
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
2:

15
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Fundamental pro
aFaculty of Chemistry and Pharmacy, Univer

tadjer@chem.uni-soa.bg
bDept. of Physics, Chalmers University of T

E-mail: patrik.johansson@chalmers.se
cALISTORE-European Research Institute, C

Amiens, France

† Electronic supplementary information
geometries and relative energies of the
Fig. S2. Total and partial DOS of AQ
activations barriers for Li, Ca and Al;
formation of AQ-graed graphene; Table
Table S3. Calculated DG and potentials f
and potentials for CaxAQ4C72; Table S5. C
S6. Calculated DG and potentials for AlxA
AlxAQ4C72. Table S8. Calculated electro
densities. See DOI: 10.1039/d0ta04780e

Cite this: J. Mater. Chem. A, 2020, 8,
14152

Received 8th May 2020
Accepted 2nd July 2020

DOI: 10.1039/d0ta04780e

rsc.li/materials-a

14152 | J. Mater. Chem. A, 2020, 8, 1
mise of anthraquinone
functionalized graphene based next generation
battery electrodes: a DFT study†

Hristo G. Rasheev,ab Rafael B. Araujo,b Alia Tadjer *a and Patrik Johansson *bc

Organic batteries are promising alternatives to the present rechargeable battery technologies, mainly due to

projected lower fabrication costs, less environmental impact, more versatility, and chemical andmechanical

flexibility. In this study we investigate potential organic battery electrodes composed of an electronically

conductive graphene monolayer functionalized with redox-active anthraquinone (AQ). The combination

overcomes common drawbacks of organic batteries: (i) the solubility of the organic redox-active

materials in the electrolyte is mitigated by anchoring onto graphene and (ii) the need for a large amount

of conductive additives in the composite electrode is circumvented by the high conductivity of

graphene. The electrodes are modelled by various density functional theory (DFT) based approaches and

their fundamental promise as part of Li, Ca, and Al based batteries are outlined. We model the design of

the electrodes, such as AQ attachment and loading, the thermodynamics of accepting mono to trivalent

ideal charge carriers from the electrolyte, i.e. Li+, Ca2+, and Al3+, and the kinetics of ion diffusion at the

electrode surface by assessment of the activation barriers. From the calculated multi-step electrode

potential profiles, the theoretical electrode energy densities, with respect to the redox-active part, are

570 and 512 W h kg�1 for Li and Ca, respectively, which is quite comparable to the active materials of

inorganic medium voltage lithium-ion battery electrodes. As the average potentials are in the range 0.5–

1.2 V vs. Mn+/M0 these materials are either to be used as negative electrodes, combined with a high or

medium potential positive electrode, or as positive electrodes vs. metal electrodes, for low voltage

battery application.
Introduction

Rechargeable battery technologies attract unabated research
interest due to the continuously growing demand for all kinds
of portable electronic devices and electried vehicles, as well as
an up-coming market of large-scale electrochemical stationary
storage and redistribution of electricity obtained from renew-
able energy sources, etc. At present, the lithium-ion batteries
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(LIBs) are the totally dominant technology, but still carry some
safety risks, cost issues, and constrained resource concerns.1,2

The latter is true for lithium itself and the negative electrode as
natural graphite is a limited resource, as well as for the positive
electrode, most notably the transition metals Co and Ni.3,4

Major research directions encompass the development of new
LIB electrode designs with higher capacity and better capacity
retention, as well as changing to other battery technologies
using cheaper and more abundant metals than lithium and
therefore Na+, K+, Mg2+, Ca2+, or Al3+ are considered as charge
carriers.5–11

The LIBs on the market today are all based on electrodes
with inorganic active materials. A less expensive, less toxic, and
“greener” alternative would be to use organic redox-active
compounds.12,13 Furthermore, such compounds can easily be
fabricated applying tailored organic synthesis and designed to
be chemically robust during battery operation while easily
degradable aer disposal.14–16

As active materials, i.e. redox-active compounds, different
carbonyl derivatives, such as quinones, especially anthraqui-
none (AQ), and thioquinones, are deemed the most promising
building blocks due to their high rate of redox reactions, high
specic capacity, structural variety, low cost and environmental
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The a- and b-AQ radicals with the arrow denoting the graphene
attachment position.
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safety.17–22 They are, however, electronically non-conducting and
usually rather soluble in the electrolytes employed.23 This has
traditionally been solved by attachment to a conducting matrix,
usually polymers, such as PAQS,24–27 or carbon nanotubes/
networks,28,29 but also graphene has been employed.30–32

2D materials in general,33 and graphene in particular,34 have
recently drawn a great deal of attention for application in
a variety of electrochemical energy storage devices. Graphene is
an excellent electrical conductor and can thus also act as
current collector, which solves a general problem of the organic
battery electrodes – the need for a large content, up to 50%, of
conductive carbon additives.35,36 To create functionalized
graphene/graphene oxide battery electrodes, several routes have
been proposed and developed: attaching organic residues via
decomposition of diazonium salts,37–39 cycloaddition, such as
Diels–Alder reactions, in which the graphene could be either the
diene or the dienophile,40 and free radical photochemical
reaction between graphene and benzoyl peroxide.41

Here we combine two of the above promises by looking at AQ
graed onto graphene and investigate the fundamental pros-
pects of this combination as electrode for a set of battery
technologies, using mono- (Li+), di- (Ca2+) and tri-valent (Al3+)
charge carriers. Molecular modelling techniques such as
density functional theory (DFT) and the climbing image nudged
elastic band (cNEB) method are used to make an in silico and
a priori unlimited assessment of both the thermodynamics
possibilities, i.e. electrode capacity and voltage – important for
the electrode energy density, and the kinetics limitations that
may come into play, i.e. the ion diffusion at the electrode
surface – important for the nal battery power rate
performance.

Computational
Methods

Most calculations were performed using the projector-
augmented wave (PAW) method as implemented in the
Vienna Ab initio Simulation Package (VASP).42,43 DFT was
employed using the PBE functional44 for the exchange and the
correlation energy together with the empirical dispersion term
of Grimme (PBE + D2).45 The plane-waves were expanded with
an energy cut-off of 600 eV and a G point was applied to inte-
grate over the Brillouin zone (except for the density of states
where a 4 � 4 � 1 k-mesh was used). The electron partial
occupancies were obtained within the Gaussian smearing
scheme together with a smearing parameter of 0.1 eV. The
atomic coordinates were optimized towards convergence
criteria of 0.01 eV Å�1 for all forces resulting in average |F|:
0.003 eV Å�1 and maximum |F|: 0.010 eV Å�1. For all practical
purposes and as we are interested mainly in energy differences
we use the DFT total energy as a proxy for the Gibbs free
energy. Subsequently the charge distributions were calculated
using Bader's quantum theory of atoms in molecules
(QTAIM),46 as implemented in the Bader program.47 For single
molecules and radicals the Gaussian 16 (G16) program48 was
used at the PBE/6-31G* level of theory. The minimum energy
pathways were calculated by the climbing image nudged
This journal is © The Royal Society of Chemistry 2020
elastic band method (cNEB).49,50 The reaction pathways were
modelled by linearly interpolating 6 to 7 images between the
equilibrium positions and calculating the activation barriers
as the energy difference between the initial state and the
transition state. AIMD simulations were performed with VASP
to generate trajectories of Li+ dynamics at the electrode
surfaces, using a 1 fs time-step and 20 ps equilibration time in
the canonical NVT ensemble at 700 K. VESTA was used for
visualisation of optimised structures.51
Models

The models comprise the metal-ion charge carriers as atoms
(M), AQ incl. its radicals, and AQ covalently anchored to gra-
phene. Due to the D2h symmetry of AQ, there are only two
unique ways to produce an AQ radical: a and b (Fig. 1). These
were optimized (PBE, G16) and the b-radical was found to be
more stable by ca. 9 kJ mol�1.

As graphene “substrate” a large enough fragment is needed
to accommodate a sufficient number of AQs with different
topologies and orientations, while maintaining a reasonable
computational cost. A hexagonal periodic box of a ¼ 1.481 nm
and c ¼ 3.000 nm, containing 72 carbon atoms (6 � 6 rings),
was chosen for the VASP calculations. The size of the c dimen-
sion provides a sufficient vacuum slab of ca. 2 nm to isolate the
layer from its periodic images.

For the resulting AQC72 system, there are three dissimilar
orientations the AQ can have with respect to the graphene
substrate (Fig. 2), and hence a total of six isomeric starting
structures (with AQ a- and b-radicals both being considered).

C72 allows the attachment of no more than 7 AQs. The most
favourable AQ coverage, i.e. n in AQnC72, was determined for n¼
0–7 by computing the relative free energy of formation, DGn, for
the most stable isomer of each, as:52

DGn ¼ GðAQnC72Þ � ½nGðAQ7C72Þ þ ð7� nÞGðC72Þ�
7

(1)

Aer having established the optimal AQ loading, the metal-
electrode interaction modelling used a stepwise addition of M
atoms (M ¼ Li, Ca, and Al), to mimic the acceptance of the
corresponding Mn+ charge carriers. Starting with Li, one Li atom
was added at eight different locations covering all symmetrically
non-equivalent positions and this process was repeated with
two Li atoms at four different positions, taking into account the
most stable structures from the previous step. Subsequently,
J. Mater. Chem. A, 2020, 8, 14152–14161 | 14153
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Fig. 2 The different orientations of AQ vs. graphene: (1) along a C–C bond; (2) above closest disjoint carbons; (3) above the farthest disjoint
carbons in the same ring. The green dot designates the attachment position.

Fig. 3 Free energy of formation, DGn, as a function of n for AQnC72.
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two Li atoms at a time were added until the intercalation
became energetically unfavourable (16 Li). The same procedure
was repeated with Ca (up to 8 Ca), while Al was introduced one
atom at a time up to 4 atoms.

The electrode potential prole was obtained by rst calcu-
lating the step-wise free energy variation as:

DG ¼ G(Mx2
AQnC72) � [(x2 � x1)G(M(s)) + G(Mx1

AQnC72)] (2)

where M(s) indicates the metallic Li, Ca or Al, and subsequently
the electrochemical potential as:

E ¼ �DG/(zF) (3)

where z is the number of electrons exchanged in each redox
reaction and F is the Faraday constant.

From the above, both the capacity and the electrode gravi-
metric energy density were calculated as:
Fig. 4 Top view of the AQ4C72 structure (left) and the p-defect created

14154 | J. Mater. Chem. A, 2020, 8, 14152–14161
Capacity
�
mA h g�1

� ¼ qF ½C mol�1�
3:6 ½C mA�1 h�1�m ½g mol�1� (4)

Gravimetric energy density
�
W h kg�1

� ¼ F

3:6m

ð
Edq (5)

where q is the total number of electrons accepted,m is themolar
mass of the electrode material – calculated both for the organic
redox-active part (AQn) and the entire electrode (AQnC72).

The diffusion coefficients for the ionic migration were
calculated as:

D ¼ d2n0 exp(�Ea/kBT) (6)

where d is the hopping distance, Ea is the activation energy, kB is
the Boltzmann constant, T is the temperature (298 K), and n0 is
the attempt frequency – set to 1013 Hz (a typical value).53 Ea and
d were obtained from the cNEB calculations for each selected
path.

Results and discussion

We rst compute the most favourable design of our new
organic–graphene composite electrodes and then we investigate
the possible adsorption sites for Li/Ca/Al and their interaction
with the electrodes. Subsequently, the electrode capacities and
the energy densities were calculated. Finally, the Mn+ dynamics
at the electrode surface was assessed via the activation barriers
for possible diffusion paths.

Electrode design

The electrode design has to take into consideration several
issues: (i) the most favourable manner of attachment of AQ to
graphene, (ii) the optimal loading and topology of AQ,
(right, green).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Optimised geometries and relative energies for LiAQ4C72.
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safeguarding also the electric conductivity of the graphene
substrate, and (iii) the relative orientation of AQ minimizing
steric repulsion and providing sufficient space for metal
adsorption and diffusion.

First we performed six separate geometry optimizations
(VASP, cut-off ¼ 350 eV) of a single AQ attached to graphene,
covering the three possible orientations (Fig. 2) of the a- and b-
Fig. 6 Two views of the most stable configurations of LixAQ4C72 for x ¼

This journal is © The Royal Society of Chemistry 2020
AQ radicals (Fig. 1). All a-bonded structures result in severe out-
of-plane deformation of both AQ and graphene, due to steric
repulsion between graphene and the closest AQ hydrogen and
oxygen atoms (Fig. S1a†). In contrast, the b-bonded structures
exhibit minor out-of-plane deformation only for graphene at the
connecting site and are 58–106 kJ mol�1 more stable than the
most stable a-bonded structure (Fig. S1b†). The b-bonded
1, 2, 4, 6, 8, 10, 14, and 16 (a–h, respectively).

J. Mater. Chem. A, 2020, 8, 14152–14161 | 14155
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Fig. 8 Normed charges of the Li atoms, the AQs and the graphene;
a.u. ¼ 1.6 � 10�19 C; the point x ¼ 0 shows the charge distribution
between Gr and AQ4.
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structure in orientation 1 was chosen for all further
investigations.

The optimal loading of AQ in AQnC72 was determined from
eqn (1) and n ¼ 4 and n ¼ 5 were found to be the two most, and
almost equally, stable structures (Table S1† and Fig. 3). While n
¼ 4 has one less AQ, and thus intrinsically has a lower capacity
as electrode, it was chosen for further studies as it is less
crowded and thus allows for both better access and surface
diffusion of Mn+.

In addition, AQ4C72 is quite robust, due to the fact that the p-
electron system of the graphene remains a well-conjugated and
stable closed-shell Kekulè structure also aer anchoring the
four AQs (Fig. 4).

Thus the creation of AQ4C72 is not expected to affect the
electrical conductivity of graphene detrimentally. This is further
conrmed by the projected density of states and partial charge
density (Fig. S2†) that demonstrate the contributions to the
density of states close to the Fermi level mostly coming from pz
states (p system) of the carbon atoms in the sheet.

Adsorption sites for M and resulting electrode capacities and
energy densities

We now turn to the actual use of AQ4C72 as organic electrode.
Starting with M ¼ Li, LixAQ4C72, the lowest energy congura-
tions for every number of Li atoms added were determined.

For a single Li atom, i.e. LiAQ4C72, the two most stable
structures are when Li is coordinated by three oxygen atoms
from three different AQs (Fig. 5), while the most unfavourable
structures are when Li interacts with the graphene sheet and
one (near_AQ) or two (on Gr) hydrogen atoms from the AQs.

Subsequently, for Li2AQ4C72, the most favourable congu-
ration is again three-fold oxygen atom coordination, with the
two lithium atoms positioned symmetrically at opposite sides
(Fig. 6b). Upon further addition of Li, the process eventually
becomes endoergic for Li16AQ4C72 (Fig. 7 and Table S2†). In all
structures, the most favourable positions are adjacent to the
oxygen atoms until each of the eight possible sites have been
lithiated (Fig. 6a–e), whereaer the most stable positions are Li
sandwiched between two neighbouring AQ benzene moieties
(Fig. 6f–h). The presence of metal atoms does not invoke any
electrode expansion; on the contrary LixAQ4C72 x ¼ 8–16 are all
Fig. 7 Free energy change per Li atoms added of LixAQ4C72.

14156 | J. Mater. Chem. A, 2020, 8, 14152–14161
more compact structures than AQ4C72. This is quite interesting
and remarkable, and also promising, bearing in mind that
volumetric expansion upon charging is a common and serious
practical electrode problem e.g. the +300% expansion for LIB Si-
anodes when forming Li4.4Si.54 Furthermore, adsorption of Li at
the graphene surface in the more crowded LixAQ4C72 structures
does not cause any noticeable structural defects, instead, the
slight non-planarity is reduced.

For all the structures above the main type of interaction can
be deduced from the analysis of the electron density and of
special interest for use as electrodes is the charge transfer and
distribution. The calculated Bader charges reveal that the main
charge transfer is ionic and to AQ, as expected, and only for the
most lithiated systems some charge transfer to the graphene
occurs – at most ca. 7% for Li14AQ4C72 (Fig. 8). The linear
dependence of the Lix charge on x shows that the charge on
lithium remains constant and sufficiently high (ca. +0.9) upon
Li-enrichment of the material. Beyond insertion of 12 Li atoms
Fig. 9 Electrochemical potential as a function of lithiation for
LixAQ4C72.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Two views of the optimized configurations of CaxAQ4C72 for x ¼ 1, 2, 4, 6, 7, and 8 (a–f, respectively).

Fig. 11 Free energy change per Ca atoms added of CaxAQ4C72 for x ¼
1, 2, 4, 6, 7, 8, and 9.

Fig. 12 Normed charges of the Ca atoms, the AQs and the graphene;
a.u. ¼ 1.6 � 10�19 C; the point x ¼ 0 shows the charge distribution
between Gr and AQ4.

This journal is © The Royal Society of Chemistry 2020
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the Li charge remains essentially the same, but the graphene
negative charge increases at the expense of that of AQ.

Finally, from the calculated free energy of formation for
LixAQ4C72 we obtain the electrode electrochemical potential
prole (eqn (3)) (Fig. 9). Starting at ca. 2.30 V vs. Li+/Li0, the rst
drop in potential is related to the change in the Li coordination
between x ¼ 2 and x ¼ 3 and the second major drop also occurs
when there is a major change in the Li coordination and all the
preferred sites have been lled, x ¼ 8, and the remaining Li
atoms must reside between the AQ benzene moieties. From this
the electrochemical potential certainly seems correlated with
the type of Li coordination.

Second, the electrode capacity was calculated (eqn (4)) to be
453 mA h g�1 and third, by integrating the potential prole (eqn
(5)), the gravimetric electrode energy density was estimated to
be 570 W h kg�1. Both values are here for the organic redox-
Fig. 13 Electrochemical potential as a function of calcination for
CaxAQ4C72.

J. Mater. Chem. A, 2020, 8, 14152–14161 | 14157
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Fig. 16 Normed charges of the Al atoms, the AQs and the graphene;
a.u. ¼ 1.6 � 10�19 C; the point x ¼ 0 shows the charge distribution
between Gr and AQ4.

Fig. 14 Free energy change per Al atoms added of AlxAQ4C72 for x¼ 1,
2, 3, and 4.
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active part (AQ4), while if we take into account the entire elec-
trode (AQnC72), we arrive at signicantly more modest values:
222 mA h g�1 and 279 W h kg�1 (Table S8†). Neither of these
measures are totally fair to be compared with traditional elec-
trodes as we also assume a role as current collector for the
graphene. With this caveat, the former measure provides twice
the experimentally measured capacity of pure AQ, reported to be
217 mA h g�1 (ref. 55) and a theoretical gravimetric energy
density comparable to the cathode active materials LiFePO4

(544 W h kg�1) and LiMn2O4 (548 W h kg�1).56

Using the same computational approach, for M ¼ Ca we nd
that the rst atom preferentially occupies the identical position
as Li; threefold coordinated to the AQ oxygen atoms closest to
the graphene sheet (Fig. 10a). Again, as for Li, the symmetrically
equivalent position at the opposite side is the most favourable
for the second Ca atom (Fig. 10b). Overall, however, the opti-
mised geometries (Fig. 10a–f) and the free energies (Fig. 11 and
Table S4†) demonstrate that unlike Li, Ca allows for favourable
insertion of a maximum of eight atoms, each coordinating two
oxygen atoms, thus, surpassing the Li system, capable of
donating 16 electrons to the electrode. Though, as compared to
Li, the distribution of the Ca atoms is not so uniform and the
AQs are not so perfectly aligned. No sandwich structures were
Fig. 15 Two views of the optimized configurations of AlxAQ4C72 for x ¼

14158 | J. Mater. Chem. A, 2020, 8, 14152–14161
feasible, most probably due to insufficient space between the
AQs for the larger Ca.

The charge transfer from the Ca atoms to the electrode is
a little bit less, ca. 75%, as compared both to Li and Al (87–89%)
(Tables S3, S5 and S7†). The average charge per Ca is, just as for
Li, constant up to Ca7AQ4C72 and then decreases slowly. The
donated electron density is again concentrated mostly on the
AQs but is shared more sizably with graphene even for x ¼ 4
(Fig. 12).

The calculated potential prole (Fig. 13) has a substantially
lower starting value: ca. 1.7 V vs. Ca2+/Ca0 as compared to Lix-
AQ4C72 (and thus also on an absolute scale as Li and Ca differ by
a mere 170 mV). The three large drops in the potential aer
coordination of 2, 4 and 8 Ca atoms can be associated, respec-
tively, with: (1) a change in the Ca coordination number from 3
to 2; (2) the oxygen atoms of the electrode not being able to
accommodate more charge transferred from Ca; and (3) the
saturation of the coordination capacity of the oxygen atoms.
From all of this, the maximum number of favourably inserted
Ca atoms corresponds to an electrode capacity of 517 mA h g�1

(253 mA h g�1) and a gravimetric electrode energy density of
512 W h kg�1 (251 W h kg�1) (Table S8†).
1, 2, 3, and 4 (a–d, respectively).

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Electrochemical potential as a function of alumination for
AlxAQ4C72.
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In contrast to Li and Ca, the Al system is truly exergonic only
for AlAQ4C72 and Al2AQ4C72 (Fig. 14 and Table S6†). The coor-
dination of the rst two Al atoms is similar to the corresponding
Li and Ca structures. The coordination of the next two Al atoms
is tolerably endothermic, and thus, given our many simplica-
tions, these should not be ruled out to be possible to create
experimentally. However, they are accompanied by a substantial
Table 1 Activation barriers (Ea) for the Mn+ diffusion paths and diffusion

Path#

Li+ Ca2+

Ea [kJ mol�1] D [m2 s�1] Ea [kJ mo

1 84 z10�21 144
2 132 z10�31 142
3 79 z10�20 167

Fig. 18 (a) Li+ trajectories for Li14AQ4C72 and (b) the resulting energy
minima and diffusion pathways.

This journal is © The Royal Society of Chemistry 2020
deformation of the electrode – the parallel conguration of the
AQs is distorted and the non-planarity of the graphene is
enhanced (Fig. 15).

With respect to the charge transfer to the graphene part of
the electrode, the charge distribution (Table S7† and Fig. 16)
resembles more the Li than the Ca system; in the metal-richest
exergonic structures the proportion of the charge transferred to
graphene is 6.7% for Li; 15% for Ca and 0.35% for Al. In terms
of maximum charge, Al behaves more like Li at low degree of
alumination and further on, more like Ca as both have 20% less
charge than the nominal charges of Al3+ and Ca2+, respectively,
while for Li the difference is only 10%.

The calculated potential prole for AlxAQ4C72 renders
correspondingly much lower electrode capacity and gravimetric
electrode energy density: 194 mA h g�1 (95 mA h g�1) and
133 W h kg�1 (65 W h kg�1) for Al2(AQ)4C72 (Fig. 17) (Table S8†).
Activation barriers for Mn+ electrode surface diffusion

All the above reasoning and calculations provide only an ener-
getic picture of these electrodes. However, a restricted ionic
diffusion at the electrode surface might limit the kinetics and
hence ultimately the battery power rate performance. To gain
general insight in the dynamics of a Mn+ ion at the electrode
surface, i.e. for MAQ4C72, we started with the Li system and
performed AIMD simulations for Li14AQ4C72, chosen to provide
enough statistics. Together with the high temperature used (700
K) the vast amount of Li may also enhance sampling. From the
AIMD Li+ trajectories the most likely migration paths were
established and subsequently, assuming these paths, the acti-
vation barriers for ionic diffusion for the LixAQ4C72, CaxAQ4C72,
and AlxAQ4C72 systems were evaluated using cNEB.

The Li+ trajectories rst of all show how the ionic diffusion
occurs in the vicinity of the AQs of the same conjugated block
and without moving through the graphene layer; three distinct
energy minima and three pathways are discernible (Fig. 18).
Two of these paths have a Li+ moving between two AQs while the
third connects two AQs with the graphene surface. The corre-
sponding minimum energy paths (MEPs) are displayed in
Fig. S3.†

From the cNEB calculations we obtain activation barriers for
Li+ of ca. 80–140 kJ mol�1, corresponding to Li+ diffusion
coefficients on the order of 10�20 to 10�31 m2 s�1 (Table 1) and
only the lower energy paths, path 1 and path 3, will likely be
active and relevant (D z 10�20 m2 s�1). A fast comparison with
e.g. the bulk Li+ diffusion in the standard LIB electrolyte, 1 M
LiPF6 in EC:DMC (D z 10�9 m2 s�1),57 might seem
coefficients (D)

Al3+

l�1] D [m2 s�1] Ea [kJ mol�1] D [m2 s�1]

z10�32 202 z10�42

z10�31 226 z10�46

z10�36 166 z10�36

J. Mater. Chem. A, 2020, 8, 14152–14161 | 14159
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discouraging. However, the distance across the separator is
typically ca. 25 mm, while these pathways within the electrode
concern distances on the order of nm and hence four orders of
magnitude shorter.

For Ca2+ and Al3+, however, we know that the kinetics is even
more sluggish and here the diffusion coefficients vary from
10�32 to 10�36 m2 s�1 for Ca2+ to 10�34 to 10�45 m2 s�1 for Al3+.
Even if it is hard to directly compare with intercalation
compounds, as our coordination type electrodes intrinsically
are sparse, Dompablo et al.11 stated that a D z 10�16 m2 s�1 or
higher is a prerequisite for a promising battery electrode
material – and hence we obtain much too low kinetics by our
diffusion pathways.

Concluding remarks

Combining the conducting properties of graphene with the
enhanced affinity for active metals of oxygen-containing non-
conducting organics, we have successfully designed and char-
acterised in silico a new class of electrodematerials. The optimal
loading of the organic redox molecule AQ as well as the optimal
cation coordination has been obtained for three different
charge carriers and thus battery concepts (Li, Ca, and Al).
Notably, some reach both high capacity and gravimetric energy
density, moreover, without any volume expansion. For the
larger cation, Ca2+, we foresee that the capacity and energy
density, could be even further enhanced by modifying the
electrode design to allow penetration of Ca between the AQ
planes, which would also be accompanied with volume
contraction. On the other hand, the Al3+ coordination to the
electrodes invokes a drastic, and possibly detrimental, struc-
tural deformation of the graphene. In reality, however, the
coordination in the Al metal–organic batteries so far created, is
based on AlCl2+ being the electroactive species,27 which might
affect the electrode signicantly less. The kinetics at the elec-
trode surface might be a more complicating factor; we obtain
quite high activation barriers and low diffusion coefficients for
all the cations, especially for the multivalent ones. Yet, the exact
engineering of a coordination type organic–graphene electrode
will differ substantially from one made of traditional interca-
lation compounds as active materials which is why this measure
might be less important – alongside the fact that the diffusing
species might not be the “free” cation itself. We also have to
take into account that we made the rather general assumption
that all three cations would follow the same pathways. Overall,
the results show that the combination of an organic redox
centre graed on a graphene backbone bears fundamental
promise for a variety of modern battery designs.
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19 B. Häupler, A. Wild and U. S. Schubert, Adv. Energy Mater.,

2015, 5(11), 1402034.
20 K. Zhang, C. Guo, Q. Zhao, Z. Niu and J. Chen, Adv. Sci., 2015,

2, 1500018.
21 S. Maniam, K. Oka and H. Nishide, MRS Commun., 2017, 7,

967.
22 T. Sotomura, H. Uemachi, K. Takeyama, K. Naoi and

N. Oyama, Electrochim. Acta, 1992, 37, 1851–1854.
23 S. Muench, A. Wild, C. Friebe, B. Häupler, T. Janoschka and
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