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CHAPTER1
INTRODUCTION

Nowadays, electronic devices play important roles in our daily life.
Nanomaterials are being of interest, since they can be used for improving the
performance of the devices. A particular nanomaterial which has outstanding
properties is graphene.

Grephene has hexagonal network (honeycomb lattice) and is a two-
dimensional (2D) single layer of sp*-hybridized carbons. It is the initial building block
of well-known materials such as graphite (3D), nanotubes (1D), and fullerenes (0D)
[1-5] (Figure 1.1). Graphene has remarkable properties such as 1-atom thickness,
excellent transmittance and conductivity, ultra high stiffness, strong elasticity, and
high thermal stability [6-7].

Figure 1.1 Mother of all graphitic forms. Graphene is a 2D building material for
carbon materials of all other dimensionalities. It can be wrapped up into 0D
buckyballs, rolled into 1D nanotubes or stacked into 3D graphite.
Reprinted with permission from ref [6]. Copyright 2007, Springer Nature.



When graphene contains one to ten layers and have the dimensions in the
range of a few nm to ~100 nm, typically below 20 nm, it can be named “Graphene
quantum dots (GQDs)” [8-9]. The GQD has distinguished properties such as high
specific surface area, high electron mobility, eco-friendly, strong luminescence, good
hole transport ability, high solubility in various solvents, low toxicity, etc. in which
they are used for the bio-sensing, display, and energy applications [8, 10-15].

Ritter et. al. [16] performed an experimental study and has shown that the
energy band gap of both zigzag-edge and armchair-edge GQDs decreases when the
size of GQD increases. (Figure 1.2). There have been many theoretical works [17-19]
on edge and size effects of GQDs that support the finding of Ritter et. al.
Consequently, modifying its size, edge, surface, and geometry can control the band
gap of GQDs [8, 13, 16, 20] which leads to required conductivity.

08+ m  Armchair
B Zigrag
B ®  Unresolved
Fit (without metals)
~ 06
>
2z
Z L
o]
[>)
& 04
@
uCJ =
02
O -

Minimum lateral dimension (nm)

Figure 1.2 Energy gap —size relation for GQDs.
Reprinted with permission from ref [16]. Copyright 2009, Springer Nature.

GQDs can be prepared from two main processes, top-down and bottom-up
approaches (see Figure 1.3). For the top-down method, GQD is created from the
decomposition and exfoliation of bulk graphene-based materials such as graphite.
This method requires concentrated acids, strong oxidizing agents, and high
temperatures [21-26]. In bottom-up method, GQD is synthesized from aromatic

molecules such as fullerenes. This approach needs complicated reaction steps and



special organic reagents. Furthermore, the size and properties of final products can be
controlled by this method [21-26].

Top-down methods

Graphite Graphene oxide (GO) GO nanosheets G(ﬁ)s

Botton-up methods

Y£ o "n. Pol tion_“§ o Dehydrogenation
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Tl {
g F =
Small-molecules Polyphenylene GQDs

Figure 1.3 Schematic diagram of the top-down and bottom-up methods for
synthesizing GQDs.
Reprinted with permission from ref [13]. Copyright 2012, Royal Society of Chemistry.

GQDs or rather flat GQDs can be transformed to curved GQDs (CGQDs) by
applying force to their structures. This often happens when one wants to apply the
material for making electronic devices. Electronic properties of CGQDs are therefore
of interest. However, there has been very little numbers of studies on electronic
properties of CGQDs. There were a few studies concerning curved graphene
nanoribbons. Graphene nanoribbons (GNRS) are the strip of graphene with the length
of > 10 and the width of <50 nm [27]. It was reported that the band gap energy of
curved GNRs depended on the curvature, in which the reduction in the band gap
energy with enhanced curvature was observed [28]. Furthermore, longer GNRs have

lower strain energy than the shorter one [29].



Today energy technologies shift the production of electricity from using
burning fuel to sustainable energy sources, such as wind and solar energies, which
unfortunately fluctuate during the day. Hence, technologies for energy storage
especially batteries are required. Lithium-ion or Li-ion battery (LIBs) is currently one
of the most popular rechargeable batteries. Additionally, LIBs is commonly used in
home electronics especially for electronic devices such as mobile phones, digital
cameras, computer notebooks, etc. [30]. This is because LIBs have high energy and
high power density, long lifetime, and environmentally friendly [31]. Figure 1.4
shows the different battery technologies in terms of volumetric density are compared

with in gravimetric energy density.

400
T Li metal
(‘'unsafe’)
— 2
T )
= 300 5
= 9
s 5
7]
Lo
8§ 200
Py
o
2
i
100
Lead-
acid
5 Lighter weight ——3»
T T T T T T
0 50 100 150 200 250

Energy density (W h kg™)

Figure 1.4 Comparison of the different battery technologies in terms of volumetric
and gravimetric energy density.
Reprinted with permission from ref [32], Copyright 2001, Springer Nature.

Potential advantages of LIBs are high energy-/power-density, rechargability,
flexible and thin design, and longer lifetime [33-35]. For these reasons, LIBs have
been used in electric vehicles and smart electronic storage [32]. The experiments
concerning lithium batteries began in 1912 by American chemist G.N. Lewis but the
first rechargeable lithium battery was invented in 1976 by British chemist M.S.
Whittingham [36]. Titanium (IV) sulfide and lithium metal were used as the



electrodes. Nevertheless, the titanium disulfide was an unsuitable selection because it
is an expensive material and very difficult to synthesize.

Generally, LIB consists of three primary functional components which are
positive charged electrode (cathode), negative charged electrode (anode) and
conducting electrolyte [37] (Figure 1.5). Between cathode and anode, there is a
membrane made of polypropylene/polyethylene, for separating and preventing the
electrical contact. Moreover, the membrane allows lithium-ion to diffuse from the

electrodes during the process of charging and discharging [38].

Lj+ Solvent C  Transition 02
molecule Metal

Figure 1.5 Illustration of the components in a lithium ion cell.
Reprinted with permission from ref [39].Copyright 2009, Royal Society of Chemistry.

The first use of lithium-ion battery in commercial was initiated by Sony
Corporation which is consisted of lithium-cobalt-oxide (LiCoO;) as cathode and
graphite as anode. This type of LIBs still is used in most electronic devices. In the
commercially popular lithium-ion battery, the cathode is mostly made from materials
with three different structures which are a layered oxide (e.g. LiCoO,, LiNiO,), a
spinel (e.g. LiMnQy,), and an olivine (e.g. LIMnPOy,, LiFePO,). Figure 1.6 shows the
structure of each cathode material. The cathode with the layered structure, LiCoOs, is
mostly used in portable devices because it has the highest energy density.
Nevertheless, the cobalt element is very expensive and environmental hazard. The

spinel structure, LiMn,O,4, is cheaper and eco-friendly but unstable in high



temperature environment (more than 50°C). The olivine structure, LiFePOy, has low
conductivity but is currently interested in the battery industry due to its low
production costs, superior recyclability and stability at high temperature. The LiFePO4
has already been employed in many commercial batteries especially in electric
vehicles (EV).

(a) (b)
Figure 1.6 lllustrations of layered, spinel, and olivine structures which are materials
use for positive electrode LIB; (a) LiCoO, layered structure, (b) LiMn,O4 spinel
structure, (c) LiFePO, olivine structure.

Reprinted with permission from ref [40]. Copyright 2002, Springer Nature.

It was found that the graphite intercalation compounds [41] and nano-
carbonaceous materials [42] are greatly effective for the anode. The most negative
electrode of lithium-ion rechargeable batteries is based on the nano-carbonaceous
PAS (polyacenic semiconductive) discovered by Tokio Yamabe [43]. Graphite is
commonly used for the anode of LIB due to its high conductivity since it has
delocalized m-electrons and appropriate structure for lithium ion intercalation and
diffusion [44]. However, only six carbon atoms (Cg) of graphite are allowed to be
intercalated by one Li ion, stoichiometrically LiCs, and results in low power density
[38]. Hence, there are many researches that studied both carbon and non-carbon
materials for higher performance and capacity of the anode. The examples anode
materials are carbon nanotubes, carbon nanofibers, titanium, silicon, and graphene.

There are two types of lithium-ion battery electrolytes, i.e. liquid and solid
electrolyte. The liquid electrolytes contain varying ratio of lithium salts (i.e. LiPFg,
LiBF, and LiCIQ,) in alkyl organic carbonates such as ethylene carbonates, propylene

carbonates, dimethyl carbonates. For batteries, the solid electrolytes are safer than



liquid electrolytes because it has no leaks. The solid electrolytes of batteries uses
lithium metal oxides which is ceramic. The lithium ion can fast transport through it.
Previous studies supported that small sheets of carbon such as graphite
materials and amorphous carbon materials has higher efficiency than that the
crystalline graphite [45-46] owing to the size effect. It improves the performance of
lithium-ion batteries by quick absorption, short diffusion lengths, and fast diffusion
rates [47]. Thus, the reduction of Li* becomes faster and hence it gives high power
density and a quick charge. GQDs which have small size can be used to enhance
efficiency of LIBs. There are applications where GQDs being composite component
or coated material in LIBs [11, 48]. The behavior of Li/Li* adsorption over GQDs is
of interest. Umadevi and Sastry found that the interaction energy between Li/Li* and
neutral graphene at the edge is higher than at the center of C,4H1, hexagonal-shaped
GQD or coronene [49]. When larger GQD such as circumcircumcoronene (CgsHz4
hexagonal-shape GQD) was studied, it was found that the charge of carbon atoms at
the edges was more negative and lithium ion at the edges was smaller positive than at
the center position [50]. Sadlej-Sosnowska calculated interaction energies between
three GQDs (coronene, circumcoronene, circumcircumcoronene, Figure 1.7) and
lithium atom and they discovered that the interaction energy is diminished with the
increasing size of GQDs [51]. Recently, Novak calculated the binding energies of
lithium ion on coronene and coronene derivatives in external electric field [52]. This
model mimics the condition in the battery. The strong binding energies between Li*

and coronene of -45.5 kcal/mol was obtained [52].
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Figure 1.7 Structures of (a) coronene Cy4H;5»,

(b) circumcoronene CssHsg, and (c) circumcircumcoronene CogH24

In the first part of our study, we are interested in electronic properties of
CGQDs at various sizes, shapes, folding axes, and folding angles. Additionally, we
are also interested in how easy CGQDs can be formed. For scope of this work, two
kinds of curved graphene quantum dots (hexagonal and rhomboidal shapes) with
different curvature will be built and calculated using Density Functional Theory
(DFT). Electronics and mechanical properties of curved graphene quantum dots
(CGQDs) will be monitored. The understanding on electronic and mechanical
properties of CGQDs can be applied for the design GQDs-based electronic devices. In
the second part, adsorptions of lithium ion(s)/atom on several sizes of charged and
uncharged hexagonal GQDs were studied using DFT. We would like to gain the
understanding of the adsorption of Li/Li* on GQDs. We hope that this knowledge will
lead to the better design of LIBs.



CHAPTERI
THEORETICAL BACKGROUND

2.1 Density functional theory
In Density Functional Theory (DFT) [53], the electronic energy as the
functional of the density E[p] is given by

Elp] = Ts[p] + Vextlp] + J[p] + Exc [p] (2.1)

where Ts [p] is the kinetic energy of the system of non-interacting particles,
Vextlp] 1S the external potential or the interaction of electron-nuclear,
J [p] is the classical Coulombic interaction,

and

Exc [0] = (Tlp] = Tslp]) + (Veelp] - J[p])

T [p] is the total kinetic energy and Ve[p] is the electron-electron repulsion
interaction. The last term in Eg. (2.1) includes the contribution of exchange and
correlation energies.

According to Kohn-Sham [54], the charge density can be constructed from

p() = Lilgi(r)I? (2.2)

where the sum is total occupied KSOs (Kohn-Sham orbitals alias Molecular
orbitals), ¢i.

The molecular orbitals (MOs) can possibly be occupied by either spin-up
(alpha) or spin-down (beta) electron. The use of the similar ¢; for both of them is
called as the spin-restricted calculation. The use of disimilar ¢; is accepted as a
calculation of the spin-unrestriction or the spin-polarization. In the unrestricted
situation, it is probable that densities of two different charge, alpha MOs and beta
MOs, are generated. Their summation gives the total charge density, while their

difference gives the spin density that is the quantity of excess alpha over beta spin.
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This is similar to Hartree-Fock calculations for restriction and unrestriction wave
function (Pople and Nesbet) [55].

We cannot find the exact description for the last term in Eq. (2.1) which is the
energy of exchange-correlation functional. The estimation is therefore needed. The
local density approximation (LDA) which models using the uniform electron gas
(Hedin and Lundgvist [56]; Ceperley and Alder [57]; Lundqvist and March [58]) is
the simplest approximation and yields reasonable results. This approximation is on the
basis that the charge density changes quite slowly (i.e., each of molecular region
surely seems a uniform electron gas). Thus, the energy of exchange-correlation

functional is given by

Exclpl = [p(r) exclp(r)]dr (2.3)

where & [p] is the exchange-correlation per particle in a uniform electron

gas. Slater (1951) simply used & [p] = Pt

to derive the simplest form of the
exchange-correlation potential. However, the correlation is not included in this
approximation. So, the Slater term is dubbed as “exchange” only. Moreover, to add
the electron correlation more sophisticated approximations, as derived by Vosko,
Wilk, and Nusair (VWN) [59], Von Barth and Hedin (BH) [60], Janak, Morruzi, and
Williams (JMW) [61], and Perdew and Wang (PW) [62], can be included.

The later step in development of the local density (LDA) model is taking into
account the inhomogeneity that has occurring in any molecular system. This is
helping by incorporating with the density gradient expansion. This approach is named
“Generalized Gradient Approximation” (GGA). It is also called “non-local” density
approximation. Generally, the use of GGA functionals includes the correlation
functional by Perdew and Wang (PW91), and the gradient-corrected exchange
functional by Becke (B) or BPW91, or the Becke functional and the gradient-
corrected correlation functional by Lee, Yang, and Parr (LYP) or BLYP. Modern
DFT parametrically incorporates the “exact” or “hartree-fock” exchange to the
functional, named ‘“hybrid” functional. Examples of hybrid DFTs are B3LYP,
B3PW91, M06-2X [63] , etc. These hybrid functionals have been shown to improve

calculation results immensely.


ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#pople_nesbet_1954
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#hedin_lundqvist_1971
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#ceperley_alder_1980
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#lundqvist_march_1983
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#slater_1951a
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#perdew_wang_1992
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#becke_1988
ms-its:C:/Program%20Files%20(x86)/Accelrys/Materials%20Studio%206.0/share/doc/Theory.chm::/Html/threferences.htm#lee_etal_1988
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2.2 Electrochemistry of Lithium ion batteries

The operation of lithium-ion battery involves the movement of lithium ion
between the electrodes through the electrolyte and separator. Both cathode and anode
allow Li ions to move in, called intercalation, and move out, called deintercalation, of
their structures. During charging, the positive lithium ions (Li*) move from the
cathode to the anode through the electrolyte and intercalate into the graphite structure,
at the same time, the electrons (e") also move along the external circuit in the same
direction. During discharging, the reverse process occurs. The example of chemical
reactions that takes place LIB using LiCoO; as cathode and graphite as anode are as
follows.

Discharging condition:

Cathode: Li* + e + Co0, LiCoO,
Anode: LiCgc, = ———— Cg+Li"+e¢
The full reaction of charging (left to right) and discharging (right to left) are as

follows.

Co0O, + LiCq LiCoO, + Cq
The basic reaction processes are illustrated in Figure 2.1.

=

LiCoO, suficefims | g, ocetims Carbon

Figure 2.1 A schematic presentation of the most commonly used Li-ion
battery based on graphite anodes and LiCoO, cathodes.
Reprinted with permission from ref [64].Copyright 2011, Royal Society of Chemistry.



CHAPTER 111
COMPUTATIONAL DETAILS

Electronic properties of curved graphene quantum dots and lithium atom/ion
adsorption on graphene quantum dots were investigated using Density Functional

Theory. Details of calculations were given in this chapter.

3.1 Electronic properties of curved graphene quantum dots

3.1.1 Electronic properties

Two structural analogs of GQDs consisting of rhomboidal graphene quantum
dots (RGQDs) and hexagonal graphene quantum dots (HGQDs) shapes as shown in
Figure 3.1 were studied.

Hexagonal Hexagonal units
units

—a2x2
—a3x3 \

—abx6

- b4x4
—b2x2 -b5x5
-b3x3 -b6x6

(b)

Figure 3.1 (a) Rhomboidal-shape GQDs and (b) Hexagonal-shape GQDs.

Both structural analogs were obtained from a single layer of graphite taken
from the library of the Material Studio 5.5 program [65]. Models of RGQDs are
represented by “anxn” reflecting n x n hexagonal units where n =2 — 6. All terminal C
atoms were saturated by H atom giving CigH1p (a2x2), C3oH14 (@3x3), CygHis (adx4),
C7oH22 (a5x5), and CgsHos (a6x6), Figure 4.1 (a). Since the hexagonal-shape contains
three n x n rhombic structures, models of HGQDs are then denoted by “bnxn” for n =
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2 — 6. Similar to RGQDs terminal carbons of HGQDs were capped by H atoms. Thus,
they consist of CysHip (02%2), CssHig (b3x3), CosHos (b4Xx4), CisoH3z0 (05X5), and
Ca16Hss (b6x6), Figure 3.1 (b). All GQDs were fully optimized using DFT with
Perdew, Burke, and Ernzerhof (PBE) [66] functional and double numerical plus
polarization (DNP) [67-68] basis set of DMol3 program in Material Studio 5.5 suite,
which has been tested that can calculate the energies and structures nearly
experiments and have high speed calculation for graphene. Finally, optimized GQDs
were folded or curved along “symmetry-unique” axes at the incremental of 2° to 16°
to create CGQDs using Visual Molecular Dynamics (VMD) program.

For RGQDS, there are four symmetry-unique folding axes, FAL, FA2, FA3,
and FA4, Figure 3.2a., whereas there are only two symmetry-unique folding axes,
FAL and FA2 for HGQDs (Figure 3.2b).

FA3 FA4

3 4 WD 1ol

\ W) 1

/ \ \\\\\\ :: ::

24 |2 )5 \:\\‘\ - 0o

N\ ,// \\‘\\ ! 13

FA1: L, o
: / N RN

NS il

1 6 |97 [V
X\ 1

1l

WO I

FA1l FA2

Figure 3.2 Distinct folding axes of (a) RGQDs and (b) HGQDs.
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From Figure 3.2, we noticed that the folding along FA1 and FA4 of RGQDs
and FA1 of HGQDs is through “zigzag” carbon atoms. Thus, the folding along those
axes is named “zigzag-like folding”. While the folding along FA2 and FA3 of
RGQDs and FA2 of HGQDs is through “armchair” carbons and the name “armchair-
like” folding is given. These notations is in line with Casabianca et.al. [69]. For a
particular symmetry-unique folding axis and GQD structure (size and shape), there
are more than one axis of that type. For example, a2x2 RGQD (Cy¢H10) has 9 FAL, 12
FA2, 16 FA3, and 10 FA4 axes, while b4x4 HGQD (CgsH24) has 15 and 16 FAL and
FA2 axes, respectively. All symmetry-unique axes were folded simultaneously at the
designated degree. For CGQDs, only positions of hydrogen atoms were optimized at
the same level of theory. Energies and HOMO/LUMO energies of GQDs and CGQDs
were obtained at this level of theory and their optimized geometries.

3.1.2 Deformation energies
Deformation energies of CGQDs were calculated from the difference between
the total energy of CGQD and total energy of flat GQD following Eq. (3.1):

Deformation energy = Eccop — Ecop (3.2)

where Ecggp = energy of CGQD,
Ecop = energy of flat GQD

3.2 Adsorptions of lithium atom/ion on graphene quantum dots

For the study of lithium atom/ion adsorptions on GQDs, three sizes of
hexagonal-shape GQDs, b2x2 (coronene C4H12), b3x3 (circumcoronene CssHi2), and
b4x4 (circumcircumcoronene CggHo4), were used. In addition, Li/Li* adsorptions were
performed on GQDs with 0 (neutral), +1, and -1 molecular charge. The three charges
were set to represent different conditions of GQDs (GQDs will be used as electrodes
in Li-ion Dbattery). The positive/negative charge of GQDs denotes
discharging/charging condition of the battery. All geometry optimizations were
accomplished at the MO06-2X/6-31G(d) level of theory [63], one of the best

functionals for the study of noncovalent interactions, without any constraints using the
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Gaussian 09 package [70]. Additionally, lithium ion or lithium atom was adsorbed at
hollow position above hexagonal unit of GQDs (Figure 3.3). This setup is in line with
experimental evidences, in which LiCs was found to be stoichiometric number of
Li*/graphite intercalation. [38].

Figure 3.3 Adsorption positions on the hexagonal unit.
Total charges and spin multiplicities of GQDs, GQD-LIi/Li* , and GQD-2Li"
complexes were set according to Table 3.1, while the total charge and spin

multiplicity of lithium atom/ion were given in Table 3.2.

Table 3.1 Charges and spin multiplicities of GQDs and GQD-Li/Li* complexes.

GQDs GQD - Li GQD - Li" GQD - 2Li*
Complex Complex Complex
Charges | 2S+1 | Charges | 2S+1 | Charges | 2S+1 | Charges | 2S+1
-1 2 -1 3 0 2 1 2
0 1 0 2 1 1 2 1
1 2 1 3 2 2 3 2

Table 3.2 Charges and spin multiplicities of lithium atom and ion.

Types Charges 25+1
Li atom 0 2
Liion 1 1
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For one-Li-atom/ion system, possible adsorption positions of Li/Li* over three

sizes of GQDs were studied and the positions are shown in Figure 3.4. While the

adsorbed positions for two-Li-ion system were displayed in Figure 3.5. The

adsorption energy (AE4q) or the binding affinity of Li/Li* over GDQs were obtained

by the following equation:
AEq = Ecop-x — (Ecop + Ex)
where Eggp-x = energy of GQD-Li/Li* complex,

Ecop = energy of GQD
Ex = energy of dopant (Li/Li").

9 e 9 e
, ., J“““““‘J
J“““‘J J‘J‘J‘J‘J‘J‘J‘a
' W W W W
5 & J““““‘J e Al A | ‘1‘2‘3‘4“4
Q0. 0 0. 0 0 _ 0 0
J““‘J J“““““‘J 7*o% 9% ‘5‘6‘ "
o G T 0 0. 0 o _0°0 2
‘J‘o‘az‘a‘ “J‘J‘J‘J:J“ A0 B A A A A A
. QO 2 0 o 2
s an 8t St R an 8 8h Sb 2 At A Ak’ Ak 8
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4 J ) 2 9 . > 2 >
(@) (b) (c)

Figure 3.4 Lithium positions on three GQDs; (a) coronene,

(b) circumcoronene, and (c) circumcircumcoronene.

(3.2)
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Table 3.3 Adsorption patterns of two Li-ion on Cy4H;2 and CssHg
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CHAPTER 1V
RESULTS AND DISCUSSION

This chapter is divided into two parts; electronic properties of CGQDs, and
adsorption of Li/Li* on GQDs.

4.1 Electronic properties of curved graphene quantum dots
4.1.1 Electronic properties

4.1.1.1 Rhomboidal-shape CGQDs

In Figure 4.1, the relation between HOMO-LUMO gaps of RGQDs
with their sizes, folding axes, and folding angles were displayed. The variance of
HOMO-LUMO gaps with folding angles is noticed and they differed from axis to
axis. The more significant change on HOMO-LUMO gap was observed when
structure is folded along FA3/FA2 axis for all sizes of RGQDs. However, the change
is less when the structure is folded along FA1/FA4. Thus, the folding axis can be
categorized into two main groups based on this behavior, i.e. FA2/FA3 and FA1/FA4

which is corresponded to the armchair- and the zigzag-like folding.
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Figure 4.1 HOMO-LUMO gap as the function of folding angles; (a) a2x2 structures,

(b) a3x3 structures, (c) adx4 structures, (d) a5x5 structures, and (e) abx6 structures

The similar relation to that appeared in Figure 4.1 was found between
folding angles and average carbon-carbon angle (CCC) or sp® carbons (Csp?) angles
of the hexagonal ring, see Figure 4.2. Thus, FA2 and FA3 share the same average
Csp? angle with the folding degree and like-wise for FA1 and FA4. Therefore,
average Csp® angle can be used to distinguish between armchair- and zigzag-like
folding. This average Csp® angle depends only on the folding axis but not with the
size of RGQDs (see Table 4.1).
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Figure 4.2 Relation between folding angle and average sp? angle; (a) rhomboidal-
shape CGQDs of a4x4 and (b) hexagonal-shape CGQDs of b4x4
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Table 4.1 Average sp? angle of rhomboidal-shape CGQDs

Folding Folding angles Average sp” angles (degree)
axes (degree) a2x2 a3x3 adx4 abxb abx6
0 120.000 120.000 120.000 120.000 120.000
2 119.990 119.990 119.990 119.990 119.990
4 119.960 119.960 119.960 119.960 119.960
6 119.910 119.910 119.910 119.909 119.960
FA1/FA4 8 119.839 119.839 119.840 119.839 119.840
10 119.750 119.750 119.750 119.750 119.750
12 119.641 119.640 119.640 119.641 119.640
14 119.512 119.512 119.512 119.512 119.513
16 119.365 119.365 119.365 119.365 119.366
0 120.000 120.000 120.000 120.000 120.000
2 119.987 119.987 119.987 119.987 119.987
4 119.946 119.946 119.946 119.946 119.946
6 119.879 119.879 119.879 119.879 119.879
FA2/FA3 8 119.786 119.786 119.786 119.785 119.786
10 119.666 119.666 119.666 119.666 119.666
12 119.520 119.520 119.520 119.520 119.520
14 119.348 119.348 119.349 119.348 119.348
16 119.152 119.151 119.151 119.152 119.151

Our research has some different results from Zhang et. al. [28] who
found that HOMO-LUMO gap becomes narrower for graphene nanoribbons with
higher curvature. We observed the band gap reduction for most folding axes (FAL,
FA2, and FA4), except for FA3 in which the band gap widening is noticed. To
understand this phenomenon, we monitored HOMO/LUMO energies of a3x3 of the
folding along four folding axes at 2 and 16 degree, Figure 4.3. Both HOMO and
LUMO energies are destabilized upon the folding along for all folding axes. For FA3,
the raise in LUMO is larger than HOMO and the HOMO-LUMO gap widening was
observed. However, the increase in HOMO is larger than LUMO for FA1, FA2, and
FA4 and the HOMO-LUMO gap narrowing is seen.
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Figure 4.3 Comparison of HOMO and LUMO energies at 2 and 16 degrees of

(a) a3x3FAL, (b) a3x3FA2, (c) a3x3FAS3, and (d) a3x3FA4
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Figure 4.4 lllustrations of HOMO and LUMO orbitals of a3x3; (a) FAL, (b) FA2,
(c) FA3, and (d) FA4

The destabilization of HOMO and LUMO with the folding degree can
be understood through Figure 4.4. In the figure, yellow dotted line indicates the
direction of folding axis that is at center of GQD, while yellow and blue colors of =
orbitals denote the orbital phases. The = orbitals of HOMO/LUMO were brought
towards each other when folded and this causes the destabilization of orbitals. For
FA2, n orbitals in HOMO are positioned closer to each other, than those in LUMO.
Therefore, HOMO is more destabilized than LUMO. For FA3, by the same argument
as previous the stronger interaction of & orbitals is observed for LUMO than HOMO.
Thus, the widening of HOMO-LUMO gap was observed.
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From Figure 4.1 (e), we also observed the discontinuity of the HOMO-
LUMO gap plot at the folding of 14° for FA3 of a6x6 RGQD. This discontinuity is
the result of the strong orbital interaction between two ends of RGQD since the two
ends are very close showed in Figure 4.5 (b). Whereas for FA2 at the same degree the
two ends of RGQD still remain apart, Figure 4.5 (a), and the discontinuity was not
seen. Additionally, for FA3 the folding at 16° could not be achieved since the two
ends of RGQD will be overlaid and convergence solution could not be realized. The

similar argument can also be used to describe Figure 4.1 (d).

Y

(@) (b)

Figure 4.5 Side view structures of a6x6 at the folding angle of 14 degree
when folded along (a) FA2 and (b) FA3.

4.1.1.2 Hexagonal CGQDs

The average sp® angle of FAL is larger than that of FA2 as
demonstrated in Figure 4.2 (b). The zigzag- and armchair-like folding as given for
FA1/FA4 and FA2/FA3 of RGQDs can be applied for the explanation. Like RGQDs,
the average sp®angle for HGQDs did not depend on their sizes (see Table 4.2). When
the folding angles were increased for both FA1 and FA2 at all quantum dot sizes,
HOMO-LUMO gaps of HGQDs is reduced with folding angle for both FAL and FAZ2.
In spite of the HOMO-LUMO gap, the folding along FA2 decreases faster than FAL.



Table 4.2 Average sp? angle of hexagonal-shape CGQDs

Folding Folding angles Average sp” angles (degree)

axes (degree) a2x2 a3x3 adx4 abxb abx6
0 120.000 120.000 120.000 120.000 120.000
2 119.990 119.990 119.990 119.990 119.990
4 119.960 119.960 119.960 119.960 119.960
6 119.910 119.909 119.909 119.910 119.909

FA1 8 119.839 119.839 119.840 119.839 119.839
10 119.750 119.750 119.750 119.750 119.750
12 119.640 119.641 119.641 119.641 119.641
14 119.512 119.512 119.512 119.512 119.512
16 119.365 119.365 119.365 119.365 -
0 120.000 120.000 120.000 120.000 120.000
2 119.987 119.987 119.987 119.987 119.987
4 119.946 119.946 119.947 119.946 119.946
6 119.879 119.879 119.879 119.879 119.879

FA2 8 119.786 119.786 119.786 119.785 119.786
10 119.666 119.665 119.666 119.666 119.666
12 119.520 119.520 119.520 119.520 119.520
14 119.348 119.347 119.347 119.348 119.348
16 119.151 119.151 119.152 119.151 -
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Figure 4.6 HOMO-LUMO gap change with folding angles; (a) b2x2 structures,
(b) b3x3 structures, (c) b4x4 structures, (d) b5x5 structures, and (e) b6x6 structures

Like RGQDs, HOMO-LUMO gap of HGQDs is lowering because of
the higher destabilization of HOMO as compared to LUMO for both FA1 and FA2,
Figure 4.7. The greater increase of HOMO energy form the folding is related to the
orbital interaction as demonstrated in Figure 4.8. The same discussion as given in the

previous section can be as well used.
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Figure 4.8 Comparison of HOMO and LUMO of b3x3; (a) FAL and (b) FA2

Similar to RGQDs, the large HGQDs (b5x5 and b6x6) had the
discontinuity in HOMO-LUMO gaps. We expect the same reasoning as RGDQs for
this behavior.

4.1.2 Deformation Energies

The different between the total energy of CGQD and flat GQD is defined as
the deformation energy. The value shows the ease of curving GQDs along a specific
folding axis. The relations between deformation energies and folding angles for
several folding axes of RGQDs and HGQDs were exhibited in Figure 4.9 and 4.10,

respectively.
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folding angles; (a) b2x2 structures, (b) b3x3 structures, (c) b4x4 structures,

(d) b5x5 structures, and (e) b6x6 structures

Chang et.al. [29] reported that the deformation energy of graphene
nanoribbons would increase when the folding angle is enhanced. Similarly, our results
revealed that the deformation energy is raised with the degree of folding along all
folding axes for all GQDs sizes. Interestingly, the plot between deformation energies
and folding angles is harmonic (R?~ 0.99 when fits with the quadratic equation). The
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deformation energy also depends the folding axis. The bending along armchair-like
folding axis (FA2, FA3 for RGQDs and FA2 for HGQDs) requires more energy than
that along the zigzag-like folding axis (FAL, FA4 for RGQDs and FA1 for HGQDs).
It is possible that the armchair-like folding generates higher “folding” strain. Since the
angle of carbon-carbon bond (CCC angle) make 30° for the armchair-like folding,
while for the zigzag-like folding it makes 60° see Figure 3.2. The deformation
energies at 16° for FA2 of RGQDs, FA3 of RGQDs, and FA2 of HGQDs were plotted
with number of C atoms together on the same graph, and the linear relation with R? of
0.9977 was obtained, Figure 4.11. Likewise, the deformation energies at 16° for FA1
of RGQDs, FA4 of RGQDs, and FA1 of HGQDs were plotted together with number
of C atoms. Similar linear relation with R* = 0.9922 was found, Figure 4.11. This
shows that the deformation energy for the same type of folding axis varies only with
the size of GQDs, but not on their shape. The increase of deformation energy with the
size of GQDs can be explained by numbers of the symmetry-unique axis. The bigger
size GQD has higher numbers of the symmetry-unique axis and thus larger

deformation energies.
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Figure 4.11 Relation between deformation energies at 16° and numbers of carbon
atoms for FA2 of RGQDs, FA3 of RGQDs, FA2 of HGQDs, FAL of RGQDs, FA4 of
RGQDs, and FA1 of HGQDs.
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4.2 Adsorptions of lithium atom/ion on graphene quantum dots

4.2.1 One-Li-ion system

The adsorption of one Li ion on b2x2, b3x3, and b4x4 GQDs with negative
charge (g= -1), neutral charge (q=0), and positive charge (q=1) was studied. For b2x2
GQD (Cy4Hyp), there are two distinct adsorbed sites, while b3x3 (Cs4H1g) and b4x4
(CoeH24) GQDs have four and six distinct sites, respectively, see Figure 4.12.

Adsorption energies of Li* on GQDs were displayed in Table 4.3.
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Figure 4.12 Lithium positions on three GQDS; (2) CxHa,, (D) Cs4Hig, and (C) CogHaa.

Table 4.3 Adsorption energies in kcal/mol of one Li ion on GQDs with negative

(g =-1), neutral (g = 0), and positive (q=1) charge at various adsorbed sites.

. Adsorption energies (kcal/mol)
GQDs Positions GOD (g=-1) GQD (g=0) GQD (0=1)
CouHus 1 -130.235 -47.780 32.560
2 -135.073 -49.466 28.552
1 -115.225 -51.803 8.823
CeaHus 2 -115.251 -50.923 7.012
3 -118.309 -51.905 3.598
4 -118.996 -52.765 3.871
1 -103.809 -54.061 -6.363
2 -105.837 -54.714 -8.292
CosHaa 3 -106.192 -55.016 -9.055
4 -108.924 -54.803 -10.982
5 -106.455 -54.941 -7.748
6 -111.703 -56.929 -12.125
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For all sizes and charges of GQDs, the adsorption of Li* at the outermost
circle of GQDs is the most preferable and at the center of GQDs is the least. Notice
that for CogH24 the position 4 and 6 are at the outermost circle. This behavior could be
explained by electrostatic interaction between Li ion and GQDs. Table 4.4 shows
Mulliken net charge of Li ion, six-membered (Cs) ring of GQD, and total GQD. It can
be seen that the Cg charge at the outermost circle position is more negative than at the
central position which lead to strong interaction. This relation is in agreement with the
adsorption energies shown in Table 4.3.

Table 4.4 Net charges of lithium ion, Ce ring of GQD, and total GQD.

Charges (atomic unit)

GQDs | Positions GQD (g=-1) GQD (g=0) GQD (g=1
Li* Cs GOD | Li' Cs GOD | Li* Cs GQD
CH 1 0.424 | -0.248 [-0.424 | 0.537 | -0.179 | 0.463 | 0.629 | -0.172 | 1.371
241712 2 0.349 | -0.418 [-0.349 | 0.471 | -0.361 | 0.529 | 0.574 | -0.360 | 1.426
1 0.464 | -0.134 [-0.464 | 0.519 | -0.102 | 0.481 | 0.584 | -0.104 | 1.416
CoiHhus 2 0.459 | -0.213 [-0.459 | 0.524 | -0.195 | 0.476 | 0.572 | -0.183 | 1.428
3 0.376 | -0.396 [-0.376 | 0.468 | -0.379 | 0.532 | 0.530 | -0.364 | 1.470
4 0.401 | -0.297 [-0.401 | 0.473 | -0.266 | 0.527 | 0.531 | -0.260 | 1.469
1 0.491 | -0.249 [-0.492 | 0.532 | -0.250 | 0.468 | 0.559 | -0.232 | 1.441
2 0.485 | -0.223 [-0.485 | 0.522 | -0.203 | 0.478 | 0.552 | -0.194 | 1.448
co iy 3 0.466 | -0.250 |-0.466 | 0.510 | -0.237 | 0.49 | 0.541 | -0.229 | 1.459
96 T4 4 0.388 | -0.385 [-0.388 | 0.469 | -0.387 | 0.531 | 0.507 | -0.374 | 1.493
5 0.476 | -0.232 |-0.476 | 0.524 | -0.221 | 0.476 | 0.554 | -0.208 | 1.446
6 0.416 | -0.282 [-0.416 | 0.469 | -0.268 | 0.531 | 0.502 | -0.263 | 1.498

As expected, the binding of Li* to negative charge GQDs is the strongest with
the binding affinity greater than 100 kcal/mol. Of course, this is due to strong
electrostatic attraction between Li* and negative charged GQDs. The binding
becomes weaker as the charge of GQDs being more positive. For negative charge
GQDs, the smaller size GQDs have the stronger interaction, CyHiy > CsgHig >
CosHo4. However, the reverse is found for neutral and positive charge GQDs. This
observation is somehow in line with the product of Li* and total GQD charge in Table
4.4. The product of Li* and positive Co4H1, charges is the largest and hence large
positive interaction energy was found. Notice that Li* charge is not +1, but
approximately 0.5 for all cases. This suggests that GQD, no matter what charge
condition, donates electrons to Li ion. However, the electron donating capability of

GQDs depends on the charge of GQD more than its size. The the electron donating
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capability of GQDs is reduced, when the GQD becomes more positive as evident by

the increase of Li* charge.

4.2.2 Two-Li-ion system

To investigate the packing of Li ion on GQDs, we looked at the adsorption of
multiple Li ions on Cy4Hj, and Cs,H;g With various charges. The adsorption patterns
for the two Li-ion system on GQDs were given in Table 3.3 and corresponding
binding affinities were listed in Table 4.5. There are 4 and 15 patterns for C,4H1, and

Cs4H1g, respectively.

Table 4.5 Adsorption energies per ion of two Li-ion on CHj, and CssH1g

with various charges.

GQDs Patterns - Adsorption enecr)gies (kcal/mol) -
1 -94.548 -15.285 56.324
CosHis 2 -94.458 -15.285 NC
3 -96.473 -13.659 57.542
4 -96.509 -15.285 56.324
1 NC -27.831 28.519
2 NC -26.559 30.512
3 -83.817 -21.340 27.073
4 -85.403 -22.573 35.618
5 -85.264 -26.678 29.330
6 -88.307 -23.707 30.218
7 -89.247 -26.677 28.599
Cs4H1g 8 -89.474 -28.239 27.073
9 -90.134 -29.131 27.375
10 -90.100 -29.273 26.709
11 NC -23.259 34.085
12 -85.952 -21.862 33.886
13 -87.626 -25.479 30.675
14 -88.283 -26.558 30.512
15 -86.537 -23.256 34.133

*NC = No converged result
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From Table 4.5, the adsorption energy of two-Li-ion system is less
than the one-ion system for all sizes. The reason for the weaker interaction is likely
due to be the repulsion between Li ions. Figure 4.13 illustrates the linear relation
between binding affinity and reciprocal Li-Li distance (1/R). If distance between two
Li ions is short, it will result in weak adsorption. This suggests the important of Li-Li
repulsion for this system. The result in Table 4.6 also implies that the packing of two
Li-ion is favorable for GQDs with negative charge but not for neutral and positive
charge GQDs. Thus, during charging the GQD attracts Li* while during discharging it

repels Li".
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Figure 4.13 Relation between 1/R and adsorption energies of GQD-2Li* complexes

4.2.3 One-Li-atom system

In the charging situation, Li* will receive electron and become Li atom. The
adsorption of Li atom on GQDs with various charges is also of interest. Using the
same adsorbed sites as one-Li-ion system adsorption energies of Li atom on CysH1y,

Cs4H1s, and CogHa4 with various charges were given in Table 4.6.



Table 4.6 Adsorption energies of Li atom on Cy4H12, Cs4H1g, and CogHag

withq=-1,09=0,and g = 1.
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. Adsorption energies (kcal/mol)
GQDs Positions GQD (g=-1) GQD (g=0) GQD (g=1)
CosHis 1 -3.622 -8.315 -21.965
2 -8.697 -13.152 -25.254
1 -15.311 -16.228 -23.990
CeaHus 2 -14.761 -16.360 -24.419
3 -17.200 -19.312 -28.554
4 -18.111 -19.999 -28.625
1 -21.966 -20.959 -27.180
2 -20.925 -22.987 -28.587
CosHoa 3 -22.231 -23.395 -28.726
4 -23.989 -26.074 -31.964
5 -21.980 -23.608 -23.286
6 -25.982 -28.853 -31.842

The result in Table 4.7 is opposite to the one-Li-ion system. The binding of Li

atom with the positive GQD is the strongest and with the negative GQD is the

weakest. Thus, during discharging condition GQD attract Li atom more strongly than

during charging. However, the adsorption energy for one-Li-atom system is smaller

than that for one-Li-ion. The binding also increases with the size of GQDs. (CgsHz4 >

Cs4H1s > CosHyp) Still, there is a preference of adsorption at outermost circle. The

behavior can also be explained by the Cs charge of GQDs. Charges of Li atom and Cg

charge of GQDs are listed in Table 4.7. The results suggest that Cg charges of

outermost circle are more negative than the center and other position, especially Cg

charge at the corner of the outermost circle. It directly relates with adsorption energy.



Table 4.7 Net charges of lithium atom and Cg of Li-GQD complexes
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Charges (atomic unit)
GQDs | Positions GQD (g=-1) GQD (g=0) GQD (g=1)
Li Cs Li Cs Li Cs
CasHis 1 0.324 | -0.307 | 0.424 | -0.248 | 0.509 | -0.243
2 0242 | -0.429 | 0.349 | -0.418 | 0.455 | -0.406
1 0418 | -0.162 | 0.464 | -0.134 | 0.526 | -0.114
CeaHus 2 0406 | -0.241 | 0.459 | -0.213 | 0.514 | -0.197
3 0.320 | -0.380 | 0.376 | -0.396 | 0.435 | -0.394
4 0.347 | -0.308 | 0.401 | -0.297 | 0.468 | -0.287
1 0.457 | -0.249 | 0.492 | -0.249 | 0.518 | -0.230
2 0.456 | -0.237 | 0.485 | -0.223 | 0.516 | -0.205
CasHas 3 0.435 | -0.267 | 0.466 | -0.250 | 0.508 | -0.238
4 0.351 | -0.376 | 0.388 | -0.385 | 0.429 | -0.390
5 0.443 | -0.241 | 0.476 | -0.232 | 0.504 | -0.220
6 0.381 | -0.284 | 0.416 | -0.282 | 0.456 | -0.273




CHAPTER V
CONCLUSIONS

Theoretical study on the electronic properties of two shapes of curved
graphene quantum dots, rhomboidal-CGQDs and hexagonal-CGQDs, by PBE/DNP
revealed that shapes, sizes, folding axes, and degrees of folding affected the
HOMO/LUMO energies and band gaps of CGQDs. The observed band gap of
CGQDs decreases when the folding angle is increased for all folding axes except for
by FA3 of RGQDs. The changes of band gap and HOMO/LUMO energies can be
explained by the orbital interactions. It was found that HOMO/LUMO are
destabilized upon folding for FA3 of RGQDs, the folding destabilizes LUMO more
than HOMO and hence the widening of the band gaps was found. In other case,
HOMO was destabilized than LUMO. The = orbitals with different phases are put
closer to each other when folded. This causes the destabilization of orbital. Thus, the
narrowing of band gab was found. The orbital interactions are varied with the folding
axis and the band gap behavior upon folding is different. The armchair-like folding
(FA2/FA3 of RGQDs and FA2 of HGQDs) causes the band gap to charge more
significantly than the zigzag-like folding, FA4 and FA1l of RGQDs and FAl of
HGQDs. Moreover, the deformation energy of CGQDs is depended on the size and
folding axis but not the shape of GQDs.

The adsorption lithium atom/ion adsorption on flat GQDs (coronene Cy4Hj2,
circumcoronene Csg4Hig, and circumcircumcoronene CogHy4) at various charge
conditions and adsorption positions were investigated using M06-2X/6-31g(d). The
adsorption of one Li/Li* on GQDs had two, four, and six distinct adsorbed sites for
Ca4H12, Cs4Hig, and CogHos, respectively. For the adsorptions of Li*/Li on GQDs,
Li*/Li is favored to bind at the outermost circle of GQDs more than at the center. The
result can be explained by the electrostatic interaction between a Li*/Li and GQDs.
We found that the charge of six-membered ring at the outermost circle is more
negative than at the central. This distribution of charges is related to the adsorption
energy. Li* most strongly binds to negative GQDs with the energy of greater than 100
kcal/mol. The smaller size of negative GQDs has the stronger interaction than the
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larger one, Cy4H1, > CsqHig > CosHo4. However, the opposite results were found for
neutral and positive GQDs. The product of Li* and GQD charge is the most positive
for positive Ca4H12, thus Li* has an the most unfavorable interaction with it. The Li*
charge is approximately 0.5, which suggested GQD donating electrons to Li ion. The
degree of donation depends on the charge of GQD more than its size. In one-lithium-
atom system, the result is opposite to the one-Li-ion system. The adsorption of Li
atom on positive GQDs is the strongest, while on negative GQDs (g=-1) is the
weakest. Adsorption energies per Li* of two-Li-ion system are less than the one-ion
system for all sizes. This is because the repulsion between Li ions, which can be
illustrated from the linear relation between binding affinity and the reciprocal Li-Li
distance (1/R).Our results suggested that during charging GQDs attracts Li*, while
during discharging it repulsed Li*. Moreover, the binding increases with the size of
GQDs (CgsHzq > CssHig > CogHip). While, Li atom still prefers to adsorb at the

outermost circle.
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Table S1 HOMO-LUMO gaps of CGQDs

53

. Folding HOMO-

CGQDs Falidliig angles HQMOV LQMOV LUMO gaps

axes (degree) energies (eV) | energies (eV) (&V)

az2x2 1 0 -4.855 -2.488 2.367

2 -4.853 -2.488 2.365

4 -4.849 -2.487 2.362

6 -4.841 -2.485 2.356

8 -4.830 -2.482 2.348

10 -4.816 -2.478 2.338

12 -4.800 -2.474 2.326

14 -4.780 -2.468 2.312

16 -4.758 -2.462 2.296

2 0 -4.855 -2.488 2.367

2 -4.852 -2.489 2.363

4 -4.845 -2.488 2.357

6 -4.835 -2.488 2.347

8 -4.822 -2.489 2.333

10 -4.803 -2.49 2.313

12 -4.781 -2.492 2.289

14 -4.753 -2.494 2.259

16 -4.723 -2.498 2.225

3 0 -4.855 -2.488 2.367

2 -4.853 -2.485 2.368

4 -4.849 -2.476 2.373

6 -4.842 -2.461 2.381

8 -4.832 -2.439 2.393

10 -4.82 -2.413 2.407

12 -4.808 -2.383 2.425

14 -4.794 -2.348 2.446

16 -4.776 -2.306 2.47

4 0 -4.855 -2.488 2.367

2 -4.853 -2.488 2.365

4 -4.85 -2.485 2.365

6 -4.843 -2.48 2.363

8 -4.834 -2.473 2.361

10 -4.822 -2.465 2.357

12 -4.808 -2.455 2.353

14 -4.791 -2.442 2.349

16 -4.771 -2.429 2.342

a3x3 1 0 -4.299 -3.179 1.120

2 -4.298 -3.178 1.120

4 -4.296 -3.178 1.118

6 -4.293 -3.176 1.117

8 -4.288 -3.175 1.113
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. Folding HOMO-

CGQDs POl angles HQMOV LQMOV LUMO gaps

axes (degree) energies (eV) | energies (eV) (&V)

10 -4.282 -3.173 1.109

12 -4.274 -3.169 1.105

14 -4.266 -3.166 1.100

16 -4.257 -3.163 1.094

2 0 -4.299 -3.179 1.120

2 -4.297 -3.178 1.119

4 -4.292 -3.176 1.116

6 -4.284 -3.174 1.110

8 -4.273 -3.171 1.102

10 -4.261 -3.169 1.092

12 -4.246 -3.166 1.080

14 -4.227 -3.163 1.064

16 -4.206 -3.161 1.045

3 0 -4.299 -3.179 1.120

2 -4.296 -3.174 1.122

4 -4.290 -3.163 1.127

6 -4.281 -3.147 1.134

8 -4.268 -3.121 1.147

10 -4.253 -3.092 1.161

12 -4,237 -3.059 1.178

14 -4.214 -3.015 1.199

16 -4.193 -2.969 1.224

4 0 -4.299 -3.179 1.120

2 -4.298 -3.177 1.121

4 -4.293 -3.172 1.121

6 -4.285 -3.165 1.120

8 -4.274 -3.154 1.120

10 -4.260 -3.140 1.120

12 -4.243 -3.123 1.120

14 -4.225 -3.105 1.120

16 -4.203 -3.084 1.119

adx4 1 0 -4.054 -3.530 0.524

2 -4.054 -3.530 0.524

4 -4.054 -3.530 0.524

6 -4.054 -3.530 0.524

8 -4.054 -3.530 0.524

10 -4.054 -3.530 0.524

12 -4.054 -3.530 0.524

14 -4.055 -3.5631 0.524

16 -4.056 -3.532 0.524

2 0 -4.054 -3.530 0.524

2 -4.052 -3.528 0.524

4 -4.048 -3.526 0.522
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. Folding HOMO-

CGQDs POl angles HQMOV LQMOV LUMO gaps

axes (degree) energies (eV) | energies (eV) (&V)

6 -4.043 -3.5623 0.520

8 -4.037 -3.522 0.515

10 -4.026 -3.516 0.510

12 -4.013 -3.509 0.504

14 -4.005 -3.508 0.497

16 -3.995 -3.507 0.488

3 0 -4.054 -3.530 0.524

2 -4.051 -3.526 0.525

4 -4.043 -3.515 0.528

6 -4.032 -3.498 0.534

8 -4.016 -3.474 0.542

10 -3.999 -3.446 0.553

12 -3.978 -3.413 0.565

14 -3.955 -3.373 0.582

16 -3.934 -3.333 0.601

4 0 -4.054 -3.53 0.524

2 -4.052 -3.529 0.523

4 -4.047 -3.523 0.524

6 -4.038 -3.514 0.524

8 -4.026 -3.502 0.524

10 -4.012 -3.487 0.525

12 -3.994 -3.469 0.525

14 -3.973 -3.448 0.525

16 -3.950 -3.425 0.525

abxb 1 0 -3.949 -3.710 0.239

2 -3.950 -3.710 0.240

4 -3.951 -3.711 0.240

6 -3.954 -3.713 0.241

8 -3.957 -3.715 0.242

10 -3.961 -3.718 0.243

12 -3.966 -3.721 0.245

14 -3.974 -3.727 0.247

16 -3.983 -3.734 0.249

2 0 -3.949 -3.710 0.239

2 -3.947 -3.708 0.239

4 -3.944 -3.706 0.238

6 -3.942 -3.704 0.238

8 -3.934 -3.698 0.236

10 -3.93 -3.696 0.234

12 -3.927 -3.696 0.231

14 -3.916 -3.688 0.228

16 -3.910 -3.686 0.224

3 0 -3.949 -3.710 0.239
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. Folding HOMO-
CGQDs POl angles HQMOV LQMOV LUMO gaps
axes (degree) energies (eV) | energies (eV) (&V)
2 -3.945 -3.704 0.241
4 -3.937 -3.695 0.242
6 -3.925 -3.679 0.246
8 -3.907 -3.656 0.251
10 -3.889 -3.631 0.258
12 -3.868 -3.601 0.267
14 -3.845 -3.568 0.277
16 -3.845 -3.538 0.307
4 0 -3.949 -3.710 0.239
2 -3.947 -3.708 0.239
4 -3.942 -3.702 0.240
6 -3.932 -3.692 0.240
8 -3.920 -3.680 0.240
10 -3.904 -3.664 0.240
12 -3.886 -3.645 0.241
14 -3.866 -3.625 0.241
16 -3.844 -3.602 0.242
abx6 1 0 -3.909 -3.803 0.106
2 -3.909 -3.803 0.106
4 -3.912 -3.805 0.107
6 -3.916 -3.808 0.108
8 -3.921 -3.812 0.109
10 -3.929 -3.819 0.110
12 -3.938 -3.827 0.111
14 -3.951 -3.837 0.114
16 -3.966 -3.850 0.116
2 0 -3.909 -3.803 0.106
2 -3.906 -3.800 0.106
4 -3.904 -3.799 0.105
6 -3.902 -3.797 0.105
8 -3.900 -3.794 0.106
10 -3.898 -3.793 0.105
12 -3.891 -3.788 0.103
14 -3.892 -3.790 0.102
16 -3.894 -3.794 0.100
3 0 -3.909 -3.803 0.106
2 -3.903 -3.797 0.106
4 -3.896 -3.788 0.108
6 -3.882 -3.772 0.110
8 -3.864 -3.752 0.112
10 -3.847 -3.73 0.117
12 -3.830 -3.708 0.122
14 -3.834 -3.671 0.163
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. Folding HOMO-
CGQDs POl angles HQMOV LQMOV LUMO gaps
axes (degree) energies (eV) | energies (eV) (&V)
16 - - -
4 0 -3.909 -3.803 0.106
2 -3.907 -3.801 0.106
4 -3.901 -3.794 0.107
6 -3.891 -3.785 0.106
8 -3.879 -3.772 0.107
10 -3.864 -3.757 0.107
12 -3.846 -3.739 0.107
14 -3.826 -3.719 0.107
16 -3.807 -3.700 0.107
b2x2 1 0 -5.075 -2.320 2.755
2 -5.074 -2.320 2.754
4 -5.067 -2.320 2.747
6 -5.056 -2.319 2.737
8 -5.042 -2.318 2.724
10 -5.023 -2.317 2.706
12 -5.000 -2.316 2.684
14 -4.974 -2.315 2.659
16 -4,945 -2.316 2.629
2 0 -5.075 -2.320 2.755
2 -5.071 -2.320 2.751
4 -5.061 -2.322 2.739
6 -5.043 -2.325 2.718
8 -5.019 -2.329 2.690
10 -4.989 -2.336 2.653
12 -4.954 -2.345 2.609
14 -4.911 -2.355 2.556
16 -4.864 -2.368 2.496
b3x3 1 0 -4.672 -2.881 1.791
2 -4.671 -2.881 1.790
4 -4.665 -2.879 1.786
6 -4.655 -2.875 1.780
8 -4.641 -2.870 1.771
10 -4.625 -2.865 1.760
12 -4.605 -2.858 1.747
14 -4.583 -2.852 1.731
16 -4.559 -2.847 1.712
2 0 -4.672 -2.881 1.791
2 -4.668 -2.880 1.788
4 -4.657 -2.881 1.776
6 -4.642 -2.883 1.759
8 -4.616 -2.883 1.733
10 -4.590 -2.887 1.703
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. Folding HOMO-

CGQDs POl angles HQMOV LQMOV LUMO gaps

axes (degree) energies (eV) | energies (eV) (&V)

12 -4.559 -2.895 1.664

14 -4.517 -2.899 1.618

16 -4.474 -2.909 1.565

b4x4 1 0 -4.457 -3.215 1.242

2 -4.455 -3.214 1.241

4 -4.450 -3.211 1.239

6 -4.441 -3.207 1.234

8 -4.431 -3.202 1.229

10 -4.418 -3.196 1.222

12 -4.403 -3.189 1.214

14 -4,387 -3.183 1.204

16 -4.369 -3.177 1.192

2 0 -4.457 -3.215 1.242

2 -4.452 -3.213 1.239

4 -4.443 -3.214 1.229

6 -4.427 -3.213 1.214

8 -4.407 -3.214 1.193

10 -4.385 -3.219 1.166

12 -4.357 -3.225 1.132

14 -4.326 -3.232 1.094

16 -4.297 -3.248 1.049

b5x5 1 0 -4.320 -3.436 0.884

2 -4.319 -3.435 0.884

4 -4.314 -3.432 0.882

6 -4.308 -3.428 0.880

8 -4.300 -3.423 0.877

10 -4.290 -3.418 0.872

12 -4.280 -3.414 0.866

14 -4.273 -3.412 0.861

16 -4.268 -3.414 0.854

2 0 -4.320 -3.436 0.884

2 -4.314 -3.433 0.881

4 -4.308 -3.434 0.874

6 -4.295 -3.433 0.862

8 -4.278 -3.435 0.843

10 -4.262 -3.442 0.820

12 -4.243 -3.451 0.792

14 -4.227 -3.468 0.759

16 -4.189 -3.551 0.638

b6x6 1 0 -4.227 -3.591 0.636

2 -4.225 -3.589 0.636

4 -4.221 -3.586 0.635

6 -4.217 -3.583 0.634
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. Folding HOMO-
CGQDs POl angles HQMOV LQMOV LUMO gaps
axes (degree) energies (eV) | energies (eV) (V)

8 -4.211 -3.579 0.632
10 -4.205 -3.577 0.628
12 -4.203 -3.577 0.626
14 -4.214 -3.588 0.626
16 - - -

2 0 -4.227 -3.501 0.636
2 -4.221 -3.587 0.634
4 -4.214 -3.587 0.627
6 -4.205 -3.588 0.617
8 -4.193 -3.591 0.602
10 -4,185 -3.602 0.583
12 -4,182 -3.622 0.560
14 -4.080 -3.768 0.312




Table S2 Charges of lithium ions of GQDs-2Li" complexes

Charges of Li* (atomic unit)

GQDs | Patterns GQD (g=-1) GQD (g=0) GQD (g=1)

2Lt | 2"t | 2t | 2"t |t | 2™t

1 0.204 | 0.205 | 0.526 | 0.523 | 0.789 | 0.789

coa 2 0.244 | 0.216 | 0524 | 0.524 NC NC

3 0.398 | 0.398 | 0.526 | 0.526 | 0.794 | 0.793

4 0.407 | 0.407 | 0525 | 0.524 | 0.789 | 0.789

1 NC NC 0.504 | 0.504 | 0.565 | 0.571

2 NC NC 0.500 | 0.550 | 0.582 | 0.603

3 0.467 | 0.468 | 0542 | 0543 | 0.568 | 0.568

4 0475 | 0475 | 0547 | 0547 | 0.617 | 0.616

5 0.190 | 0.222 | 0502 | 0500 | 0.659 | 0.555

6 0.405 | 0.405 | 0.498 | 0.499 | 0.575 | 0.579

7 0.417 | 0440 | 0500 | 0.503 | 0.563 | 0.564

C54 8 0.427 | 0427 | 0501 | 0501 | 0.567 | 0.569
9 0.428 | 0.443 | 0502 | 0505 | 0.575 | 0.571

10 0.428 | 0.427 | 0503 | 0.501 | 0.576 | 0.576

11 NC NC 0491 | 0.538 | 0.711 | 0.595

12 0.392 | 0475 | 0.488 | 0.544 | 0579 | 0.597

13 0411 | 0489 | 0498 | 0.550 | 0.574 | 0.601

14 0417 | 0495 | 0501 | 0549 | 0.582 | 0.604

15 0.403 | 0.485 | 0.492 | 0.536 | 0.602 | 0.600

*NC = No converged result
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Table S3 Average charges of GQDs and Li* of GQDs-2Li" complexes

Average charges of GQDs Average charges of Li*
GQDs | Pattems I~~~ T GQDs | GODs* | GODs | GQDs | GQDs*
1 0.0164 | 0.0264 | 0.0395 | 0.2045| 0.5242 | 0.7893
c24 2 0.0150 | 0.0264 | NC 0.2303 | 0.5242 | NC

3 0.0057 | 0.0264 | 0.0392 | 0.3981 | 0.5257 | 0.7936

4 0.0052 | 0.0264 | 0.0395| 0.4072 | 0.5243 | 0.7892

1 NC 0.0108 | 0.0225| NC 0.5039 | 0.5681

2 NC 0.0103 | 0.0219| NC 0.5251 | 0.5927

3 -0.0017 | 0.0097 | 0.0226 | 0.4677 | 0.5426 | 0.5681

4 -0.0019 | 0.0096 | 0.0212 | 0.4754 | 0.5467 | 0.6161

5 0.0054 | 0.0106 | 0.0213 | 0.2058 | 0.5012 | 0.6071

6 -0.0002 | 0.0107 | 0.0221 | 0.4048 | 0.4981 | 0.5771

7 -0.0006 | 0.0108 | 0.0226 | 0.4283 | 0.5012 | 0.5638

C54 8 -0.0005 | 0.0109 | 0.0226 | 0.4269 | 0.5010 | 0.5682
9 -0.0008 | 0.0109 | 0.0225 | 0.4355| 0.5033 | 0.5732

10 -0.0005 | 0.0109 | 0.0224 | 0.4274 | 0.5019 | 0.5763

11 NC 0.0105| 0.0203| NC 0.5144 | 0.6529

12 -0.0008 | 0.0104 | 0.0220 | 0.4337 | 0.5164 | 0.5879

13 -0.0012 | 0.0102 | 0.0220 | 0.4500 | 0.5242 | 0.5872

14 -0.0013 | 0.0103 | 0.0219 | 0.4560 | 0.5250 | 0.5929

15 -0.0010 | 0.0106 | 0.0217 | 0.4436 | 0.5140| 0.6011

*NC = No converged result
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Table S4 Positions of two lithium ion on negative charged GQD
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Positions of 2Li"

Rl R Before optimization After optimization
1
2
C24H12 3
4
1
RS
P00 99
CssHis *9 99 ,H, @ No converged result
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GQDs

Positions of 2Li"
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Table S5 Positions of two lithium ion on neutral GQD
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Table S6 Positions of two lithium ion on positive charged GQD
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