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Using first-principles calculations, we evaluated the electrochemical performance of heterostruc-
tures made up of Ti2CO2 and chemically modified graphene for Li batteries. We found that het-
eroatom doping and molecule intercalation have a significant impact on the storage capacity and Li
migration barrier energies. While N and S doping do not improve the storage capacity, B doping
together with molecule interaction make it possible to intercalate two layers of Li which stick sep-
arately to the surface of TioCO2 and B-doped graphene. The calculated diffusion barrier energies
(Faiff), which are between 0.3 and 0.4 eV depending on Li concentration, are quite promising for
fast charge/discharge rates. Besides, the predicted Eg;f¢ as much as 2 eV for the diffusion of the Li
atom from the Ti2CO2 surface to the B-doped graphene surface significantly suppresses the inter-
layer Li migration, which diminishes the charge/discharge rates. The calculated volume and lattice
parameter changes indicate that Ti2COg2/graphene hybrid structures exhibit cyclic stability against
Li loading/unloading. Consequently, the performed first principles calculations evidently highlight

the favorable effect of molecular intercalation on the capacity improvement of ion batteries.

I. INTRODUCTION

Developments in technological applications demands
highly efficient and economic energy storage devices such
as rechargeable Li-ion batteries (LIBs)[1, 2]. The perfor-
mance of Li-ion batteries is mainly determined by the
electronic, structural and mechanical properties of con-
stituents including electrodes and electrolytes. In this re-
spect, two-dimensional (2D) materials with unique chem-
ical and electronic properties are emerging as effective
electrode materials for the rechargeable lithium batter-
ies with enhanced energy and power storage density to
satisfy ever increasing demands of electronic devices and
electrical vehicles including cars and drones[3]. Previous
theoretical and experimental works suggest that loosely
packed 2D sheets with a large interlayer spacing can pro-
vide enough volume between the layers to store metal
ions and help to defy the structural instabilities con-
fronted by bulk materials such as a large volume ex-
pansion during charging/discharging cycle. Silicon an-
odes have been shown to undergo a volume change of
300% during lithiation and delithiation, resulting in ca-
pacity fading and limited cycle life due to severe par-
ticle pulverization, unstable solid-electrolyte interphase
(SEI) formation and loss of electrical contact[!]. There-
fore, 2D based electrodes are free of such large volume
expansions due to binding nature between the layers.
In addition, 2D materials have a large surface area that
can be utilized to enhance energy and power density of
Li batteries[3, 5, 6]. Further enlargement of interlayer
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spacing obtained through intercalation of molecules be-
tween the 2D layers provides much higher accessibility
to the active sites and lower diffusion barriers that are
the most important for performing high-performance en-
ergy storage[7-9]. In a recent work, we found that a
high lithium storage capacity and fast kinetics can be
realized for TizCoO2 multilayers by preintercalating or-
ganic molecules[10]. Therefore, intercalation appears as
an effective structural and chemical engineering approach
for improving electrochemical performance of batteries
based on 2D materials.

Graphite and non-graphitic carbon are the dominant
anode materials in Li-ion batteries. Graphite shows a
reversible storage capacity of 372 mA hg=![2, 11]. In
spite of its excellent electrical conductivity, Li adsorp-
tion ability of graphene is poor. In a previous study, we
showed that MXenes/graphene heterostructures exhibit
a good compromise between storage capacity and kinetics
for Li battery applications[12]. In contrast to graphene,
Li ions are strongly bind to oxygen terminated MXene.
In addition, presence of graphene in heterostructure en-
sures a good electrical conductivity that is an essen-
tial requirement for the battery applications. Similarly,
diffusion barrier calculations revealed the advantage of
MXene/graphene heterostructures over sole MXene sys-
tems as the energy barriers are found to be significantly
lower for alkaline and earth alkaline metals.[12, 13]. Pre-
vious studies have demonstrated that chemical modifi-
cation is a promising way to enhance electrochemical
performance of graphene sheet[11-20]. As an exam-
ple, the charge/discharge capacity of N doped graphene
nanosheet increases with the charge/discharge cycles. It
reaches 684 mAh /g in the 5015 cycle, while it is only 452
mAh/g in the 100" cycle, showing higher cycling stabil-
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ity and larger specific capacity of N-doped graphene in
comparison to a pristine graphene and a commercialized
graphite anode. N-doped graphene layers prepared by us-
ing chemical vapor deposition technique shows a Li stor-
age capacity as doubled as that of pristine graphene due
to the presence of a large number of surface defects[19].
Similarly, N- and B-doped graphene samples produced by
using a mixed gas of NH3BCl3 and Ar can have a high re-
versible Li-capacity of > 1040 mAhg~! with a rate of 50
mA~! meaning a fast charging and discharging rate[20)].

MZXenes, new members of 2D material family, have
tunable electronic and thermal properties depending
on their chemical composition and functionalization[21].
Their superior electrochemical and ion intercalation abil-
ity, very high electrical conductivity and mechanical sta-
bility make them promising materials in technological
applications including batteries[22-35], capacitors[36—
38], hydrogen storage[39], electromagnetic interference
shielding (EMI)[40], and electronic devices[41]. We pre-
fer to combine graphene with MXene due to following
reasons: (1) many of MXenes crystals exhibit excel-
lent metallic properties that is essential for the battery
applications[12, 43]; (2) MXenes exhibits very good me-
chanical and dynamical stability[44]; (3) depending on
type of transition metal atom and surface termination,
we can tune the chemical composition and structural va-
rieties of MXenes.

In this work, we performed first-principles calculations
based on density functional theory (DFT) to evaluate the
performance of heterostructure formed between chemi-
cally modified graphene and TioCO, as an alternative
electrode material for LIBs. By building heterostructures
from stacking of dissimilar 2D sheets (such as MXene and
graphene in this work) and pillared structures through in-
tercalation of molecules between 2D sheets, it is possible
to combine the advantages and eliminate the disadvan-
tages of the individual monolayers[5]. As a representative
example, while TioCO2 contracts during ion intercala-
tion, graphene expands. So, by combining graphene and
MXene, we can defy the significant expansion or contrac-
tion of the electrode, leading to an increased battery life-
time. Similarly, in graphite, the Li™ intercalation follows
a staging mechanism, where Li ions intercalate into spe-
cific interlayers at a time instead of random distribution
into available empty interlayers. This process profoundly
increases interlayer spacing and volume of the storage
system[45]. In this respect, pillared structures can be
used as an effective strategy to minimize the change in
the interlayer distances in multilayers during ion load-
ing/unloading. In this work, we aim to minimize inter-
layer expansion, and hence volume expansion, accompa-
nying ion intercalation by introducing a benzene based
organic molecule within heterostructure. We considered
the attachment of organic molecule to graphene plane in
order to fix it. This design principle helps to avoid dif-
fusion of molecule together with Li ions, which may ob-
struct the Li migration. Moreover, we are able to realize
a uniform interlayer separation between MXene and B-

doped graphene sheets. In addition to the molecule inter-
calation, heteroatoms are introduced into the graphene
framework with the expectation that the surface adsorp-
tion energy of ions is changed, the ion diffusion barrier is
reduced and thus the performance of the battery is en-
hanced. We explored the doping and intercalation effects
on the adsorption, diffusion and storage capability of Li
within MXene/graphene heterostructures.

II. COMPUTATIONAL METHOD

Il calculations were performed within the frame-
work density functional-theory (DFT), as implemented
in the Vienna Ab initio Simulation package (VASP)
code[46, 47].  The exchange-correlation interactions
were treated using the generalized gradient approxima-
tion (GGA) within the Perdew-Burke-Ernzerhof (PBE)
formulation[18] . The single electron wave functions are
expanded in plane waves with kinetic energy cutoff of
400 eV. For the structure optimizations, the Brillouin-
zone integrations were performed using a I'-centered reg-
ular 5x5x1 k-point mesh within the Monkhorst-Pack
scheme[419]. The convergence criterion for electronic and
ionic relaxations are set as 107> and 1072 eV /A, respec-
tively. In order to minimize the periodic interaction along
the z-direction the vacuum space between the layers is
taken at least 15 A. We included van der Waals (vdW)
interactions using the DFT-D3 method, including Becke-
Jonson damping[50].

We calculated diffusion barriers for Li atom using the
climbing-image nudge elastic (CI-NEB) method as imple-
mented in the VASP transition state tools[51, 52]. CI-
NEB is an efficient method in determining the minimum
energy diffusion path between two given positions. We
used a 3x3 and 5x5 super cell structures with 9 im-
ages, including initial and final positions, for CI-NEB
calculations. The atomic positions and energy of the im-
ages were then relaxed. The amount of charge transfer
between Li atom and MXene/graphene heterostructures
were determined by using the Bader charge analysis[53—
55).

III. RESULTS AND DISCUSSION

A. Energetic and structural properties of pristine
and doped graphene

We first studied on the structural and electronic prop-
erties of pristine and doped graphene before investigat-
ing the considered graphene/TiaCO2 heterostructures.
In this work, we only considered graphitic B, N and
S. In other words, we replaced a certain amount of C
atoms with B or N or S without creating additional
carbon vacancies near the substituent atoms. How-
ever, three different bonding configurations are pos-
sible for nitrogen in graphene, namely graphitic N,



pyridinic-like N, and pyrrolic-type N. Some experiments
showed that pyridinic-N and graphitic-N are dominant
configurations[56]. In a recent work, it has been shown
that a relatively low partial pressure of CHy (mixing with
NHj3) can lead to the growth of dominant pyridinic N sub-
stitutions in graphene lattice. In contrast, the growth of
dominant graphitic N substitutions can be realized un-
der a higher partial pressure of CH4[57]. This and sim-
ilar works undoubtedly point out that the doping type
of N into the graphene lattice is able to be tuned by
adjusting experimental growth conditions. Regarding to
B-doping of graphene, Kawai et. al. showed that con-
trollable doping of graphene is able to be achieved in
atomic precision[58]. Similarly, in a recent work, it was
showed that the reaction between benzene and boron tri-
bromide in a closed reactor at elevated temperature (800
°C) leads to the synthesis of bulk boron-doped graphitic
carbon [59].

FIG. 1. Structure of a 5x5 graphene supercell used in our
calculations. Green atoms (or X) are the substituent atoms.

In the 5x5 graphene supercell, as a representative ex-
ample, only four carbon atoms were substituted, which
corresponds to a chemical formula C46X4, and thus a 8%
doping concentration (Fig. 1). Higher dopant concen-
trations increase the lattice mismatch between graphene
and TioCO,. As an example, the lattice constant of pris-
tine graphene increases from 2.46 A to 2.59 A when the
B concentration becomes 33.3%, corresponding to a 5.2
% lattice expansion. However, for a 8% doping concen-
tration, such expansion is only 1.25%. We selected B, N
and S as substituents (or X), which have electronic con-
figuration of [He]2s?2p!, [He]2s%2p® and [Ne|3s23p?, re-
spectively. The substituent atoms were well separated to
minimize the strain effect due to size difference between
C and substituent atoms. Akin to graphene, B- and
N-doped graphene has almost planar structure. How-
ever, S-doped graphene exhibits a drastic deformation in
the geometric structure such that each S atom forms a
pyramidal like bonding configuration with three carbon
atoms. To minimize induced strain within the graphene
lattice, half of the S atoms appear above the graphene
plane, while the other half is connected from below. Fig-
ure 2 shows the density of states of pristine and doped

TABLE I. Binding energy of a Li ion on pristine and doped
graphene in eV. @dopant (@Qcarbon) means that Li is close
to (away from) the substituent atom. The average C-C and
C-substituent bond lengths are given in A.

system  @substituent @Qcarbon C-C  C-substituent

Pristine +0.50 1.42

B-doped -1.12 -0.90 1.41-1.45 ~1.50
N-doped +1.05 +0.88 1.41-1.43 ~1.41
S-doped +0.44 +0.76 1.41-1.45 ~1.75

graphene without Li. B and N-doped systems exhibit
metallic behavior, which is an essential requirement for
battery applications. While B doping lowers the Fermi
level down (leading to p-type doping), N and S rise the
Fermi Level (giving rise to n-type doping). S doping
significantly alters the electronic structure of graphene,
opening a band gap with a value as much as 1 eV. A
sharp peak mainly from the sulfur atoms emerges just
below the Fermi level (Fig. 2(d)).
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FIG. 2. Density of states (DOS) for (a) pristine, (b) B-doped,
(c) N-doped and (d) S-doped graphene. The DOS for the
substituent atom is represented by red color and the vertical
axis is multiplied by four to make the DOS visible. The arrow
marks the Dirac point in doped systems. A small band gap
emerges at the Dirac point of B and N doped graphene.

To understand the influence of substituent atom on
Li adsorption, the binding energy of Li on pristine and
doped graphene was calculated by the formula

Epina = Erot[Ca6X4 + Li] — Erot[CaeXy] — p[Li] (1)



where E7t[C6X4+Li| and E7y:[Cy6X4] are the total en-
ergies of either pristine or doped graphene before and
after introducing Li atom, and p[Li] is the chemical po-
tential of Li bulk. As a benchmark, we firstly computed
binding energy of a single Li atom on pristine graphene
(Table I ). According to above definition, Ejp;nq is posi-
tive, meaning that adsorption of Li on pristine graphene
is an endothermic reaction, in agreement with previous
studies[60, 61]. Positive Eping renders graphene unsuit-
able for anode applications. Our findings indicate a
strong effect of type of substituent atom on Li adsorp-
tion. Introducing B into graphene lattice leads to an
electron deficient system. The electrons in the boron-
carbon bond are shifted towards the more electroneg-
ative carbon atom. There are empty states above the
valence band (Fig. 2). As Li is placed close to B-doped
graphene, it tends to donate its 2s' electron to this elec-
tron deficient system. Here, B-doped graphene acquires
charge from Li atom, and subsequently strongly attracts
positively charged Li ion, enhancing adsorption ability of
graphene. The absorbed Li atom stays close to hexagon
with B atom. The calculated binding energy for this ad-
sorption structure is -1.12 eV. B-doping also affects the
Li binding on C hexagons, which are well separated from
B atoms, with an average binding energy of -0.90 eV.
N doping results in electron rich systems, which do not
tend to accept electron from Li atoms. Li binding on N-
doped (S-doped) graphene is energetically less (slightly
more) favorable as compared to pristine graphene. Bader
charge analysis showed that the amount of charge trans-
fer from Li to the host layer is 0.99 e in B doped graphene.

Experiments have showed an enhanced electrochemi-
cal storage performance of N-doped graphene with re-
spect to undoped (or bare) one[l8]. However, in this
work, we found that graphitic N does not promise an en-
hanced storage performance for graphene due to unfavor-
able binding of Li on N-doped graphene. Our calculations
revealed that p-type doping of graphene improves the ad-
sorption of Li ion on graphene. Possible reason for ex-
perimentally observed enhanced performance in N-doped
graphene can be due to the presence of C vacancies and
pyridinic-N in the graphene network[62, 63]. Introducing
pyridinic N atoms into graphene lattice gives rise to p-
type doping, which is a suitable method to enhance the
electrochemical performance of graphene. Similalry, car-
bon vacancy site on graphene plane was shown to serve
as an attractive center for the ion, such as Li, adsorp-
tion on graphene. Computational calculations also sug-
gested that nitrogen-decorated single and double vacancy
defects in graphene appears as a promising candidate
system for Li-ion batteries[64]. However, simulations
for C vacancies together with pyridinic-N require much
larger simulation cells to minimize the lattice mismatch
with TisCOs sheet and to ascertain the impact of iso-
lated vacancy-+pyridinic-N complex on the electrochem-
ical properties of chemically modified graphene. There-
fore, in the present study, we only considered graphitic
B and N.

Doped-Graphene

FIG. 3. A schematic representation of MXene/B-doped
Graphene heterostructure (a) without and (b,c) with an in-
tercalated molecule.

B. Energetic and structural properties of
MXene/functionalized graphene heterostructures

We constructed a MXene/graphene heterostructure
from a 4x4 supercell of TioCOs and a 5x5 supercell of
graphene to minimize lattice mismatch between the lay-
ers. To find out the lowest energy stacking structure, we
displaced TioCOs layer over graphene and calculated the
total energy of the whole system. The interlayer separa-
tion for the ground state stacking structure is found to be
around 3 A measured between graphene and O layer of
TisCOs. Then, the interface model of several structures
shown in Fig. 3 were constructed to show the effect of
functionalization of graphene on the Li storage capacity
and kinetics. For the sake of brevity, we only scrutinized
B-doped systems.

Because of the electron rich character of N and S-
contained hexatomic rings, N- and S- doping are not ben-
eficial to enhance electrochemical performances of MX-
ene/functionalized graphene heterostructures. In a pre-
vious work, we showed that only one monolayer of Li is
able to be intercalated within a TipCOs/graphene het-
erostructure. In order to facilitate a much better perfor-
mance, we chemically doped graphene to enhance storage
capacity and easy Li diffusion. In TioCOy/graphene het-
erostructure, we first substituted 8% of C atoms with
B. The resulting structure has an interlayer separation
of 2.83 A (Fig. 3(a)). In addition to this structure, B-
doped graphene was also functionalized with molecule to
enlarge interlayer spacing within MXene/graphene het-
erostructure as shown in Fig. 3(b). Here, molecule
prefers to stick to graphene sheet through a C-B bond
(with a bond length of, dc_p, 1.68 A) instead of a C-C
bond (dg_c=1.58 A). The former is found to be 0.70 eV
energetically favorable. However, the latter structure is
able to be obtained through attaching the molecule to
graphene sheet prior to B doping. We also compared the
stability of MXene/B-doped Gr bilayer with and with-
out molecule by calculating the formation energies, which
were obtained using the computed total energy values
of MXene/B-doped Gr bilayer with/without molecule,
MXene sheet, and B-doped graphene sheet with/without
molecule. The formation energy was found to be 0.33



TABLE II. Binding energy of a single Li ion on MXene (QMX-
ene) and doped graphene with molecule in eV. There are two
distinct adsorption sites on doped graphene, namely QGr-
substituent and @Gr-carbon. The former (latter) means that
Li is close to hexatomic ring with (without) substituent.

system @MXene QGr-substituent @QGr-carbon
B-doped MX-GR  -1.80 -1.23 -0.95
N-doped MX-GR  -1.78 +0.84 +0.60
S-doped MX-GR  -1.70 +0.52 +0.57

eV/cell or (2.3 meV/atom) for MXene/B-doped Gr bi-
layer with molecule, implying that the interaction be-
tween MXene and chemically modified graphene is a weak
van der Waals interaction. Due to extended interlayer
separation shown in Fig. 3(b) and (c), the binding en-
ergy between two monolayers is significantly small rela-
tive to MXene/B-doped graphene heterostructure with-
out molecule denoted in Fig. 3(a) (23 meV/atom).

To asses the stability of Li adsorption within
Ti;COy/graphene hybrid structure, the binding energies
were calculated via following expression;

Eyina =(Erot[MX — Ca46Xy + nriLi]

~ BrolMX - CagXa] - plli)/ns D
where Epy:[MX-Cy6Xyg+Li] and E1o:[MX-Cy6X4] are the
total energies of MXene/graphene heterostructures be-
fore and after introducing Li atom. nr; is the number of
Li atoms. Several possible Li adsorption sites were con-
sidered to find out the lowest energy adsorption structure
of a single Li atom. It is expected that heteroatom dop-
ing can significantly change the electrochemical storage
properties of graphene due to varying electronegativity
difference of atoms. Regardless of structural model of
heterostructure, the Li atom strongly binds to TisCO4
monolayer with an average binding energy of -1.80 eV.
Expect B doped graphene, the Li atom does not stick to
graphene sheet when using Li bulk chemical potential.

Figure 4 shows the variation of binding energy as a
function of number of intercalated Li atoms. At first
glance, the Li binding energy decreases with increasing
Li concentration for the reason that repulsive interaction
between Li ions makes adsorption less energetic. The rate
of change of binding energy is slower for hybrid struc-
ture without molecule. In addition, B-doped graphene
strengthens the interfacial Li binding by 0.3-0.5 eV in
this structure (red curve in Fig. 4)

Figure 5 shows the DOS for pristine and Li interca-
lated TizCOs/graphene heterostructure with molecule.
In pristine system, the Fermi level appears at the bottom
of the conduction band of MXene layer. Occupying all
available sites with Li on MXene surface, the Fermi Level
moves into the conduction band of MXene (Fig. 5(b)).
DOS of graphene is almost intact, meaning that there is
only charge transfer between Li atoms and MXene. The
calculated average Bader charge is almost +1 on Li ions,
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FIG. 4. Binding energy variation as a function of Li concen-
tration. Red (black) curve denotes binding energy variation
for MXene / functionalized graphene heterostructure without
(with) molecule.
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FIG. 5. PDOS of (a) pristine (b) partially and (c) fully lithi-
ated MXene / functionalized graphene heterostructure with
molecule. The vertical axis for graphene and Li is multiplied
by four and twenty, respectively, to make the DOS curves vis-
ible. The Fermi level shown by black dashed line is at zero
energy.

implying a complete charge transfer. Once all the active
sites on MXene are occupied, the forthcoming Li ions
prefer to bind to graphene sheet and concomitant charge
transfer only occurs between Li and graphene (Fig. 5(c)).
The calculated Bader charge is still very close to +1 for
Li ions. The DOS of graphene shows about 1 eV rising
of the Fermi level as a result of charge transfer.

Figure 6 shows DOS for pristine and fully lithianated
TioCOy/graphene heterostructure without molecule. As
is evident from Fig. 6(b), both MXene and graphene
sheets accept charges from intercalated Li ions. The
Fermi level moves into conduction band of MXene and
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FIG. 6. PDOS of (a) pristine and (b) fully lithiated MXene
/ functionalized graphene heterostructure without molecule.
The vertical axis for graphene and Li is multiplied by four and
twenty, respectively, to make the DOS curves visible. The
Fermi level shown by black dashed line is at zero energy.

graphene. The average charge on Li ions is almost +1.
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FIG. 7. Variation of average intercalation voltage as a func-
tion of Li concentration. Black (red) denotes voltage for MX-
ene/functionalized graphene heterostructure with (without)
molecule.

C. Li intercalation and average intercalation
voltage

Next, the intercalation of Li atoms into MXene / func-
tionalized graphene was investigated. Only one face of
graphene and MXene were exposed to lithium adsorption
to show the role of substituent atoms and molecule on the
Li intercalation ability between MXene and functional-
ized graphene. The lithiation reaction can be written as

MX/fGR/Liy + nLi — MX/fGR/Lizsn  (3)

where MX/fGR/Li, denotes MZXene/functionalized
graphene heterostructure with « Li atoms adsorbed. Us-
ing this reaction, in order to determine the maximum

storage capacity of each system, the average intercalation
voltage is calculated according to following expression[32]

V = — (Brot]MX/fGR/Lig 4]

— Epot[MX/ fGR/Liz] — nEpo[Li])/en )

where E7, [MX/fGR/Liz1,] and Epy [MX/fGR/Li,]
are the total energy of heterostructures with z+n and n
Li atoms, respectively. e is the absolute value of electron
charge. Open circuit voltage is one of key factors which
is widely calculated to characterize the performance of
a battery. Before calculating V, we first searched the
most stable Li adsorption configuration for each Li con-
centration. Figure 4 is plotted using the lowest energy
adsorption configuration at each Li concentration. Ow-
ing to strong interaction of LiT ions with the TiCO»
surface, Li atoms first prefer to occupy all 16 active sites
on MXene sheet. Then, doped-graphene starts to accept
Li ions until V becomes negative at which Li cluster-
ing is energetically favorable. For MXene/functionalized
graphene heterostructure with molecule (Fig. 7), the
lithiation starts at voltage of around 1.79 V. This value
is very close to intercalation voltage of TipCOs/pristine
graphene heterostructure (~ 1.7 V), meaning that Li in-
tercalation voltage is mainly determined by TiaCO2[12].
As the 17*" atom is intercalated very close to the Li layer
(which is absorbed on the surface of TipCOs3), the repul-
sive interaction due to pre-adsorbed Lit* ions repels this
additional Li from the Ti;COs surface. However, de-
pending on type of the substituent atom, the intercala-
tion of the second layer is also possible. We demonstrated
that the absorption of the second layer is an exother-
mic reaction for only B-doped graphene with molecule,
whereas it is endothermic for other systems. In other
words, clustering of Li atoms is energetically favorable
for the latter systems. In this respect, introducing B
atoms and molecule into graphene lattice significantly en-
hances the storage capacity. Positively charged Li ions
in the second layer tend to aggregate around B atoms.
Each B atom can attract only one Li atom. Interest-
ingly, interlayer expansion without B-doping is not suffi-
cient to realize Li adsorption on graphene. Here, the role
of B-doping is to create active sites on graphene frame-
work, which are the most important for Li storage. In
our MXene/functionalized graphene heterostructure, we
have chemical formula of CysBsLis (or Cyp5BLi). B-
doped graphene (with molecule) starts to determine the
intercalation potential as the number of Li atoms exceeds
16. Here, we only considered one side adsorption to ex-
plore the impact of the interface formation between dis-
similar materials, doping of graphene and molecule in-
tercalation on Li storage performance and kinetics. For
multilayer graphene, the maximum storage capacity is
CgLi[65]. To further increase the storage capacity, the
B atom concentration should be increased. Adsorption
of 17*" Li increases the lithiation voltage from 0.57 V to
0.87 V. Such an increase in voltage is attributed to an
energy gain due to the adsorption of 17*" Li on B-doped



graphene. Then, subsequent addition starts to lower volt-
age. It drops to 0.70 V for 18*" Li, 0.66 V for 19*" Li,
0.12 V for 20*" and 0.04 V for 21*" Li atoms. When num-
ber of Li ions exceeds 21, the lithiation voltage becomes
negative, meaning that Li atoms tend to form clusters
rather than staying isolated. The calculated cell voltage
averaged for compositions between fully lithiated and un-
lithiated states is 1.05 V which falls into electrochemical
windows of different pertinent electrolytes|[1].

Another important benefit of doping and intercala-
tion is that the average intercalation voltage is able
to be tuned by modifying heterostructure design. En-
largement of the interlayer spacing through intercala-
tion of molecule tends to reduce intercalation potential.
The calculated average voltage for MXene/functionalized
graphene heterostructure without molecule is shifted
upward by around 0.3-0.5 V as compared to that
for MXene/functionalized graphene heterostructure with
molecule. MXene/functionalized graphene heterostruc-
ture without molecule has a slower decrease rate of the
intercalation potential in accordance with variation of
binding energy shown in Fig. 4.

Theoretical gravimetric capacity, C (mAh/g), at max-
imum Li concentration (4. ) is computed using

Tmaz X 2 X F x 103
Mpillar

C= ()
where z is the valence number of Li, F' is the Faraday
constant (26.81 Ah/mol) and My, is the atomic mass
of pillared structure including Li atoms as well. Here,
we assumed a bulk structure such that both surfaces of
graphene and TisCO2 sheets accept Li ions. The cal-
culated C is 350.3 mAh/g which is much larger than C
of pristine TioCO2 (182.8 mAh/g) and TipCOs/pristine
graphene heterostructure (280.5 mAh/g)[12].

D. Diffusion barriers

In addition to stability and high storage capacity, a
good rate performance is required for an excellent battery
application. The rate performance is controlled by elec-
tronic and ionic transport. Even though we did not calcu-
late the electron transport properties of heterostructures,
the calculated DOS plots confirm that our structures dis-
play metallic properties before and after Li adsorption.
In addition, presence of lightly doped graphene ensures a
good electrical conductivity in our heterostructures. We
calculated the migration energy barriers (Egfy) along
the several pathways using cNEB method. Figure 8
shows the barrier energies and corresponding pathways
for the selected concentrations. At first glance, it can
be seen that the calculated barrier energies are lower for
MZXene/functionalized graphene heterostructure as com-
pared to commercial electrodes. At a dilute Li concen-
tration, Fg;ry is around 0.25-0.32 eV for the on-plane
Li diffusion. In contrast, we found a very large diffu-
sion barrier energy for the out-of-plane diffusion. This

means that once a Li atom is adsorbed on either MXene
or graphene, it most likely stays there. We also computed
Eg;55 for two different high Li concentrations. While we
only have one Li vacancy in the first configuration, two
nearby Li vacancies are created in the second case on
the surface of TipCOy. These two configurations give
rise to totally different barrier energies. Fig. 8(d) dis-
plays barrier energy profile and path for the two-vacancy
structure (x = 0.90). Here, Eg;sy is around 0.3 eV and
not much different than that of structures with a single
Li atom absorbed (Fig. 8(c)). However, single vacancy
structure results in an Eg;rp of 0.72 eV (z = 0.95). Our
calculations imply two main regimes for ion transport.
Up to Li content of £=0.90, Eg;rs is low. When x ex-
ceeds 0.90, Eg;5r increases substantially. This is due to
a steric effect that obstructs the diffusion of LiT in single
vacancy case (i.e z > 0.90). In two vacancy-case (z <
0.90), there is enough space for migrating Li ion to avoid
nearby LiT ions. Interestingly, the diffusion barrier of a
single Li atom between TioCOs and B-doped graphene
without molecule is around 0.30 eV which is comparable
with heterostructure with molecule. This is due to that
we can weaken the strong effect of geometric constraint
that is present in pristine multilayers by constructing het-
erostructures. Table III summarizes the barrier energies
for several paths with different Li concentrations.

E. Cycling stability

We determined interlayer separation, lattice param-
eter and volume changes during the Li intercala-
tion/deintercalation to test cyclic stability of MX-
ene/functionalized graphene heterostructures. First of
all, we found no bond breaking. The C-B bond con-
necting molecule to graphene becomes 1.67 A for fully
lithiated state with a change of -1.1% as compared to
unlithiated state. The in-plane lattice parameters shrink
only 0.5%. Due to the enlarged lattice spacing, all active
sites are easily reachable by Li ions without any need for
a large interlayer expansion. The total expansion along
the vertical direction is around 6.5% (measured from un-
exposed O layer of TioCOq to graphene layer), which is
smaller than that of graphite (10%).

IV. CONCLUSION

In this work, we demonstrated that heterostructures
made up of MXene and functionalized graphene are
promising candidate structures to control and manipu-
late the generation and diffusion of Li ions within in-
terface of dissimilar materials. We chemically modified
graphene sheet with B and molecule. While the role
of molecule is to enlarge interlayer distance, B-doping
is utilized to introduce active sites on graphene sheet
to enhance storage capacity. B-doping significantly en-
hances Li binding on graphene. Molecule intercalation
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FIG. 8. The diffusion energy profiles and corresponding migration paths for the selected systems. In (d), the migrating Li
atom is denoted by yellow color.

TABLE III. Calculated diffusion barriers for several migration paths in eV. Barrier-1 is the diffusion barrier of a single Li ion
on MXene sheet, corresponding to =0.05 (Fig. 8(c)). Barrier-2 (Barrier-3) denotes the diffusion barrier of a single Li ion for
the concentration of £=0.88 (0.94) on MXene sheet. Fig. 8(d) shows the migration path for Barrier-2. Barrier-4 (Fig. 8(b)) is
the diffusion barrier of a single Li ion on B-doped graphene for £=0.05. Finally, Barrier-5 (Fig. 8(a)) represents the diffusion
of a single Li ion from MXene sheet to B-doped graphene sheet.

Barrier-1 Barrier-2 Barrier-3 Barrier-4 Barrier-5
@MZXene (z=0.05) @MXene (z=0.90) @MXene (z=0.95) QGr (x=0.05) MXene—Gr
0.32 0.30 0.72 0.21 2.33

(i.e. interlayer expansion) is mandatory to make use
of B-doping for gravimetric capacity improvement. It
turns out that the MXene/functionalized graphene het-
erostructures provide a good electrical conductivity and
low diffusions barriers as evidence from band structure
and migration energy calculations. We can realize dif-
fusion barriers as low as 0.3 eV even for high Li con-
centrations. The out-of plane diffusions barriers are
at least six times larger than in-plane diffusion barri-
ers, thus implying that Li ions move laterally on ei-
ther MXene or graphene plane. As compared to pristine
MZXene multilayers and MXene/functionalized graphene
without molecule, an enhanced storage capacity is able
to be achieved with a value of 350.3 mAh/g for MX-
ene/functionalized graphene with molecule. Combining
graphene with MXene markedly limits the volume change
that is critical to eliminate restacking and maintain a
cyclic stability.
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