-6, corresponding to charging in an aqueous electrolyte. For
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comparison, the calculated specific capacitance of graphene is 92.6 F/g in the same voltage
window. 2D boron sheets show much higher capacitances, partly due to their light weight.
The B1 and B2 structures possess very large specific capacitance close to 400 F/g, nearly
four times of that of graphene. The other four structures (B3 to B6) have specific
capacitance around 300 F/g. Thus, our results show that 2D boron sheets are a very
promising electrode material for EDLCs.

Comparison between our predicted capacitance and the experimental
measurements for graphene can offer an estimate of the accuracy for our predicted
capacitances for the 2D boron sheets. In 2008, Rouff et al. measured the capacitance of
reduced graphene oxide in the KOH electrolyte and obtained a capacitance 100 F/g based
on cyclic voltammogram and 135 F/g based galvanostatic discharge.® In 2014, Ruoff et al.
measured the areal capacitance of a CVD graphene sheet with one side in contact with 6M
KOH, and obtained an average value of about 6 gF/cm? which corresponds to a
gravimetric capacitance of 158 F/g based on the specific surface area of graphene at 2630
m?%/g.!7 So our theoretical capacitance of 93 F/g for graphene underestimates the
experimental values. Our predicted capacitances for the 2D boron sheets may be

underestimated as well.
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7.3.3 Potentiality and challenges of 2D boron supercapacitor

Given our prediction of the high capacitance of 2D boron EDLCs, we suggest that
an electrochemical measurement be done on them. Recent progress in growing 2D boron
on a metal substrate*’ leads us to believe that experimental setups similar to capacitance
measurement of graphene® can translated to 2D boron sheets, for example, impedance
measurement to obtain the differential capacitance under a specified bias potential.”!
Although the synthesis of free-standing 2D boron has not been realized yet, several
potential alternatives are suggested here: i) Preparing 2D boron by selectively etching the
metal substrate; ii) Designing porous boron with thin boron wall while some sacrificial
templates may be needed for porosity control; iii) CVD growth of 2D boron-graphene
hybrids with high boron loading. Since the technologies for graphene processing are rich,
it may be possible to prepare the hybrid for EDLC study. Due to its electron deficiency,
the 2D boron sheet could be instable in an aqueous electrolyte, especially during
electrochemical charging. This problem can be mitigated by using a non-aqueous
electrolyte such as organic electrolytes or ionic liquids which have higher electrochemical
windows and less chemical reactivity toward boron. Although we modeled the capacitive
performance of 2D boron sheets in an implicit aqueous electrolyte, our conclusion can be
equally applied to non-aqueous electrolytes.

7.4 Summary and conclusion

In summary, we studied the capacitive performance of 2D boron sheets and found

that they exhibit extremely high specific capacitance, about three to four times of that of

graphene, due to their metallicity and light weight. Hence we suggest boron as a very
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promising EDLC electrode. The huge potential of 2D boron sheets in supercapacitor
applications as computationally demonstrated here invites experiments to examine their
electrochemical behavior, and the recent success in growing single-layer boron sheets laid

foundation for such efforts.
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Supporting Information

Joint Density Functional Theory (JDFT) is a DFT-based electronic structure calculation
method embedded with solvation model. The treatment of solvation has several levels:
Classical Density Functional Theory (Classical DFT) for explicit solvation model and
Polarizable Continuum Model (PCM) for implicit solvation. In this work, we used
CANDLE solvation!, which is one type of implicit solvation model (PCM) in JDFTx code.
JDFT do the self-consistent solid/liquid calculation by iteratively updating electrostatic
potential from Kohn-Sham equation in solute and Poisson-Boltzmann equation in solvent.
The exact calculation process and technical details are in Ref.1 and Ref.2. From the
electronic chemical potential (Fermi level) and electron number of the solute, we can obtain
the capacitance of the electrode. There are two ways to calculate the capacitance: 1. Fix the
charge of electrode and calculate the electronic chemical potential. 2. Fix the electronic
chemical potential and optimize the electron number. The method we used is the latter one.
The exact process of how to compute the capacitance can be found in the JDFTx webpage:

http://jdftx.org/
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Figure S7-1. Solvation model test on the charging simulation of graphene and boron sheet (B1).
Linear Polarizable Continuum Model (LPCM) describe the solvent through empirical cavity

function, while the CANDLE solvation improved the cavity function of PCM by adding
asymmetric correction
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Chapter 8. Understanding the pseudocapacitance of RuO: from joint density
functional theory
8.1 Introduction

Capacitors are an important electronic device that can store and release electrical
energy very quickly. Traditional capacitors consist of a dielectric layer sandwiched by two
electrodes. By making the dielectric layer very thin, nanocapacitors have been explored
both computationally and experimentally.!* Due to their much larger capacity than
traditional dielectric capacitors, supercapacitors store energy electrochemically and are
playing important roles in electric energy storage.” ® Two main types of supercapacitors
are used: an electric double-layer capacitor (EDLC) stores energy in the electric double
layer (EDL) and a pseudocapacitor stores energy via a surface redox process. Comparing
with EDLCs, pseudocapacitor has higher energy density due to the advantage of redox
reaction in charge storage.’” Transition metal oxide is a typical electrode material to
achieve pseudocapacitive energy storage due to its multivalence oxidation states.'®!? In
particular, ruthenium oxide has been studied for many years as a promising
pseudocapacitor material %2

Trasatti proposed that the charge storage mechanism of ruthenium oxide capacitor
can be interpreted by the redox reaction:?!

RuO«(OH)y + zZH" + ze” €2 RuOx(OH)y4, 8-1

The oxidation state of Ru can be +4, +3 and +2 during the charge storage process, which
could give a maximum theoretical capacitance over 1400 F/g.” Experimental study on the

RuO> pseudocapacitor showed that the measured capacitance from cyclic voltammetry
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(CV) is sensitive to the scan rate: a sharp redox peak showed up at low scan rate in the
voltage of 0.1 to 0.4 V vs. reverse hydrogen electrode, while at high scan rate the CV curve
is rectangle.?’- 28

Specific capacitance of ruthenium oxide can also be greatly influenced by the
particle size and the amount of structure water.?® There have been many hypotheses for
explaining the capacitive behavior of ruthenium oxide,**° but first principles studies have
been limited. Although classical simulations and theory have been successfully applied to
model EDLCs,*!"*! a first principles method such as electronic density functional theory
(DFT) is needed to include the electronic structure and surface chemistry of the electrode
into consideration when modeling RuO: pseudocapacitance. Although the DFT approach
has been successfully applied to model the solid-state dielectric nanocapacitors,'™ previous
DFT calculations on the RuO»> electrode examined proton adsorption and intercalation, but
could not quantify the pseudocapacitance of RuO,.*** Directly calculating the Gibbs free
energy of redox reaction could not accurately predict the electrode voltage of the reaction
since it ignored the electrode-electrolyte interaction and the influence of overpotential.**

To be able to accurately quantify the pseudocapacitance of RuO» from first
principles, one needs to take into account both the EDL and redox mechanisms at the same
time. To this end, herein we employ the joint density functional theory (JDFT) that allows
us to examine the electrode/electrolyte interface self-consistently by treating the electrode
at the electronic-structure level and the electrolyte classically. This approach enables us to
calculate the electronic chemical potential shift with the surface redox reaction and to

compute the differential capacitance versus the electrode voltage, thereby providing a
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capacitive curve from first principles that can be directly compared with the measured
pseudocapacitive behavior. In Sec. 8-2, we explain in detail the JDFT approach for the
pseudocapacitive charge storage. Our main results are discussed in Sec. 8-3, and we
conclude in Sec. 8-4.
8.2 Methods
Electronic chemical potential and total energy were calculated by Joint Density
Functional Theory (JDFT) in the JDFTx package with the implementation of linear

),* which has been used in several theoretical

polarizable continuum model (linear PCM
electrochemical studies before.*>*’ Periodic boundary condition (supercell) was used to
describe the solid/liquid interface: here we chose the most stable and active surface of rutile
type RuO», the (110) surface*®*°, modeled in an orthogonal crystal with a=6.24 A, b=12.74
A and ¢=25.14 A (2x2x1 supercell). More structural details about RuO» crystal are in
Supporting Information. The space along the ¢ direction between two periodic slabs was
filled with the implicit solvation model, as shown in Figure 8-1a. The Generalized Gradient
Approximation in the form of Perdew—Burke—Ernzerhof (GGA-PBE) functional was
chosen to describe the exchange-correlation energy.>® Ultrasoft pseudopotential was used
to describe the nuclei-electron interaction.’! The cutoff energy of plane wave basis set was
20 hartree in structure optimization and 30 hartree in electronic structure calculation. The
k-points mesh for Brillouin zone sampling was 4x2x1 in structure optimization and 8x4x1
in electronic chemical potential calculation.

In our simulation, the total capacitance is defined by the total charge over the

electronic chemical potential shift: Qu/Ap.> 3 The total charge (Qit) includes both
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Faradaic (Qps) and non-Faradaic (QepL) parts as shown in Figure 8-1b, corresponding to
pseudocapacitance (Cps) and EDL capacitance (Cepr), respectively. Thus, it is important
for us to determine how to assign Qps and QgpL for a given Q. To solve this problem, we
propose a redox-EDL competition mechanism: at very low scan rate, the electrochemical
behavior is at thermodynamic equilibrium and the capacitive behavior is dominated by
thermodynamic energy preference. When the electrode is charged by a certain amount such
as 1 e’, we can compare the EDL energy (UeprL) and hydrogen adsorption energy (En) to
predict the capacitive behavior.

UepL is defined by the energy drop of electrode to form the EDL to neutralize the

surface charge of 1 e™:
V2
UgpL = — fv1 CepLV dV 8-2
where Vi and V2 correspond to the electronic chemical potential shift with the excess
charge of 1 e". En, the hydrogen adsorption energy for a single H atom, is defined by
1
Ey = Usup+n — Usup — Py Uy, + AZPE 8-3
where Usuw+n and Ugyy are the total energy of H adsorbed substrate and bare substrate,
respectively. AZPE is the difference in zero point energy of hydrogen on the substrate and
that of H, molecule. We use the AZPE of 0.165 eV/H from previous DFT work.** For

consecutive hydrogen adsorption, then we define En (n), the hydrogen adsorption energy

when n H atoms have been absorbed on the substrate:

1
Ey(n) = Usub+(n+1)H = Usub+nu — 2 Uy, + AZPE 8-4
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By comparing the UepL and En(n), we can estimate which way of charge storage is more
preferable to neutralize the charged surface as we progressively charge up the electrode, as

indicated in Figure 8-2.

(a)

Implicit Solvation Model

(b) | s
y Hi e H*

Ho
|::' > I:L\/

Non-Faradaic Faradaic

MO,& MOOH

Figure 8-1. (a) Side view of RuO» (110). (b) Scheme of modeling the capacitance in transition metal
oxide, MO,.
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Figure 8-2. A brief scheme to show how to determine the capacitive behavior by comparing the
Ukepr and Eg.

8.3 Results and Discussion

First, we determine the potential of zero charge (PZC) and distinguish the different
charge storage behavior of the anode and the cathode. Then, we focus on the capacitive
behavior of the cathode. Since the EDL capacitance is always in existence as long as there
is a charged surface, we will examine the intrinsic EDL capacitance of the RuO»(110)
surface, and then compare the competition between EDL charge storage and redox charge
storage on the cathode. Finally, based on the redox-EDL competition analysis, we will plot
a capacitance-potential curve and provide a surface structure-based interpretation on the
pseudocapacitive charge storage behavior of RuO>(110).

8.3.1 Potential of zero charge on RuO»(110).

We need to find out the potential of zero charge on RuO>(110) in our system to
assign potential region of positive and negative electrode charging behavior. For a pure

RuO>(110) surface in contact with a 1M implicit electrolyte, the calculated electronic
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chemical potential is -4.70 eV. This calculated electronic chemical potential comes from
the total consequence of work function and implicit solvation model, while the zero
potential is defined far inside the electrolyte. From the JDFT benchmark calculation, the
standard hydrogen electrode (SHE) is at -4.52 eV with the GGA-PBE functional.*’ Thus,
our calculated potential of zero charge (PZC) is 0.18 V vs SHE. In addition, the calculated
PZC is substrate thickness-independent. Experimental PZC of RuO»(110)is 0.15 V vs SHE
in 107 M NayS04,>* consistent with our DFT calculation. Here we should note that our
PZC calculation is based on the electronic work function of the material with the
consideration of solvation effect. The JDFTx code performs well when calculating the PZC
by using linear PCM if there is no surface reaction that affects the PZC.* In the acidic
electrolyte such as HoSO4, the PZC of transition metal oxide should be more positive so
that it can resist proton adsorption to keep the surface neutral. When the electrode potential
is higher than PZC, the electrode is positively charged and the capacitance is determined
by the EDL because there is no available redox reaction of SO4> anion. Below the PZC,
the electrode is negatively charged and the capacitance contribution is determined by the
competition between the proton adsorption reaction and EDL. Thus, it is necessary to
analyze the redox-EDL competition to determine the capacitive behavior of cathode.

8.3.2 Influence of surface hydrogen adsorption on EDL capacitance.

Since the EDL and redox reaction could simultaneously exist when electrode is
negatively charged, it is important to know how H adsorption influences the EDL
capacitance. We calculated the EDL capacitance (Cgpr) of RuO»(110) surface with

different hydrogen coverage at various surface charge density range (Figure 8-3). One can
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see that the EDL capacitance of a pure RuOx(110) is about 19 uF/cm?, comparable to
experimental measurement for aqueous electrolyte.>® With the surface H adsorption, CepL
changed about +2 pF/cm? within the first three H adsorption. The calculated electronic
density of states in Figure 8-4 also showed that H-adsorbed RuO2(110) is metallic. Thus,
the electronic chemical potential shift is dominated by the electrolyte response (EDL
capacitance). When the forth H is adsorbed on the surface, CepL shows a large change and
becomes very sensitive to charge. Since at the forth H adsorption, the electrode potential

is close to that of hydrogen evolution on RuO2, we mainly focus on the first three H

adsorption.
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Figure 8-3. The electric double layer capacitance (Cepr) at different surface H adsorption and
different surface charge density range on RuO»(110), based on a lateral unit cell of 79.5 A%(6.24 A
x 12.74 A); see Figure 8-7 for the lateral cell.
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Figure 8-4. Total electronic density of states (DOS) of H-adsorbed RuO- with different H coverage:
(a) 0; (b) 3 H atoms. See Figure 7 for the lateral cell. Fermi level is at energy zero.

8.3.3 Comparison of EDL energy and H adsorption energy.

Based on the relatively constant CepL of 80 F/g for the first three H adsorption, we
can calculate the EDL formation energy (UgpL) by Eq. 8-2 and compare UgpL with the H
adsorption energy (En) to predict the capacitive behavior. With the surface charge of 1e’,
the charged electrode will be neutralized either by electric double layer (EDL) or H
adsorption, so we plot the H adsorption energy with the EDL energy in Figure 8-5. One
can see that H adsorption should be more preferable than the EDL formation since the H
adsorption energy is more negative than UgpL. Consequently, we conclude that the
pseudocapacitive behavior of RuO»(110) is dominated by the surface redox reaction for the
first few proton adsorption steps when the electrode is negatively charged:

RuO: + xH* + xe” 2 RuO,.<(OH)x 8-5
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8.3.4 Capacitive behavior on RuO(110).

Now that we have found out the PZC and the preferred capacitive mechanism below
PZC, the overall capacitive behavior should be: below PZC, redox reaction based on H
adsorption; above PZC, EDL charge storage. The calculated charge-voltage (Q-V) and
capacitance-voltage (C-V) curves are plotted in Figure 8-6. The calculated PZC is 0.18 V
vs SHE in the Figure 8-6a. In the redox reaction, each proton could provide the charge
density of 10.07 uC/cm?.

We calculated the electronic chemical potential shift after the redox reaction and
the capacitance by C=Q/Apu. The pseudocapacitive region in the experimental CV curve is
0.1 — 0.4 V vs SHE, corresponding to the -0.1 — 0.2 V in our simulated CV curve in Figure
6b, since we cannot take into account the influence of pH on the PZC calculation due to
the limitation of implicit solvation model. The first two H adsorption could give the
potential drop about 0.3 V, which exactly matched the pseudocapacitive region in the
experimental CV.?® Consequently, we propose that the experimentally measured
pseudocapacitance of RuO2 at 0.1 — 0.4 V vs SHE is contributed by the first two proton
adsorption reaction in our simulation and the turning point in CV is due to the charge
storage mechanism change from electric double layer to redox reaction at the PZC. The
calculated areal capacitance is about 50-80 uF/cm?. It is expected that the capacitance will
have a large increase when the electrode potential is more negative (still higher than the
hydrogen evolution reaction potential), corresponding to the third H adsorption on the
surface. The calculated capacitance for the third H adsorption (the slope of 2H and 3H in

Figure 8-6a) is over 260 uF/cm?. This very high capacitance is due to the surface phase
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transition and could be a reason to explain the extremely high capacitance in hydrous RuO;

nanoparticle, which will be discussed below. For the forth H adsorption on the surface, the

calculated capacitance (the slope of 3H and 4H in Figure 8-6a) decreases to 66 uF/cm?;

here we note that the potential is negative enough (-0.4 vs. SHE) that hydrogen evolution

reaction may occur.
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Figure 8-5. Comparison of the EDL formation energy (Ugpy; top line) and H adsorption energies
at three different EDL charges (bottom three lines) for the three H-adsorption steps on RuO»(110).

See Figure 8-7 for the lateral cell.
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Figure 8-6. (a) Charge vs. voltage curve of RuO»(110) in 1M LPCM electrolyte. (b) Capacitance
vs. voltage curve corresponding to (a). Hydrogen adsorption sequence is labeled in both curves.
Specific capacitance curve is provided in Figure S8-3 calculated by the equation a(BET)=6/(Dp)*’,
where D is average particle diameter (10 nm in Ref 28) and p is bulk density of RuO».(6.97 g/cm?)
In (b), the differential capacitance of each point is calculated by doing numerical differentiation
with respect to the previous point.

8.3.5 Adsorption structure of hydrogen on RuO2(110) and its influence on
pseudocapacitance.

Now we analyze the adsorption structures of H on RuO: (110) for the redox
mechanism below PZC. For the first H adsorption step (Figure 8-7a), the adsorption energy
is about -1.0 eV both on O (on top) and Oy (bridge) indicating that these two types of
surface oxygen atoms show similar reactivity. The structure optimization after the second
H adsorption also gave a perpendicular OH bond to surface (Figure 8-7b) and H adsorption
energy of -0.87 eV. The perpendicular OH bond on RuO2(110) has been experimentally
observed in basic condition.”” The first and second hydrogen adsorption yielded a
capacitance of 53.3 uF/cm? (slope of OH and 1H in Figure 8-6a) and 81.9 uF/cm? (slope
of 1H and 2H in Figure 8-6a), respectively. When the third proton is adsorbed on the

surface (Figure 8-7c), it pushed the perpendicular OH bond on Oy to bended OH bond and
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caused the surface phase transition. Thus, the third H adsorption energy is below -2.0 eV,
which is much lower than the first two and closer to the previous DFT work.*> The
corresponding capacitance caused by the third H adsorption is 266 uF/cm? (slope of 2H
and 3H), an unexpectedly high value. When we put the forth H atom on the surface, the
forth OH bond is perpendicular to the surface after structure optimization (Figure 8-7d),
and the corresponding capacitance is 66 gF/cm? (slope of 3H and 4H). Consequently, we
conclude that the capacitance provided by H adsorption reaction is structure-dependent:
the perpendicular OH bond formation gives the capacitance about 60 uF/cm? and the
capacitance from bended OH bond formation is over 200 uF/cm?. This conclusion could
be a possible interpretation of the experimentally observed size-dependent
pseudocapacitance of RuO, nanoparticle and high capacitance of hydrous RuO2.2”-?% When
breaking down the crystal to small nanoparticles, it could have more O atoms that can
form the bended OH bond, which can have higher capacitance than ideal surface. Hydrous
RuO»> has had some H atoms and OH bond on the surface, thus it could directly form bended
OH bond instead of perpendicular OH bond at low H coverage.

Recently, Watanabe et al. investigated the interfacial structure of RuO>(110) and
water in different electrochemical conditions from first principles,”® and found that the
orientation of OH bond and the surface coverage ratio of proton are strongly dependent on
the pH and electrode potential. Our simulation was limited by the implicit solvation model.
The implicit solvation model describes the electrolyte by the modified Poisson-Boltzmann
equation, so the ion is considered to be a point charge in the Debye screening theory and

the solvent is a continuum dielectric medium with an electron density-dependent local
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dielectric constant. In this electrode/electrolyte system, the JDFT method considers only
the electrostatic interaction between the electrode and the electrolyte, so the ion/solvent
interaction and hydration are not included, but the H* ion is explicitly included via
formation of the surface OH groups. In addition, the JDFT approach is intended to study
the equilibrium properties, so the transport behavior such as diffusion cannot be examined.
Despite these limitations, the JDFT approach with the implicit solvation model allows us
to capture the most important physics and chemistry behind the capacitive behavior of
RuO2. Since surface electrochemistry is a really complex problem, factors such as the
ion/solvent interaction, diffusion, hydration, et al. will all impact the capacitance, and we
hope that more advanced methods such as the ESM> can address these factors by including
both the explicit solvation model and the ion dynamics.

With an explicit solvation model, we expect that the bending angle of Ru-O-H
would be influenced by the hydrogen bonding with water molecules in the electrolyte.
Nevertheless, the present work provides a reasonable interpretation of the pseudocapacitive
peak in the experimental CV curve of RuO»:?® the steep increase of capacitance (or current)
at 0.4 V in low scan rates is caused by the charge storage mechanism changing from EDL
to H adsorption reaction.

The present work focused on the (110) surface of RuO.. The experimentally
synthesized RuO» film has (110), (101), (100), and (1010) facets. Although these surfaces
have close surface energies from DFT calculation, the surface energy of (110) is the lowest
facet.* That is why we chose this surface. It would be interesting to examine the

pseudocapacitance on other surfaces as well. We expect that the specific values of
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capacitance would change for those different surfaces, but the general idea of coverage

dependence and OH formation would still apply.
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Figure 8-7. Side and top views of H adsorption on the RuOoz (110) sgrface: (a) 1o H; (b) 2 H; (¢) 3H;
(d) 4 H atoms in a lateral unit cell (dotted lines) of 79.5 A?(6.24 A x 12.74 A). Color code: Ru,
cyan; O, red; H, white.

8.4 Summary and conclusions
Based on the Joint Density Functional Theory with an implicit solvation model, we
calculated the pseudocapacitive behavior of the RuO»(110) surface. Our calculated
pseudocapacitance and corresponding voltage region show a qualitative agreement with
the experimental CV curve, thereby providing a reasonable interpretation on the capacitive
behavior of RuO,. When electrode potential is above PZC, measured capacitance is

dominated by the electric double layer capacitance. Below the PZC, the capacitance is
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contributed by H adsorption reaction with low surface H coverage and perpendicular OH
bond, which giving the capacitance of ~60 uF/cm?. As the electrode potential goes to more
negative, surface phase transition happens due to the increasing H coverage and the bended
OH bond formation produces a very high capacitance over 200 uF/cm?. These different
capacitances of perpendicular and bended OH bond could explain why the small RuO»
nanoparticle and hydrous RuOz have much higher capacitance than the RuO; film. Hence,
our theoretical investigation provides an understanding of the pseudocapacitive charge

storage behavior of the RuO; surface.
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Figure S8-1. The projected DOS of H atom in RuO,-3H. Fermi level has been move to 0 eV
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Figure S8-2. The crystal structure of rutile RuO, used in our simulation. Lattice Parameter: a=
4.504, b=4.504, c=3.120
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Table S8-1. Bond length (A) and bond angle (degree) information

Bond and angle type Bond length and angle
d (Rul-0O1) 1.988

d (Rul-03) 1.953

d (Ru2-01) 1.953

d (Ru2-03) 1.988

a (O1-Rul-02) 76.594

a (O1-Rul-03) 90.000

a (Rul-O1-Ru2) 128.297

a (Rul-0O3-Ru2) 128.297
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Chapter 9 Understanding the MXene Pseudocapacitance
9.1 Introduction

MXenes are novel two-dimensional inorganic compounds based on transition metal
carbides, nitrides, and carbonitrides. They have been found to be very promising materials
for electrochemical energy storage and electrocatalysis applications.'™ For example,
MXenes showed great promise in lithium-ion batteries.> ® Density functional theory (DFT)
calculations have proved that MXenes offer low lithium diffusion barriers and high lithium
storage capacity.” In addition, molybdenum-carbide MXenes have exhibited good
performance in hydrogen evolution reaction.®

In the field of capacitive energy storage, MXenes have been tested as a novel
electrode material. Their behavior as a supercapacitor depends on the choice of the
electrolyte. When ionic liquids or neutral aqueous solutions are used as the electrolyte,
MXenes exhibit either the double layer capacitance or an ion-intercalation capacitance.” -
12 However, in acidic electrolytes such as H>SOs, MXenes exhibit pseudocapacitance due
to surface redox chemistry.'*!> Although many characterization techniques have been used
to understand the pseudocapacitance of MXenes in acidic electrolytes,'* the atomic and
electronic level mechanism on the surface redox process is still unclear due to the
complexity of MXene’s surface structure and terminal groups.'®!® Many questions remain
unanswered. For instance, how does the surface configuration (O/OH ratio) change with
the applied voltage? What is the relation between double layer charging and surface redox

behavior as the voltage changes? Which behaviors limit the capacitance in practice?
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Atomistic insight into the capacitive storage mechanism in MXenes from
computational modeling would be highly desirable but hampered by the difficulty in
simulating the double layer charging and the surface redox behavior simultaneously.
Recent simulation of MXene pseudocapacitors assumed an ideal Faradaic process and
ignored the electric double layer (EDL) response.'® Similar methods have been applied to
RuO; electrodes to investigate its pseudocapacitive behavior in aqueous electrolytes.?’>
More importantly, in recent years, many computational studies on interfacial
electrochemistry have indicated that it is important to use constant electrochemical
potential methods in DFT calculations to capture the influence of Fermi level on the
electrode during the reaction process.>*2°

To obtain a complete picture of the pseudocapacitive behavior of MXenes in acidic
electrolytes, here we propose a theoretical model to effectively and reliably capture the
energetic competition between the surface redox chemistry and the double layer charging
at the electronic structure level by using the constant-potential free energy analysis
combined with joint Density Functional Theory (joint DFT),?”-2® which could capture the
electronic structure and property of a solvated electrode. Joint DFT provides a formally
exact variational theory for the free energy of an electronic DFT system combined with
classical DFT or a polarizable continuum model, which could further reliably predict the

solvation behavior and potential at the point of zero charge (PZC) of electrode.?*!
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9.2 Method and Model
9.2.1 Electronic structure calculation of solvated system via implicit solvation
model
We chose Ti3C20z as a prototypical MXene electrode whose pseudocapacitance

has been measured in aqueous electrolyte!® '#

and modeled a 3X3 supercell to examine
enough hydrogen coverage (Figure 9-1). To examine how the electrode potential influences
the surface redox behavior, we used the joint DFT method with an implicit solvation model,
as implemented in the simulation package JDFTX, to obtain the electronic structure and the
potential at the point of zero charge (PZC) of each H coverage for further computation of
charge-dependent free energy function.” > All the MXene configurations explored are
provided in the Supporting Information Figure S1. The implicit electrolyte is described by
the charge-asymmetric nonlocally determined local-electric (CANDLE) model to capture
the solvation effect and the electrolyte response to the surface net charge.*? For the
electrode, the electron exchange-correlation is described by Generalized-Gradient-
Approximation with Perdew-Burke-Enzerhof functional (GGA-PBE)* and the ion-
electron interaction is described ultrasoft pseudopotentials.** For the plane-wave basis set,
a kinetic energy cutoff of 20 Hartree was used in structure optimization and 30 Hartree in
the single-point calculation at the optimized geometry. The k-mesh for Brillouin zone

sampling is 8X8X 1 for structure optimization and 12x12X1 for the single-point calculation

of the optimized geometry, to reach a convergence criterion of 10 Hartree in energy.
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Figure 9-1. Partially protonated Ti3C2O; as a prototypical MXene electrode in an acidic electrolyte:
side view (left) and top view (right). Hydrogen atoms are symmetrically added on both sides.

9.2.2 Voltage-dependent Gibbs Free Energy in Redox Reaction
Considering a non-ideal Faradaic process (where electron transfer and proton
transfer are not equal in number) of Ti3C202 in H2SO4 for two-side symmetric charging,

the redox reaction can be written as:

Ti5C,0;] + 2H* (aq) — Ti3czoz_2x(0H)g; +2(1 —x)H*(aq) 9-1
where x is the surface H coverage (ranging from 0 to 1) and ¢ is the net charge on electrode.
At a fixed electrode potential, the partially protonated TizC2O2 surface can hold a net
charge when the electrode potential differs from the PZC. Thus, the applied voltage
controls both g and x during the redox process. For any intermediate state with the coverage
x and electrode potential ¢, the free energy (normalized to a single unit cell interface) can

be written as:

G(x,9) = E(x) + xEzpg + Q(V(x, 9))9 + Ezpr(V(x, 9)) + (1 — X)puy+ 9-2
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E(x) is the total electronic energy of a solvated electrode with the H coverage of x in zero
surface charge, while Ezpk is the zero-point energy (ZPE) difference between x=0 and x=1
states, which is 0.55 eV per H atom from our DFT calculation. The third term, Q¢, is the
electrical work to move the charge Q (net charge on the electrode) from zero potential (in
the bulk electrolyte) to the electrode with the potential ¢. EgpL is the energy of induced
electric double layer by the electrode charge Q. The last term is the chemical potential of a
solvated proton in the electrolyte. In the third and fourth terms, V(x, ¢) is the relative
potential with respect to PZC at coverage x and electrode potential ¢, given by:

V(x, @) = ¢ — @pzc(x) 9-3
Once V(x, @) is known, the charge Q and Eep. can be obtained by:

%4

Qlx,9) = fv:()(p_(pPZC(x) CepLdV 9-4

V=¢p- ()
Egpi(x,9) = |, $mopzCE Q(x,p)dV 9-5

V=0
The final term uy+ (proton’s chemical potential) in Eq. 8-2 can be explicitly written as:

e+ = %G[Hz] + edgyp — 0.059 X pH 9-6
where

G[H,] = E[H,] + ZPE[H,] + ngT — TSy, 9-7
All physical quantities in Eq.9-7 can be obtained by DFT calculation and standard
thermodynamic database. In Eq.9-6, ®gyr i1s the computational standard hydrogen
electrode that has been determined to be 4.66 V from PZC calibration of the CANDLE

solvation in JDFTx.*? For the Cgpr in Eq.9-4, we use constant Cgpr, approximation based

on the Debye—Hiickel model to include the influence of double-layer charging. CgpL is
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estimated to be 32 pF/cm? for IM H,SOa. In Eq.9-2 and Eq.9-3, since our DFT calculation
of E(x) and PZC with various configuration and coverage exhibited a strong linear relation
with x, E(x) and @pzc(x) can be described by a linear equation of x (see Figure S9-2 and
detail in SI). Thus, with an explicit expression of E(x) and ¢pzc(x), we can use Eq.9-2 to
calculate the relative free energy of various H coverage x at any given electrode potential
¢, and then obtain the ensemble-average x and Q. Since there are degenerate H adsorption
configurations at each coverage (Figure S9-1), we have developed a simple statistical
method to obtain the average x and Q at any given electrode potential ¢ (see Figures S9-3
and S9-4 and detail in SI). The charging behavior can be obtained by calculating the
average x and Q at different electrode potentials.

The difference between our model and realistic MXene material should be noted
here: our DFT model is based on a single layer MXene, while experimentally synthesized
MXene materials have a layer-by-layer stacked structure. The interlayer space varied
significantly from 10A to 40 A, depending on synthesis method. The ion intercalation
capacitance in MXene, physically speaking, can be regarded as a special “double layer”
charging behavior in a constrained electrode region. When interlayer space is narrow, the
hydronium ion intercalation cannot be described by Debye—Hiickel model and constant
CepL, and might further influence the energetic competition of redox and double layer
charging. Thus, our model is more applicable to “MXene clay”, which has lager interlayer
space and its ion intercalation behaves as general double layer charging.

We use TizC20» as a prototypical MXene electrode to obtain a comprehensive

understanding of its surface redox behavior in H>SO4 electrolyte. We address the following
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key questions: (i) How does the electrode potential simultaneously govern the surface
redox behavior and the double layer charging? (ii) How do the redox and EDL behavior
contribute to the overall capacitive performance? (iii) How does the electronic structure
change with the electrode potential in the pseudocapacitive process?
9.3 Results and Discussion

9.3.1 Influence of H coverage on the point of zero charge (PZC) of MXene.

Ti3C202 and Ti3C2(OH) represent two extreme cases of hydrogen coverage, 0 and
1, respectively. Our optimized lattice parameters are 3.038 A and 3.087 A for Ti3C20; and
Ti3C2(OH),, respectively, which are very consistent with previous DFT calculation.®> We
use Ti3C,2Tx to denote the intermediate states between Ti3C202 and TizC2(OH)2, where T
represents a mixture of O and OH groups. When the surface is partially covered by H, we
observed a small monotonic lattice expansion with the H coverage (Figure S9-5), while at
the same coverage, the lattice parameter is insensitive to the configuration of adsorbed H
atoms on the surface. To determine the contribution of the EDL capacitance (in Eq.9-3,
Eq.9-4 and Eq.9-5), we had to find out PZC for each H coverage and configuration. As
shown in Figure S9-2, we found that the PZC of Ti3CoTx linearly decreases with the H
coverage. With this dependence, we can then proceed to obtain the free energy as a function
of the applied potential and hydrogen coverage.

9.3.2 Gibbs free energy, ensemble-averaged H coverage, and surface charge.

As shown in Eq. 9-1, the surface redox chemistry is dictated by the proton
adsorption on the MXene surface and the accompanying electron transfer to the electrode

at a fixed electrode potential. To determine the extent of the surface redox chemistry, we
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calculated the Gibbs free energy, G (x, ¢), according to Eq. 9-2 for each H coverage, x, at
various fixed electrode potential, ¢, from -1.0 V to 1.0 V vs SHE in 1.0M H>SO4. From
Figure 9-2, one can see that when the applied voltage is -1 V, G(x, ¢) exhibits a parabolic
shape with an ensemble-average coverage xav,=0.68. When the electrode potential
increases, the G (x, @) curves shift up and xave shifts to a smaller value.

From the G (x, ¢) data for each configuration, we obtained the most probable H
coverage at any given electrode potential (Figure S9-4), which is in fact quite close to Xavg
in Figure 9-2. Figure 9-3a shows how the most probable H coverage changes with the
electrode potential. When the potential is -1.0 V vs. SHE, the average H coverage is about
0.68, meaning that the surface O groups are not completely protonated at -1.0 V. With the
electrode potential increase, we observed a smooth decrease of surface H coverage. Fig. 9-
3b plots the surface net charge (responsible for the EDL capacitance), the redox or Faradic
charge storage (which is the opposite of surface H adsorption number per Eq. 9-1), and the
electron transfer number (total charge storage) as a function of the applied potential. One
can see that the electrode is slightly positively charged in the voltage window and surface
charge decreases with the applied voltage. Thus, although the total capacitive behavior is
dominated by the redox charging (proton-coupled electron transfer), the EDL part works
slightly against the redox charge storage due to their opposite sign. In other words, part of
the positive charge from proton transfer becomes the net surface charge responsible for the
EDL capacitance, so the magnitude of the electron transfer (from the electron reservoir or
the power source to the electrode) to compensate the positive-charge transfer (from the

electrolyte to the electrode surface) decreases as a result.
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9.3.3 Comparison with the experimental capacitances.

We used the total charge (i.e., electron-transfer number in Figure 9-3b) to obtain
the specific differential capacitance, Caitr. Figure 9-4 shows that for the redox-dominated
region where the electrode potential is below 0.5 V vs SHE, Caisr is ~230 F/g. This is the
same voltage window as the experimental measurements. Lukatskaya et al.!* first measured
the capacitive performance of TizC.Tx in 1M H2SOs electrolyte and reported the
capacitance of 205 F/g in -0.35 ~ 0.35 V vs Ag/AgCl (corresponding to -0.12 ~ 0.58 V vs
SHE in our simulation; window Expt-1 in Figure 9-4). This is in good agreement with our

calculated capacitance of 235.6 F/g in the same voltage window. Hu et al.'?

reported the
capacitance of 400 F/g in -0.45 ~ -0.05 V vs Ag/AgCl (window Expt-2 in Figure 9-4). For
areal capacitance, the estimated specific surface area of TizCoTx from our model is ~478.8
m?/g, which gives the areal capacitance of 48.2 uF/cm?.

More recently, Lukatskaya et al. reported a capacitance up to 450 F/g for a 90-nm-
thick Ti3CoTx electrode in 3M H>SO4 for an extended voltage window (—1.1 to —0.1 V vs
Hg/Hg>S0s4). These capacitance values are higher than our predicted capacitance of ~230
F/g. Many factors can contribute to this discrepancy. From the experimental side, sample
preparation, electrode thickness, electrolyte concentration, voltage window, etc., could all
influence capacitive performance of a MXene electrode.'” Furthermore, a recent NMR
study has reported that the Ti3C>Tx synthesized by LiF-HCI etching contains about 13% of
—F group on surface.!® There are two possible impacts from —F group: first, the oxidation

state of Ti will be lower than un-fluoridized Ti3CoTx because F’s formal charge (-1) is

lower than O’s formal charge (-2); second, since -F group is not redox-active, highly
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fluoridized Ti3C>Tx have lower capacitance in H>SOs, as indicated by experimental study.*®
From the modeling side, the implicit solvation model and the assumption of a constant
EDL capacitance could also lead to uncertainty in the predicted values. Despite these
factors, we think that our model does provide a semiquantitative description of the
pseudocapactive charging behavior of MXene in H2SO4. This model should be able to
predict the general trend of capacitance variation among different MXene materials,
provided that the same solvation model is used.
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300 T g T ‘

200 +

100+ ~—Expt-2-~

B -

Differential Capacitance (F/g)

-1.0 -d.5 0!0 0.5 1.0
Electrode Potential vs SHE (V)

Figure 9-4. Differential capacitance of TisCoTx in 1M H,SOs4. The voltage windows from two
experiments are also shown: Expt-1 from ref. '* and Expt-2 from ref. '°.

9.3.4 Electronic structure and charge distribution.

To pinpoint the atomic center responsible for the redox charging, we used fixed-
charge DFT calculations with an implicit solvation model and plotted the total density of
states (DOS) and local DOS of the Ti3C,Tx electrode with the H coverages of 0.11 and 0.22

in Figure 9-5, corresponding to the voltage of 0.59 V and 0.3 V vs SHE in Figure 9-4,
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respectively. One can see that the total DOS is mainly contributed by Ti near the Fermi
level, so the electron transfer process mainly happens on the Ti atom. Figure 8-3a has
shown that at a fixed electrode potential, a non-zero surface net charge always co-exists
with the redox reaction. To determine how the excess charge is distributed on the electrode,
we plotted the change in the planar electron density between the charged and the neutral
Ti3CoTx electrodes at different H coverages. As can be seen in Figure 9-6, the excess charge
on the electrode is mainly distributed on the surface oxygen layer that directly interacts

with the electrolyte to form the electric double layer.
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Figure 9-5. Total electronic density of states (DOS) and local DOS of the Tiz;C>Tx electrode: (a) H
coverage is 1/9, (b) H coverage is 2/9.
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9.3.5 Analysis of oxidation state of Ti.

To get a deeper understanding on this complicated electrochemical behavior, we
estimated the oxidation state change by the proportional relation between valence and
atomic Bader charge®’-*° on Ti atom at various H coverage and electrode potential (Figure
S9-6 in SI). We found that when electrode potential changed from -0.29 to 0.59 V vs SHE,
the oxidation state of Ti changed from +2.45 to +2.54. Experimental study by K-edge
XANES (X-ray absorption near edge structure) has shown that the oxidation state change
of Ti is from +2.33 to +2.43 in the voltage window of -0.12 ~ 0.58 V vs SHE,'* which is
very comparable to our simulation result. The small difference on Ti’s valence can be
attributed to the existence of —F groups on surface, which could lower the Ti oxidation

state.
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9.4 Summary and Conclusion

In summary, we have developed a theoretical model to describe the
pseudocapacitive behavior of Ti3CoTx (T=0, OH) in the H2SOq4 electrolyte by considering
both the electronic double-layer (EDL) capacitance and the surface redox behavior. We
used the electronic density functional theory with an implicit solvation model to determine
the point of zero charge (PZC) for TizC2Tx with different hydrogen coverages. From PZC,
we deduced the voltage-dependent free energy of the electrode/electrolyte system that
includes both the EDL and the redox contributions. In the experimentally relevant voltage
window of 0.5 V down to -1.0 V vs SHE, we found 0.6 |e| proton transfer from the
electrolyte to the electrode and 0.4 e electron transfer to the electrode from the applied
voltage, which led to 0.2 |e| net surface charge, per unit formula. In other words, the
capacitive mechanism is dominated by the redox process but the EDL charge works against
the redox process. Analysis of the electronic structure and oxidation state of charged
TisC>Tx showed that the electron transfer mainly takes place on Ti at 0.1 |e| per Ti, which
cause the change on Ti valence from +2.45 to +2.54, in good agreement with experiment.
Since our simulation is mainly based on electronic structure calculation via DFT, it is
feasible to build a relation between intrinsic electronic property (PZC shift during redox
and hydrogenation energy) of different MXenes and their pseudocapacitance, which can
be further used in high-throughput computational screening of novel MXene
supercapacitors. The transferability of our model could help experimentalist to explore

novel electrode material in MXene family more efficiently in the future. Our work provides
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a general scheme to understand and predict the pseudocapacitive behavior of MXene

materials.
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Supporting Information

MXene configurations at different hydrogen coverages

v X=1/9

Figure S9-1. The structures of Ti3C,Tx (T=0, OH) for H coverage from 1/9 to 4/9. The structures
for higher coverages such as 5/9, 6/9, 7/9, 8/9 can be obtained similarly. In total, we examined 28
configurations for H coverage from 0/9 to 9/9.

The relationship of energy of the neutral system, E(x), and the electrode potential
at the point of zero charge, @pzc(x), with hydrogen coverage, x.

Our DFT calculations with an implicit solvation of various TizC>Tx configurations
have shown that both E(x) and ¢pzc(x) exhibit a linear relation with x. The data were
therefore fitted to a simple linear equation (Figure S2) to correlate E(x) in eV and @pzc(x)

inVtox: E(x) =—15.704x — 0.13742 and @pz:(x) = —4.919x + 5.800.

184



(a) (b)

L
\\ SHE=466 V

i
1

(%)
1

X
Potential of Zero Charge (V)

00 05 10 00 05 10
H Coverage H Coverage

Figure S9-2. The linear relationship of (a) energy of the neutral system, E(x), and (b) the electrode
potential at the point of zero charge, ¢@rzc(x), with hydrogen coverage, x.

Average for degenerate H adsorption structures on Ti3C,Tx (T=0, OH)

At a fixed H coverage, the configurational degeneracy is captured by a Gaussian
function g(x) that fitted from manually obtained configurations in our model. The
corresponding configuration numbers for the H coverage of 0/9, 1/9, 2/9, 3/9, 4/9, 5/9, 6/9,
709, 8/9, 9/9 are 1, 1, 2, 4, 6, 6, 4, 2, 1, 1, respectively. They were fitted to a Gaussian
function as shown in Figure S9-3, to generate a continuous function, g(x). The motivation
of selecting Gaussian function here are: 1. Gaussian function is widely used in statistics
and easy to fit; 2. The combination of different H configuration (at same coverage) in a
large supercell model can be briefly described by Binomial distribution, which eventually
approaches normal distribution (Gaussian function) at large scale. Then, the partition

function Z of the system at a specified electrode potential ¢ can be expressed as:

2(9) = [2, 9()exp(=pG(x, 9)) dx 59-1
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where f = 1/kgT. Based on the partition function Z, we can obtain the average H coverage

and surface net charge at electrode potential ¢:

Jyy %9 (x)exp(-BG (x,9))dx
Xapg (@) = == 2@) §9-2

Jrco Q(x,9)g(x)exp(-BG(x,p))dx
Qavg ((P) = =0 7@ S9-3

g(x)

0.0 ' 0.5 ‘ 1.0
H Coverage (X)

Figure S9-3. Gaussian function g(x) fitting to describe the configurational degeneracy.
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Figure S9-4. H coverage distribution at different electrode potentials applied to Ti3C,Tx.

Optimized lattice parameter as a function of H coverage on Ti3C.Tx (T=0, OH)
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Figure S9-5. DFT-optimized lattice parameter as a function of H coverage on Ti:C,Tx (T=0, OH).

Oxidation state of Ti in Ti3C,Tx at various H coverages
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Figure S9-6. Estimated oxidation state of Ti in Ti3C,Tx at various H coverages (1/9, 2/9, 3/9 and
4/9), from a linear scaling of the oxidation state vs Bader charge for Ti in TiO and TiO».
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Chapter 10 Summary and future work on capacitive energy storage and solid/liquid
interfacial model:
10.1 Summary

In this dissertation project, we applied first-principle simulation to study the
capacitive mechanism of EDLCs and pseudocapacitors. First, studied the influence of
quantum capacitance in graphene based electrodes by combining Cq and CgpL from DFT
and classical simulation respectively. By including the Cq in Ci, we found that Cq
dominate the Cior when applied voltage is low in single layer graphene electrode. With the
layer stacking of graphene, Cq increase with layer number and becomes less dominative.
To enhance the capacitive performance of graphene, nitrogen doping is a commonly used
way. We studied the N-doped graphene with three typical nitrogen configuration: graphitic,
pyridinic and pyrrolic. From Cq study, we found that graphitic and pyridinic N can increase
Ciot by increasing Cq, while pyrrolic N cannot. This conclusion is consistent with many
experimental works. Beyond the “two contribution” model (Cq+CepL), we applied JDFT
to study the interfacial polarization in graphene EDLC and revealed the “third
contribution” named “dielectric screening” effect. A complete physical picture of graphene
EDLC is proposed and it include three parts: DOS charging (Cq), electrolyte response
(Cepr) and dielectric screening inside electrode (Cpiclec). The contribution of Cpielec 1S
highly dependent on the layer number in FLG: the Cpjelec becomes dominative when n > 3.
Moreover, the dielectric screening behavior was found to be electrolyte-independent. With
the advantage of JDFT, we further studied the capacitive charging behavior of graphene

edge sites, which cannot be solved by conventional methods due to the complicated surface
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morphology and interfacial polarization. We investigated the armchair and zigzag edge,
and found that the dielectric screening plays an important role in the capacitance of edge
sites and couples with electrolyte response (EDL part). Comparing with graphene basal
plane, the zigzag edge exhibit higher capacitance due to its large Cq, Cpietec and Cepr, while
armchair edge doesn’t. Although both armchair and zigzag edge has higher Cgpr, the
capacitance of armchair edge is limited by Cq and Cpielec, Which revealed the importance
of including the dielectric screening in EDLCs simulation. Based on our understanding on
the capacitive mechanism of EDLCs, we designed 2D boron supercapacitors and found 2D
boron sheets have very promising capacitive behavior (calculated capacitance higher than
400 F/g), comparing with conventional graphene EDLCs.

Different from EDLCs, pseudocapacitor has more complicated capacitive
mechanism due to the solvation effect on redox reaction at interfacial region. To understand
the pseudocapacitive mechanism, we studied two systems: RuO»(110) and Ti3C,Tx (T=0,
OH). In our RuO, work, we obtained the charging curve by computing the hydrogen
adsorption on RuO»>(110) surface in contact with implicit solvation model. The calculated
differential capacitance curve exhibit good agreement with experimental CV measurement
in terms of redox peak position and capacitance. In our Ti3C,Tx work, we proposed a DFT-
based model and it revealed the coexistence of redox and EDL behavior during
charging/discharging process. The electronic structure calculation showed that the charge
transfer is mainly contributed by the Ti’s d orbital, and the calculated Ti’s valence change
is comparable to experimental XAS results. Our work provide new insight into

understanding the capacitive energy storage at solid/liquid interface.
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10.2 Challenges and future work

The capacitive behavior stems from the electrolyte response to the electrode surface
charging: charged electrode causes the electrolyte response through ionic screening and
polar solvent response; then the rearranged electrolyte structure polarizes the electrode and
affects the charge distribution. Constant charge CMD with all-atom force field can
accurately predict the electrolyte response, but the electrode charge distribution is not
optimized. Constant potential MD and MC were proposed in recent years, but could not
capture the electrode polarization. Electronic DFT coupled with a solvation model, such as
JDFT and ESM, can capture the polarization of electrode from ionic screening in the
electrolyte at the electronic-structure level, but the electrolyte response is limited by the
implicit solvation model in the case of JDFT. Moreover, the computational cost can be
prohibitive for the solvation-embedded DFT code due to the expensive computation for
solid/liquid coupling, especially in ESM.

Another difficulty in EDLC modeling is the influence of surface chemistry. When
the surface functional group could react with the ions or solvent, only considering the
electrostatic interaction is not enough to capture the capacitive behavior. So how to cover
the surface chemistry in EDLC modeling is also a challenging and unsolved issue, since it
blurs the line between EDLC and pseudocapacitor. Modeling pseudocapacitor is still in its
infancy. KS-DFT study can provide insights into the micro-dynamics of lithium diffusion
and transport in the oxide. For the pseudocapacitor governed by the surface redox reaction,
currently there is no good model to describe it due to the complexity of the interfacial

physical chemistry. Although we have proposed an appropriate model for MXene system,
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but it is still highly simplified and current not transferable to other pseudocapacitive
electrodes. A typical case is the transition metal oxides in an acid electrolyte: the surface
structure, surface reaction pathway, reaction kinetics, over-potential, solvent effect and
electrolyte pH are all able to greatly influence the pseudocapacitive behavior.

In recent years, combining two or more types of conventional electrode materials
to make hybrid electrodes also became a promising way to improve the capacitive
performance of supercapacitor. One typical case 1is the pseudocapacitive
polypyrrole/MXene hybrid electrode reported by Boota et al.! Another typical example of
a hybrid electrode is based on 2,5-dimethoxy-1,4-benzoquinone on reduced graphene-
oxide sheets.? For these hybrid systems, theoretical simulation can be extremely difficult
due to the complex capacitive mechanism, which could include surface redox, ion
intercalation, ion diffusion and EDL formation at the same time. Thus, a step-by-step and

multi-scale approach is necessary.

References

(H Boota, M.; Anasori, B.; Voigt, C.; Zhao, M. Q.; Barsoum, M. W.; Gogotsi, Y.
Pseudocapacitive Electrodes Produced by Oxidant-Free Polymerization of Pyrrole between
the Layers of 2D Titanium Carbide (MXene). Adv. Mater. 2016, 28, 1517-1522

2) Boota, M.; Chen, C.; Becuwe, M.; Miao, L.; Gogotsi, Y. Pseudocapacitance and

excellent cyclability of 2,5-dimethoxy-1,4-benzoquinone on graphene. Energ Environ Sci
2016, 9, 2586-259%4

191



