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Abstract: Supercapacitors based on the electric double-layer mechanism use porous
carbons or graphene as electrodes. To move beyond this paradigm, we propose boron
supercapacitors to leverage 2D boron sheets’ metallicity and light weight. Six 2D boron sheets
from both previous theoretical design and experimental growth are chosen as test electrodes. By
using joint density functional theory (JDFT) to the electrode/electrolyte system, we examine how
the 2D boron sheets charge up against applied potential. JDFT predicts that these 2D boron
sheets exhibit specific capacitance on the order of 400 F/g, about four times of that of graphene.

Our work suggests that 2D boron sheets are promising electrodes for supercapacitor applications.
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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 carbons have

14, 15

also been explored for EDLCs, including carbide-derived carbons and other nanostructured

carbons.'® The specific capacitance of these carbon materials ranges from 100 to 200 F/g.' Due

17-20

to its high specific surface area (~ 2600 m*/g) and conductivity, the specific capacitance of

graphene has been measured recently: it is 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 (Cg), due

2225
1.

to its low density of states (DOS) near the Fermi leve To address this issue, one promising

way is to dope the graphene with heteroatoms such as nitrogen to increase the DOS at the Fermi

level (in other words, making it more metallic). This strategy has been explored both

experimentally and theoretically in many previous studies.**>*

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

35,36

in exploring novel 2D structures of boron. Theoretical studies suggested many possible types



of structures of boron, including a/B/y/g types and the less stable triangular and hexagonal

37-41
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 () is higher than 1/8.** The B12 structure has been
theoretically predicted before,” while x3 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.

The six chosen configurations based on previous experimental and theoretical studies are
shown in Figure 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 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 () 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: C; = QAW — ypzc), 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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Figure 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, 3%x3

supercell; (f) B6, 3x3 supercell.



We first examine the stability and electronic structure of the six typical 2D boron or
borophene structures in Figure 1. We calculated their cohesive energy (Ey) according to: Ej, =
Eztom — Esneet» Where Eqom is the energy of a single boron atom in the P state and Egyee is the
energy per atom of a 2D boron sheet. So more positive Ep, more stable the structure. From Table
1, one can see that the calculated E, 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 2 shows that all the six boron sheets are metallic,

indicating that they will be good electrode materials for supercapacitors.

Table 1. Hole density (1), calculated cohesive energy (Ey), and potential at the point of zero
charge (PZC) of the six boron sheets

Model” n E, (eV/atom) Wpzc 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) 1/7 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: 12 and x3 from ref. **; new & and new

B from ref. *’; a1 and B1 from ref.”.
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Figure 2. Total electronic density of states (DOS) of the six boron sheets as labeled in Figure 1.

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 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 Bl 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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Figure 3. The net charge distribution of the electrode/electrolyte system along the z direction,

where the position of the B1 sheet is at z=0 A; the electrode bias potential is 1 V vs. PZC

We next examined how the 2D boron sheets respond to negative and positive charging up
to 1 V relative to the ypzc. Figure 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 4 shows how the surface charge density (Q) changes with the applied potential (y). 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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Figure 4. Surface charge density (Q) vs. applied potential () curves of the six 2D boron sheets,

in comparison with that of graphene.

By differentiating the numerically fitted Q vs. y curves, we obtained the area-normalized
differential capacitance in Figure 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 uF/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 S1) 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 S2),* and found that they all show non-symmetric behavior. Hence,

quantum capacitance also contributes to the asymmetric charging as seen in Figure 5.
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Figure 5. Differential capacitance of 2D boron sheets (obtained from differentiation on the

numerically fitted Q- y curves in Figure 4).

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 wypzc in Figure 6,



corresponding to charging in an aqueous electrolyte. For 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.
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Figure 6. Calculated Integral specific capacitance of 2D boron sheets in the voltage window of -

0.6 V to 0.6 V around ypzc.

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

on 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
pF/cm®, which corresponds to a gravimetric capacitance of 158 F/g based on the specific surface
area of graphene at 2630 m”/g.'” So our theoretical capacitance of 93 F/g for graphene
underestimates the experimental values. Hence our predicted capacitances for the 2D boron

sheets are likely to be a conservative estimate.

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: 1) Preparing
2D boron by selectively etching the metal substrate; i1) 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.

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 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.
Supporting Information
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