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multiferroics, and high-performance proton battery cathode materials
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Using a first-principles method we show that graphene based materials, functionalized with hydroxyl groups,
constitute a class of multifunctional, lightweight, and nontoxic organic materials with functional properties
such as ferroelectricity, multiferroicity, and can be used as proton battery cathode materials. For example, the
polarizations of semihydroxylized graphane and graphone, as well as fully hydroxylized graphane, are much
higher than any organic ferroelectric materials known to date. Further, hydroxylized graphene nanoribbons with
proton vacancies at the end can have much larger dipole moments. They may also be applied as high-capacity
cathode materials with a specific capacity that is six times larger than lead-acid batteries and five times that of

lithium-ion batteries.

DOI: 10.1103/PhysRevB.87.081406

It is well known that ferroelectric materials, possessing
spontaneous electric polarizations that are switchable under
an external electric field, have a wide range of applications in
electronics, micromechatronics, and electro-optics.l Most of
the current ferroelectric materials are based on inorganic ele-
ments. Recently, there is considerable interest in synthesizing
organic ferroelectric materials since they are light, flexible,
and nontoxic. The first ferroelectric crystal, Rochelle salt,
which was discovered in 1920,2 is an organic ferroelectric
material containing an organic tartrate ion. At present, the
study of ferroelectricity in organic solids has been limited to
some well-known polymer ferroelectrics® such as polyvinyli-
dene difluoride (PVDF),*'0 or a few low-molecular-mass
compounds such as thiourea,'! tetrathiafulvalene (TTF) com-
plexes with p-bromanil (tetrabromo- p-benzoquinone)'? and
p-chloranil (tetrachloro- p-benzoquinone),'? croconic acid,'*
and so on. Multiferroicity, i.e., the coexistence of magnetism
and ferroelectricity, is even more desirable for constructing
multifunctional devices'>'® where electrical polarization can
be controlled by applied magnetic fields and magnetization by
applied voltage. Magnetic and electrical ordering, however,
requires very different molecular interactions that are hard
to incorporate in the same compound. Consequently, there
are very few organic multiferroic materials predicted or
synthesized at present.!’1

In this Rapid Communication, using calculations based
on density functional theory, we show that several types of
lightweight organic ferroelectric materials with high spon-
taneous polarizations can be designed by functionalizing
graphene with hydroxyl groups. For example, the polarizations
of semihydroxylized graphane and graphone as well as
fully hydroxylized graphane are, respectively 41.1, 43.7, and
67.7 1C/cm?, much higher than any organic ferroelectric
materials known to date. In addition, hydroxylized graphone
is multiferroic due to the coexistence of ferroelectricity
and ferromagnetism. Zigzag graphene nanoribbons decorated
with hydroxyl groups also exhibit ferroelectric properties
with a large polarization of 27.0 ;£C/cm?. Moreover, proton
vacancies at the ends of the ribbons can induce dipole moments
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that can be reversed by both hopping of protons and the rotation
of O-H bonds under an electric field. We also explore their
potential as high-capacity cathode materials where we find a
specific capacity that is six times larger than lead-acid batteries
and five times that of lithium-ion batteries. This study provides
pathways to the synthesis of high-performance organic, metal-
free ferroelectric, multiferroic, and proton battery cathode
materials which have many advantages over conventional
ferroelectric materials, such as no spatial constraint, high-
temperature performance, directional hydrogen bonds, low
dimension, and green fabrication from renewable energy
resource such as carbohydrates.

Our starting material, graphene, is a single layer of carbon
atoms in a honeycomb lattice, which has attracted considerable
attention since it was first isolated experimentally in 2004.%°
Many of its novel physical properties, such as exhibiting
a room-temperature quantum Hall effect, massless Dirac
fermion behavior, and high electron mobility and coherence
have been explored.”>>® Although pristine graphene is a
semimetal and chemically inert, a previous experimental report
has shown that it can be chemically converted into a graphane
layer (an insulator) by saturating all carbon atoms with atomic
hydrogen.?’=3% It has also been theoretically predicted that
half-hydrogenated graphene (referred to as graphone) is a
magnetic semiconductor.>’ Graphene can also be transformed
into a semiconductor by cutting it into rectangular slices,
namely, graphene nanoribbons (GNRs). The band gaps of these
GNRs depend on the width of the nanoribbons and the crystal-
lographic orientation of the cutting edge.?>=3" Their electronic
properties can be further tuned through decorations.>’

Here, we decorate graphane and graphone nanoribbons
with hydroxyl groups. Semihydroxylized graphane (SHLGA)
is achieved by replacing the H atoms on one side of
graphane with —OH groups while fully hydroxylized graphane
(HLGA) is achieved by replacing all H atoms with —OH
groups. Hydroxylized graphone (HLGO), on the other hand,
is achieved by replacing the H atoms on graphone with —-OH
while the on the other side C atoms retain their dangling bonds.
Calculations are carried out using gradient corrected density

©2013 American Physical Society
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FIG. 1. (Color online) (a) Side view of graphane and SHLGA,
(b) different orientations of the hydroxyl group in SHLGA, (c) top
view of SHLGA with different polarization orientations, and (d) side

view of graphone and HLGO. Gray, white, and red spheres denote C,
H, and O atoms, respectively.

functional theory (DFT-GGA) and the DMOL? package.*'*?
The generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) functional form*® for the exchange-
correlation functional and an all-electron double numerical
basis set with a polarized function (DNP) are chosen for
the spin-unrestricted DFT computation. The real-space global
cutoff radius is set to 4.5 A. The sizes of the supercell as
well as all atomic positions were optimized until the forces
were below 0.0002 Ha/A. The distances between layers in
the three-dimensional (3D) bulk structures are also optimized.
For electronic band-structure calculations, the Brillouin zone is
sampledusinga5 x 5 x 3 k-point grid in the Monkhorst-pack
scheme.** The PBE-D2 functional of Grimme was used to take
into account dispersive forces* and the Berry-phase method
was employed to evaluate crystalline polarization*®*’ using
the Vienna ab initio simulation package (VASP).*8->0

First we consider SHLGA where hydrogen atoms on one
side of a graphane layer are replaced by hydroxyl groups,
as shown in Fig. 1(a). The average binding energy of every
hydrogen atom on graphane is — 2.5eV, and during the process
of substitution an energy of 0.3 eV is required for every
hydroxyl group. The hydrogen atom in an —OH group may
occupy positions marked 1, 2, or 3 in Fig. 1(b). According
to our calculations, site 1 is the ground state while sites 2
and 3 lie, respectively, 0.042 and 0.055 eV higher in energy.
This is understandable as the proton located over the center
of a hexagon, as in position 1, can form two hydrogen
bonds simultaneously with two O atoms of adjacent —OH
groups. In addition, being farther from C atoms, it suffers
less repulsion. There are also two other positions, 1’ and
1”7, which are equivalent to site 1. As the hydrogen atom
occupies any one of those sites, the lengths of the covalent
O-H and the hydrogen O-H bonds are, respectively, 0.99
and 1.87 A. In the ground state, there is one hydrogen atom
over every carbon hexagon and all the —OH groups point
towards one direction, as displayed in Fig. 1(c), making
SHLGA a two-dimensional (2D) ferroelectric material with
a spontaneous polarization of 2.5 x 10712 C/cm projected
along the Y axis. This ferroelectric polarization is switchable
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FIG. 2. (Color online) (a) Side view of single-layer HLGA, (b)
multilayer HLGA, and (c) top view of multilayer HLGs.

through the rotation of O—H bond under an applied external
electric field, with an energy barrier of 0.055 eV per proton.
When SHLGAs are stacked layer by layer, we obtain a 3D
bulk material with a spontaneous polarization of 41.1 ;.C/cm?
projected along the Y direction. This is even larger than
that in croconic acid (with the highest known polarization,
21 uC/cm?, among current organic ferroelectrics)® and bulk
BaTiO3 (26 uC/cm?). When a similar substitution of H atoms
by —OH groups is performed in graphone (where only one
side of the C atoms is saturated with hydrogen) we denote
the system as hydroxylized graphone (HLGO), as shown in
Fig. 1(d). Stacking of HLGOs layer by layer would require
less space, resulting in spontaneous polarization along the Y
axis of 43.7 £C/cm?, which is even larger than that found for
SHLGAs. More importantly, the 3D HLGO system is magnetic
just as graphone, with a magnetic moment of 2.0up per unit
cell (every unit cell contains four carbon atoms in two layers),
making HLGO multiferroic.

Figure 2(a) displays the geometry where all the hydrogen
atoms in graphane are replaced by hydroxyl groups. We
denote this system as a fully hydroxylized graphene sheet
(HLGA). When layers of HLGA are stacked periodically, it
is energetically favorable for —OH groups to form interlayer
hydrogen bonds. Different configurations and relative energies
are listed in Fig. S1 in the Supplemental Material,”' indicating
ABAB stacking is favorable in energy. The side and top
views of the ground state structures are shown in Figs. 1(b)
and 1(c), respectively. We find a spontaneous polarization of
67.7 uC/cm? along the Y axis, switchable under an applied
electric field. This is almost twice as large as that of the value
in bulk SHLGA.

Hydroxylized zigzag-edge graphene nanoribbons (ZGNRs)
also exhibit ferroelectricity. According to previous studies, >+’
an energy of 0.17 eV per edge site is released when every H
atom on a pristine ZGNR is substituted by a —OH group.
We find that —-OH groups decorated on the zigzag edges will
form hydrogen bonds with adjacent -OH groups. We find a
spontaneous polarization of 0.25 e A per A associated with the
displacement of protons, switchable through the rotation of
the O-H bond along the direction of the ZGNR, as shown in
Fig. 3(a). The energy barrier for this rotation is 0.65 eV per —
OH group. To achieve the maximum magnitude of ferroelectric
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FIG. 3. (Color online) (a) Hydroxylized zigzag edge of ZGNR; (b) bulk crystal of ZGNRs decorated with -OH; ZGNR decorated with
—OH with (c¢) two proton vacancies and (d) N proton vacancies at every edge.

polarization in a crystallized 3D structure, we decorated both
edges of the narrowest possible ZGNRs with —OH groups and
packed them to form a bulk structure, as shown in Fig. 3(b),
yielding a polarization of 27.0 xC/cm?.

Moreover, if we assume that at the end of every edge of a
hydroxylized ZGNR along the Y direction there are two proton
vacancies, i.e., two =0 bonds [see Fig. 1(c)], the protons
will hop and bind to adjacent O atoms, crossing an energy
barrier of 0.34 eV under an external electric field along the
ZGNR toward the —Y direction. The O-H bond will then
rotate to the other side, and H will hop to the last O atom
in the end. Here two mechanisms of ferroelectric reversal are
clarified: proton hoping and rotation, and the displacements
of every proton during hopping and rotation are, respectively,
0.58 and 1.88 A. The corresponding changes in the dipole
moment are, respectively, 1.23 and 1.23 eA, leading to a
switchable polarization of (1.23 + 1.23 4 1.23)/2=1.85¢A
per proton. If there are N proton vacancies at the end of every
zigzag edge, as shown in Fig. 3(d), the polarization will be
0.62+ (N — 1)1.23 ¢ A per proton and will increase linearly
with N.

In addition to their giant polarizations, these ferroelectric
hydroxylized graphite nanomaterials have many advantages
over conventional organic ferroelectric materials such as
PVDF. As previously noted:>> (1) The ferroelectric PVDF
family often faces steric hindrance or high energy barriers
during switching due to limited intermolecular space, while
protons in hydrogen-bonded ferroelectrics can be free to move
due to less spatial constraint. (2) The directional preference
of hydrogen bonding enables polarity to form spontaneously,
while in conventional organic ferroelectrics the tendency for
antiparallel molecular aggregations induced by intermolecular
dipole-dipole interactions is hard to avoid. (3) The presence of
hydroxyl protons tightly bounded to oxygen guards against

thermal agitation, resulting in robust high-temperature fer-
roelectricity. We performed a quantum molecular dynamics
simulation on SHLGA and found it still in good ferroelectric
order at 500 K, as displayed in Fig. S3 in the Supplemental
Material.’! Moreover, they can exhibit ferroelectricity in low
dimensions (2D for SHLGA and HLGO, 1D for hydroxylized
ZGNR), while those composed of small molecules!'~'* can
only exhibit ferroelectricity in 3D bulk crystal. In addition
it is also likely that the systems we propose here can be
fabricated from graphite oxide or common carbohydrates such
as sugars as they only contain C, H, and O, thus enabling green
synthesis

Equally important, we also find that the above hydroxyl-
decorated graphene systems may serve as ideal cathode ma-
terials for use in rechargeable proton batteries because of the
high capacity of protons. As shown in Fig. 4(a), when half of

(a)
Charge

-

Discharge

(b)

Charge

[
-

Discharge

FIG. 4. (Color online) Intercalation and deintercalation of cath-
ode materials based on (a) HLGA and (b) ZGNR decorated with
—OH.
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the protons in HLG are released, the remaining graphene oxide
structure is still stable, so a HLGA has a high specific capacity
of 461 mA h/g. During deintercalation, the system would gain
3.40 eV per proton on the average, thus making it suitable as
a cathode material. For a ZGNR decorated with —OH groups,
all the protons can be released, leaving the remaining system
as shown in Fig. 4(b), giving rise to a specific capacity of
669 mA h/g, and making it a suitable cathode material since
the system gains, on the average, 3.35 eV per proton during
deintercalation. Here the volume should change little during
the charging and discharging process by small protons. More
importantly, the highest specific capacity we obtained is almost
six times the highest theoretical value of the lead-acid battery
(PbO,, 111 mAh/g), as well as five times that of lithium-ion
batteries (LiCoO,, 140 mAh/g). In addition, these potential
organic cathode materials can be produced from renewable
resources, thus avoiding the pollution caused by the toxic
transition-metal atoms in current rechargeable batteries.’>~>
In conclusion, using first-principles calculations we predict
that hydroxylized graphene systems have the potential to
serve as environmentally friendly organic ferroelectric ma-
terials that are simultaneously lightweight and nontoxic. We
find that semihydroxylized graphane, hydroxylized graphone,
and fully hydroxylized graphane have large polarizations
of, respectively, 41.1, 43.7, and 67.7 uC/cmz. In addition,
semihydroxylized graphone is multiferroic. ZGNRs decorated
with —OH groups are also shown to be ferroelectric with
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a polarization of 27.0 uC/cm?. With proton vacancies at
the ends of the edges, much larger dipole moments can
be induced by longer displacements of protons. We also
summarize many other merits compared with conventional
organic ferroelectrics. Finally, we show that these systems have
the potential as high-capacity cathode materials with a specific
capacity that is six times that of current lead-acid batteries and
five times that of lithium-ion batteries. This study provides
pathways to the synthesis of high-performance organic, metal-
free, ferroelectric, multiferroic, and proton battery cathode
materials which have many advantages over conventional
ferroelectric materials, such as no spatial constraint, high-
temperature performance, directional hydrogen bonds, low
dimension, and green fabrication from renewable energy
resource such as carbohydrates. They may also be fabricated
from graphene oxide or unzipping of carbon nanotubes by
oxygen>® in experiment. In a very recent experimental paper’’
the discovery of ferroelectricity of graphene oxides has been
reported. This is attributed to the 1D hydrogen-bond chains by
hydroxyls and supports our predictions.
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DMR-0820521). PJ. acknowledges partial support by the
Department of Energy. Computations were performed at the
Department of Chemistry, University of Nebraska-Lincoln.
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