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Abstract

Since carbon quantum dots were discovered in 2004, they have received significant
attention. So far, the synthesis and applications of carbon quantum dots are still in the early
stage of development. Among the synthesis methods, ball milling garnered widespread
attention. However, there is controversy regarding whether ball milling can be employed
for large-scale production of carbon quantum dots from coal. Whether van der Waals bonds
between graphite layers in coal particles can be broken during ball milling is the key to the
feasibility of using ball milling to synthesize coal-based carbon quantum dots. Therefore,
in this study, we simulated this microscopic process with a two-dimensional model. After
applying shear stress, the proportions of broken van der Waals bonds in anthracite and
bituminous coal particles were found to be 53.26% and 74.55% at 2500 iterations,
respectively. The graphite layers in anthracite coal particles could not be exfoliated
sufficiently due to the larger size of graphite layers in anthracite coal compared to that of
bituminous coal. This study explores the feasibility of preparing carbon quantum dots from

coal by ball milling and offers guidance for the selection of raw materials.
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1 Introduction

1.1 Background information of carbon quantum dots

1.1.1 Properties and applications

The first description of carbon quantum dots (CQDs) appeared in an article by Xu’s group
in 2004. Xu and his group isolated a fluorescent product during the purification process of
single-walled carbon nanotubes using the electrophoretic method (Xu et al., 2004). This
kind of fluorescent product was then identified as ‘CQDs’ by Sun about two years later

(Sun et al., 20006).

CQDs are quasi-spherical nanomaterials with sizes smaller than 10nm (Wang & Hu, 2014).
Most CQDs exhibit a synthesis-dependent core-shell structure, with the core being
amorphous to nanocrystalline with predominantly sp? carbon and about 2-3nm in size
(Zhang et al., 2015), whereas the shell consists of various polar or apolar groups,
encompassing both tiny functional units and extended atomic structures (Lim et al., 2015;

Sciortino et al., 2018), as shown in Figure 1.1.

The small size and diverse core-shell structure make CQDs have reliable and various
properties, leading to significant attention in the scientific community. Furthermore, with
the increasing research about CQDs, their wide-ranging applications continue to be

discovered.
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Figure 1.1 Chemical structure of CQDs. Reprinted from (Demchenko & Dekaliuk, 2013).

Copyright 2013, with permission from [OP Publishing Ltd.

Figure 1.2 The various properties of CQDs and prospective utilization in biomedicine,

sensors, optronics, and catalysis (Wang & Hu, 2014).
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As is widely known, organic dyes have been commonly used for cellular visualization,
while inorganic semiconductor quantum dots (QDs) have typically been employed for
bioimaging purposes. However, challenges such as photobleaching and low extinction
coefficients in organic dyes, as well as issues like limited solubility and intrinsic toxicity
associated with semiconductor QDs restrict applications. By contrast, CQDs, with notable
properties including photoluminescence (PL), low cytotoxicity, facile modification, good
biocompatibility, high solubility, and high resistance to photobleaching, demonstrate
considerable promise in fields such as biomaterials, optoelectronics, catalysis, and

chemical sensors, as shown in Figure 1.2 (Wang & Hu, 2014; Younis et al., 2020).

With the explosive growth of research on CQDs, there are numerous articles discussing
their applications in various fields mentioned before, which cannot be exhaustively detailed.
In the following paragraphs, only one to two typical examples are provided for each

application area, aiming to offer a general picture of the potential applications of CQDs.

1.1.1.1 Biological applications

The key to the biological applications of nanomaterials lies in their biotoxicity and
biological effects. Nanomaterials with core-shell structures, including Ag", Eu*’, and
semiconductor QDs like CdSe, have been recorded for their utilization in both in vitro and
in vivo bioimaging (Rawat et al., 2023). Nevertheless, the utilization of heavy metals
presents multiple health and environmental risks, limiting their applicability in biological
fields. CQDs exhibit high PL, photostability, the ability to be excited and emit within

visible spectrum, along with minimal toxicity in both in vivo and in vitro assessments,

3
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emerge as promising contenders for utilization in bioimaging, biosensors, and the delivery

of biomolecules or drugs (Rawat et al., 2023).

Sun’s group took the first step to explore the application of CQDs in bioimaging both in
vitro (Sun et al., 2006) and in vivo (Yang et al., 2009). Polyethylene glycol (PEG)
functionalized CQDs, with high quantum yield (QY) of more than 10% at 400nm excitation,
were injected into mice. Characteristics, such as strong fluorescence in vivo,

biocompatibility, and nontoxicity were observed as a result.

In the following years, in the research focusing on the application of CQDs in bioimaging,
researchers tried to develop red-emitting carbon dots that could be excited at long
wavelengths, allowing for deep tissue penetration without harm to the target cell, tissue, or
organ. Karakogak et al. illustrated a straightforward synthesis, the pyrolysis of
ethylenediamine and citric acid with the assistance of microwave, to produce carbon dots
doped with nitrogen (N-CDs) emitting deep red light (600-700 nm) (Karakogak et al.,
2018). The synthetic process diagram is shown in Figure 1.3 (a). Ex vivo porcine ocular
globes images (Figure 1.3 (b)-(d)) and post-mortem whole-body mice images (Figure 1.3
(e)-(i)) illustrated the suitability and low toxicity of N-CDs. In the ex vivo test, 50 puL of
N-CDs were injected into porcine ocular globes by post intravitreal injection. According to
Figure 1.3 (b)-(d), N-CDs were excited at 650nm and emitted 700nm light. N-CDs
exhibited the ability to travel from the vitreous to cornea in under 30 minutes. Besides, the
images obtained after local subcutaneous injection of N-CDs into post-mortem mice

demonstrate sufficient contrast, which further proved the utility of N-CDs in bioimaging.
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Figure 1.3 (a) The synthetic process diagram of N-CDs with red light emission. (b—d) Ex
vivo porcine ocular globes images (Aex = 650 nm, Aem = 700 nm). (e—i) Images of post-
mortem whole-body mice after injection with N-CDs. All injections were N-CDs. The scale
bar is 1 cm. Reprinted with permission from (Karakocak et al., 2018). Copyright 2018

American Chemical Society.
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Furthermore, by combining bioimaging with medical therapy, CQDs could play a role in
biomedicine delivery systems. Linked with functional groups, CQDs could target drug
delivery and help track the process by fluorescence (Kim et al., 2013; Zheng et al., 2014).
The working principle of the utilization of CQDs in biosensing is similar to that in chemical
sensing, which is going to be introduced in section 1.1.1.2, but higher requirement of the

nontoxicity and biocompatibility (Rawat et al., 2023; Wang & Hu, 2014).

1.1.1.2 Chemical sensors

Generally, the working principle of chemical sensors using CQDs as fluorescent probes
relies on the variation of the physicochemical properties of CQDs, such as QY, intensity,
longevity, etc., when the surrounding environment undergoes alterations. These changes
can result in either enhancement or quenching of the emission of CQDs (Gao et al., 2016).
These alterations can selectively indicate the presence and quantity of analytes. The
sensitivity of detection can be exceptionally high, with the ability to detect ions at

concentrations as low as femtomolar levels (Liu et al., 2013).

According to research, CQDs could serve as sensors for temperature (Hu et al., 2022), pH
detection (Mondal et al., 2019), and DNA (Li, Zhang, et al., 2011). CQDs could also be
used to detect chemicals such as Hg?*", Cu?*, and Fe**, etc. (Gao et al., 2016; Li, Zhai, et
al., 2011; Liu et al., 2013; Q. Quet al., 2012; Qu et al., 2013; Zhou et al., 2012). However,
the number of reports about applying CQDs in sensing anions is relatively low. This may
be attributed to the fact that CQDs typically carry negative charges. To sense anions, CQDs

might need to first bind with cations, resulting in the quenching, followed by the
6
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subsequent binding of anion analytes in the environment to recover and prevent the

quenching of CQDs (Sciortino et al., 2018).

In Zhao et al.’s work, a dual readout, i.e. fluorometric and colorimetric, sensor with
fluorescent CQDs and unmodified gold nanoparticles (AuNPs) serving as detector was
developed to detect thiocyanate (SCN) (Zhao et al., 2015). In the absence of SCN™, amino-
functionalized CQDs (Figure 1.4 (a)) could easily bind to AuNPs stabilized by citrate,
resulting in the clustering of AuNPs and the quenching of CQDs. This was the off state, at
which the sensing solution was in blue, as shown in the upper line of Figure 1.4 (b).
However, with the presence of SCN™, SCN™ had the priority to bind with AuNPs compared
with CQDs, thus preventing the aggregation of AuNPs and remaining CQDs unquenching.
At this light-on state, the sensing solution was red, with the intensity of the red color being
dependent on the concentration of SCN-, as shown in the lower line of Figure 1.4 (b). Both
the fluorometric and colorimetric signals could be obtained, as shown in Figure 1.4 (¢). In
the assessment about sensing the quantity of SCN™ in saliva and tap water samples, this

kind of sensor based on CQDs produced accurate and precise results (Zhao et al., 2015).
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Figure 1.4 The diagrams of (a) the procedure for producing amino-functionalized CQDs
and (b) the working principle of SCN" sensor. (c) A photograph illustrating colorimetric
responses corresponding to various concentrations of SCN™. Reprinted from (Zhao et al.,

2015). Copyright 2015, with permission from Royal Society of Chemistry.
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1.1.1.3 Optronics

CQDs show promise for utilization in optoelectronics because of their strong absorption,
down conversion PL, tunable emission, and the capabilities to donate and/or accept
electrons (Sikiru et al., 2023). CQDs could serve as the active layer (Ding et al., 2017) or
fluorescent downconverters (Chen et al., 2013) in light emitting diodes (LED). In the
former, CQDs exhibited electroluminescence properties when used as the emitting layer
within a multilayer structure upon external charge injection. The latter operated on the
features of CQDs emitting visible light when excited by ultraviolet (UV) and blue light,
while the tunable emission and high QY facilitated the obtaining of white LED (Sciortino
et al., 2018). CQDs could also be applied to supercapacitors (Chen et al., 2016; Xu et al.,
2016; Zhu et al., 2013) because of their ability to improve the electrical conductivity and
specific surface area of the materials. Another important application of CQDs in optronics
is solar cells (Jin et al., 2017; Zhu et al., 2019). For example, the harvesting spectrum of
the solar cell was 480-650nm originally. After coating a polysiloxane layer containing
CQDs on the cover glass of a P3BHT:PCBM based solar cell, the spectrum 380-480nm could
also be harvested, resulting in a 12% power conversion efficiency increase, as shown in
Figure 1.5 (Huang et al., 2014). This significant improvement illustrated the feasibility of

applying CQDs in solar cells.
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Figure 1.5 (a) The diagram of P3HT:PCBM based solar cell with CQDs filled polysiloxane
composite coating. (b) The UV-VIS absorption and PL spectra of the polysiloxane
composite filled with CQDs coated on glass. Reprinted from (Huang et al., 2014).

Copyright 2014, with permission from Elsevier.

1.1.1.4 Photocatalysis

In general, photocatalysis includes energy conversion based on semiconductors and has
been considered a viable method to alleviate energy crisis. Catalytic activity plays a crucial
role in influencing photon utilization rate and photocatalytic efficiency. By coupling CQDs
with semiconductor materials such as TiO2 (Ke et al., 2017; Xie et al., 2014), Fe2O3 (Zhang
et al., 2011), CdS (Zhang et al., 2020), SiO> (Li et al., 2010), etc., the shortages of low
absorption capacity, low light utilization, and high charge recombination, commonly found

in traditional photocatalysts could be improved (Zhao et al., 2023). These improvements

10
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took advantage of the features of CQDs decorated photocatalysts such as the enhanced
light absorption extending to near-infrared wavelengths, improved separation of electron-
hole pairs due to good electron transport ability, and good stability of CQDs coupled

composite (Zhao et al., 2023).

Hydrogen production is a common application of CQDs photocatalysts. For instance, in
Zhao et al.’s work, a type of CQDs modified TiO, composite prepared by hydrothermal
method was utilized for the photoreforming of glucose to simultaneously produce H> and
arabinose under neutral condition. The hydrogen production efficiency of this CQD/TiO>
composite material was over 7 times higher than the material without CQDs, owning to the
improved electron-hole separation capability with the increasing size of CQDs (Zhao et al.,
2022). The potential photocatalytic mechanism is shown in Figure 1.6. When exposed to
irradiation, electrons were stimulated to conduction band, thereby generating holes in
valence band. Some of these electrons were harvested by CQDs and subsequently initiated
the production of Hz by proton reduction, while the remaining electrons participated in the
production of radical -O* from absorbed oxygen. On the other hand, the photogenerated
holes were used to produce radical -OH from absorbed H>O. At the final step of the process,
glucose reacted with these reactive oxygen species to obtain arabinose and CO as side
products (Zhao et al., 2022). In this mechanism, CQDs served as the accepter or electron
sink to help carry electrons from semiconductor surface to substances and subsequently
facilitated the dissociation of electron-hole pairs, which corresponded to Figure 1.7 (a).

Furthermore, CQDs could be utilized as semiconductors to generate electrons and holes

11
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leading to the increase of light absorption and photocatalytic activity of

photoelectrochemical cells, as shown in Figure 1.7 (b) (Xie et al., 2014).

co

f

Arabinose

© O © Ti © CQDs

Figure 1.6 A schematic diagram of the possible reaction mechanism for glucose
photoreforming. Reprinted from (Zhao et al., 2022). Copyright 2022, with permission from

Elsevier.
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Electron Sinks
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*

Figure 1.7 In CQD/TiO; photocatalysts, CQDs could serve as (a) acceptor or electron sinks
and (b) a semiconductor. Reprinted from (Xie et al., 2014). Copyright 2013, with

permission from Royal Society of Chemistry.
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In addition, the applications of CQDs modified photocatalysts are not restricted in the
production of hydrogen, researchers illustrated the possibility of its application in CO;
conversion (Gao et al., 2019; Gao et al., 2021; Li et al., 2019), degradation of pollutants

(Kooshki et al., 2019; Tian et al., 2017) and antibacterial (Kuang et al., 2019).

The CQDs-based devices currently being developed and tested are still limited to
laboratory environments. Extensive research is still needed to explore their

commercialization and industrial-scale production (Sciortino et al., 2018).

1.1.2 Photoluminescence mechanism

The characteristics of CQDs including high solubility, PL, low cytotoxicity, etc. make
CQDs have a wide-ranged application. Among these properties, PL is the essential and
crucial one. Therefore, the study of PL mechanism holds significance in improving the
performance of CQDs in various application fields. In PL, an electron in the molecule is
exited instantaneously from the ground state to a higher energy state by absorbing photons.
The energy state to which the electron is exited is associated with the energy, or wavelength,
of the absorbed photon. At this time, the excited state is unstable, thus the electron will
relax back to the ground state with the emission of photon. The emitted wavelength is
determined by the energy difference between the ground state and the excited state. The
emission wavelength is usually longer than the absorption wavelength under normal
circumstances because electrons experience some energy loss. PL can be further

subdivided into two types. The first type of PL is fluorescence. Fluorescence is an
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immediate PL that happens in a very short time scale after photoexcitation. The other one
is phosphorescent. A substance with phosphorescent property can be PL continuously after
photoexcitation. Both kinds of PL could be observed in CQDs, although the reports about

phosphorescence are rare (Zhang et al., 2022).

Since the fluorescent properties of CQDs vary from different raw materials, synthetic
methods, and following modifications, the mechanism of fluorescence becomes
complicated. With decades of study, the fluorescent mechanism of CQDs has matured.
Three theories are widely accepted recently, namely, size effect, surface state, and

molecular state (Zhang et al., 2022; Zhu et al., 2015).

Size effect is the first fluorescent mechanism of CQDs. It means that the PL outcome of
CQDs becomes size-dependent when their size is reduced below the exciton radius, namely
the Bohr radius. CQDs are nanomaterials with sizes smaller than 10nm, which fall in the
quantum size range (Wang & Hu, 2014). As the size of CQDs increases, the band gap
becomes narrow, leading to the red shifting of the emission band, referring to the PL
process introduced before. Li’s group developed a series of CQDs with sizes ranging from
1.2 to 3.8nm which exist clear size-dependent PL (Li et al., 2010). According to Figure 1.8
(a), the PL energy of CQDs dropped sharply with the increasing particle size: from UV
light to near-infrared light. Correspondingly, the band gap decreased as the size of CQDs
grew bigger, as shown in Figure 1.8 (b). Li and coworkers’ work provided evidence for

the size effect mechanism. However, the size effect mechanism is not the most common as
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many reports do not show data to support it or even obtain opposite results (Mintz et al.,

2019; Sciortino et al., 2018).
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Figure 1.8 (a) Size dependent PL properties of CQDs. (b) Relations between band gaps
and the size of CQDs. Reprinted from (Li et al., 2010). Copyright 2010, with permission

from John Wiley and Sons.

Secondly, surface state PL is a widely accepted fluorescent mechanism. The surface states
of CQDs are linked to the hybridization of functional groups and carbon backbones (Zhang
et al., 2022). The surface defects, surface charge traps, and functional groups could result
in the existence of extrinsic surface states, while intrinsic surface states depend on the size
of the crystal itself (Mintz et al., 2019). The alignment of intrinsic and extrinsic states
controls the PL outcome of CQDs. The mechanism was described in Zhu et al.’s work,
where the energy levels of four kinds of CQDs with different sizes were compared (Zhu et

al., 2014). According to Figure 1.9, when a system was photoexcited, the electrons were
15
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excited to the intrinsic states. If the energy level of edge states was lower than the intrinsic
states, the electrons relax to the edge states and therefore the energy of emission photon
corresponded to the energy difference between edge states and the ground state. On the
other hand, if the energy level of edge states was higher than intrinsic states, edge states
were not involved in the emission. In addition, the PL properties of CQDs with surface
passivation are strong evidence supporting the surface state mechanism. In Sun et al.’s
work, CQDs synthesized through laser ablation showed almost no PL property but
fluoresced after surface passivation with PEG, because PEG could stabilize the surface

defects of CQDs (Mintz et al., 2019; Sun et al., 2006; Zhang et al., 2022).
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Figure 1.9 The energy level structures, including intrinsic states and edge states, of CQDs
of different sizes. Reprinted from (Zhu et al., 2014). Copyright 2014, with permission from

Elsevier.

The last fluorescent mechanism of CQDs is molecular states. It means that fluorescent

molecular fragments are formed during the synthetic process of CQDs caused by side
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reactions and the attachment of these fluorophores to the surface of CQDs endows the
emission characteristics of the products (Zhang et al., 2022; Zhu et al., 2015). Molecular
states commonly happen in the synthetic process through bottom-up routes. Researchers
used citric acid as a carbon source to produce a series of CQDs by hydrothermal and
microwave methods (Essner et al., 2018). After comparing the optical properties of the
purification products, they demonstrated the existence of fluorophores in the products
synthesized by bottom-up routes. Meanwhile, they illustrated that these fluorophores play
a predominant role in the fluorescence of CQD products, leading to a significant
overestimation of the PL performance of CQDs prepared by bottom-up routes (Essner et

al., 2018).

Phosphorescence, as another type of PL, is a less common property found in CQDs. When
CQDs are scattered in room-temperature polyvinyl alcohol and excited with UV light,

phosphorescence can be observed (Zhang et al., 2022).

1.1.3 Synthesis methods

The synthesis methods of CQDs are divided into two approaches: bottom-up and top-down.
As the name implies, bottom-up approaches refer to synthesizing CQDs from small
precursors, while top-down approaches break large carbon sources into small pieces to

obtain CQDs (Figure 1.10).
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Figure 1.10 Bottom-up and top-down approaches to synthesize CQDs (Yadav et al.,

2023).

1.1.3.1 Bottom-up approaches

Bottom-up approaches involve the utilization of small precursors such as citric acid,
carbohydrates, amino acids, etc. (Bourlinos et al., 2008; Jamila et al., 2022; Peng & Travas-
Sejdic, 2009; S. N. Qu et al., 2012) to form CQDs through techniques such as
hydrothermal/solvothermal (Ran et al., 2020; Zhang et al., 2010), microwave-assisted
(Jeong et al., 2021), template method (Gu et al., 2017), etc. The mechanism of bottom-up
approaches involves the precursor materials undergoing low-temperature carbonization,

which is essentially a slow pyrolysis process, to form CQDs (Das et al., 2018).
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Figure 1.11 A schematic process of using chloroplast to synthesize CQDs and the
application of Fe** sensing. Reprinted form (Ran et al., 2020). Copyright 2020, with

permission from John Wiley and Sons.

The carbon precursors could also be nature source since the ‘green’ synthesis of CQDs has
become a trend (Das et al., 2018; Yadav et al., 2023). For instance, Ran and coworkers
treated the chloroplast extracted from fresh green leaves with hydrothermal treatment to
synthesize CQDs, as shown in Figure 1.11. The resulting CQDs had an emission
wavelength of 445nm when excited under UV light. The possibility of the application in
Fe*" sensing was demonstrated (Ran et al., 2020). However, the produced CQDs had a
relatively low QY of about 0.68%, which may be attributed to the purification and

separation processes of CQDs (Ran et al., 2020).
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Although bottom-up approaches are typically facile, direct, and highly controllable
methods, the challenges of purification, difficulties for large-scale production, and the
effects of side reactions mentioned earlier in the 1.1.2 section are unavoidable

disadvantages of bottom-up approaches (Essner et al., 2018; Ran et al., 2020).

1.1.3.2 Top-down approaches

The carbon source of top-down approaches involves graphite, carbon nanotubes, fullerene,
active carbon, and other bulk materials containing similar chemical structures in CQDs

(Sciortino et al., 2018; Zhang et al., 2022; Zhou et al., 2007).

Laser ablation technique could be used to synthesize CQDs by irradiating the surface of
the target carbon source with a high energy laser beam (Cui et al., 2020; Sun et al., 2006).
A sample instrument setup diagram of laser ablation which used graphite as target is shown
in Figure 1.12 (Yang et al., 2021). Electrochemical oxidation is another top-down
technique. As shown in Figure 1.13, in the presence of a reference electrode, larger carbon
sources are cut into small fragments and then generate CQDs (Liu et al., 2016; Zhou et al.,
2007). In addition, chemical oxidation method is based on the exfoliation of carbon source

by strong oxidizing agents and concentrated acids (Thambiraj & Shankaran, 2016).
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Figure 1.12 The schematic instrument setup diagrams of laser ablation approach.
Reprinted from (Yang et al., 2021). Copyright 2021, with permission from John Wiley and
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Figure 1.13 The schematic instrument setup diagrams of electrochemical oxidation
approach. Reprinted from (Liu et al., 2016). Copyright 2016, with permission from Royal

Society of Chemistry.
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Moreover, ball milling, a mechanical method, has been developed. In Han et al.’s work, the
mixture of cellulose and Mg powder was ball milled together with ZrO» balls at a speed of
360 rpm for 28 hours. CQDs were obtained after the centrifugation and dialysis of the ball
milled products. The produced CQDs exhibited an average size of 4.8nm and could be used
for Fe’* sensing (Han et al., 2019). Carbon black is another carbon source that can be used
in ball milling methods. In Youh et al.’s work, carbon black powder with a diameter of 20-
30nm, sodium carbonate, and ZrO; balls with sizes of 100um were milled together at a
speed of 500rpm for 24 hours. The size of the produced CQDs centered at 3.0nm. The
ultraviolet-visible (UV-VIS) spectrum (Figure 1.14 (a)) and PL spectra (Figure 1.14 (b))
showed that the maximum peak intensity of emission appeared at 430nm when excited at
320nm (Youh et al., 2021). CQDs synthesized by other raw materials such as active carbon
and coal particles, etc., have wide-ranged applications as well (Hu et al., 2016; Wang et al.,

2015).

Compared with bottom-up methods, top-down approaches face the challenges of broad size
distribution and low efficiency. Nonetheless, its raw materials are less costly, and the

technique is more suitable for large-scale production (Al Jahdaly et al., 2021).
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Figure 1.14 (a) UV-VIS spectrum of the CQDs solution. (b) PL spectra of CQDs. Reprinted

from (Youh et al., 2021). Copyright 2021, with permission from Elsevier.

1.2 Remaining problems

After understanding the applications, PL mechanisms, and synthesis approaches of CQDs,
we realize the importance of carbon source selection and synthesis method choice in
determining the properties of the produced CQDs, as well as their possible applications.
While the bottom-up approach faces challenges such as byproduct formation, product
purification, and poor water solubility, the top-down approach effectively avoids these
problems and has potential for large-scale production, despite its own challenges of broad
size distribution and low efficiency (Essner et al., 2018; Ran et al., 2020; Sciortino et al.,
2018). Among the various carbon sources for top-down CQDs synthesis, such as graphite,
fullerenes, and carbon nanotubes, coal can be a suitable carbon source due to its abundant

availability in nature, lower cost, and unique chemical structure (Hoang et al., 2018;
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Mandal et al.,, 2023). These characteristics make coal an appropriate choice for

synthesizing CQDs.

Figure 1.15 Bulk coal image and schematic nanostructure of coal. Reprinted from (Ye et

al., 2013). Copyright 2013, with permission from Springer Nature.

The composition of coal is usually described by ash analysis and proximate analysis, i.e.
the weight percent of ash, moisture, volatile moisture, fixed carbon, carbon, hydrogen,
nitrogen, oxygen, and sulfur (Saikia et al., 2019). The result of proximate analysis,
especially the weight percent of fixed carbon, is one of the reference conditions for
classification of the rank of coal. The common ranking of coal types is anthracite,
bituminous, sub-bituminous, and lignite coal, from highest to lowest. The structure of coal,
as shown in Figure 1.15, contains crystalline carbon regions surrounded by loosely packed
sp’ hybridized carbon chains and other impurities. These crystalline carbon regions have
similar structures with CQDs, making coal a suitable carbon source for CQDs (Mandal et

al., 2023; Ye et al., 2013). The presence of crystalline carbon domains eliminates the need
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for carbonization when coal is used as a carbon source, distinguishing it from other natural

carbon sources (Das et al., 2018).

However, the most commonly used chemical oxidation method for preparing coal-based
CQDs involves the utilization of substantial quantities of strong oxidants and strong acids,
resulting in the generation of toxic gases and limiting the application of the products in the
biological field (Rawat et al., 2023). Furthermore, the products suffer from broad size
distribution, which also restricts the application of CQDs (Ye et al., 2013). To address these
problems, our attention turns to a mechanical method, ball milling. The mixture of
materials to be ground and grinding media, including ceramic balls and stainless-steel balls,
is ground in a ball mill. The size of the resulting product can be regulated by the dimensions
of the grinding media: the smaller the grinding media, the smaller the size of the product.
Ball milling has been proven to be suitable for the preparation of CQDs with various carbon
sources, as illustrated in the 1.1.3.2 section. However, whether coal-based CQDs could be

directly synthesized using only ball milling is still in controversy.

1.3 Previous attempts

The previous reports about preparing coal-based CQDs using ball milling have mainly
focused on using ball milling as a method to reduce the size of coal particles, rather than
specifically for the synthesis of CQDs (Hu et al., 2016; Prazyan; & Dyagilev;, 2021). In
Hu et al.’s work, after grinding for 5 hours, the size of anthracite coal was reduced to several

micrometers. The coal powder was then treated with 30% hydrogen peroxide and finally
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produced CQDs, which had a size under 3nm. In this process, ‘OH radicals help the
cleavage of graphite structure (Hu et al., 2016). This attempt still relied on the utilization
of strong oxidants. Recently, Zhang and coworkers synthesized coal-based carbon
nanomaterials with a diameter of 30nm by solely using ball milling (Zhang et al., 2023;
Zhang et al., 2024). This work gave new insight into synthesis of coal-based CQDs by ball
milling, although CQDs were not obtained. We believe that there are still some mechanisms
that have not been fully understood during the process of preparing coal-based CQDs
through mechanical milling (ball milling). However, the preparation of coal-based CQDs
with ball milling is a macroscopic process, but the essence and key of this process is the
exfoliation of the graphite layers in coal particles, which is a microscopic process.
Therefore, the main problem becomes whether van der Waals (vdW) bonds between
graphite layers in coal particles can be broken during ball milling. To investigate this
microscopic problem, a simulation-based approach should be wused rather than
experimental methods. We simulate the structure of coal particles and apply shear force to

observe its effects on vdW bonds between graphite layers.

1.4 Our new plan

The aim of this study is to investigate the field of coal-based CQDs generation by ball
milling through the study of the mechanism behind this process. We employ a numerical
simulation method to simulate the effect of shear stress on coal particles, with the aim of
addressing the problem of whether vdW bonds between graphite layers in coal particles

can be broken during ball milling.
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A two-dimensional model with Python is built to simulate two kinds of coal: bituminous
and anthracite coal. After applying shear stress, the propagation process of strain in coal
particles can be shown during the iterations. Significant differences in the proportion of
broken vdW bonds between the simulated bituminous and anthracite particles are observed.
To further explore this process, we simulate some coal particles with certain crystal
parameters to find the relation between the parameters with the exfoliation of graphite
layers. As the size of the crystalline carbon domains in coal particles increases, the
proportion of broken vdW bonds decreases. The results show the possibility of applying
ball milling method in synthesizing coal-based CQDs and provide guidance for the

selection of coal type.
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2 Methodology

2.1 Derivation of the master formula

The propagation of the strain across the simulated coal particle follows the Master formula

(Xu, 1992; Xu et al., 2020):

Paew = Pota +5 ) (BWji = PiWy) (1)
J

According to Newton’s 2™ Law and the theory of elasticity, we have:

o _0%u
=ma=m_s; ,
0%u @
F=F—
dx?
By combining the two equations, we get:
0*u E 0%u
=——= (3)

a2 mox?

where u measures the distance from the equilibrium of atom, and E is Young’s modulus.
The parameter u essentially measures the magnitude of the strain traveling in the material.

Thus, we introduce P, a variable that changes between [-1,1], to represent the strain. The

damping term, which is inversely proportional to ?)_I:’ is added to the equation (3). We get:
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The equation (4) contains the acceleration term, E)_tl:' This term is bounded by the form of

sine and cosine functions. Therefore, it can be dropped in the approximation:

oP _ E 0°P :
ot  mk dx? ()

Leaving only the damping term, the wave equation changes into a form of diffusion

equation. A propagation variable is introduced:

_E At 6
7 Ik Ax? (6)

According to the equation (Xu, 1992):
Prew = Poiqg + dPi (7)

where P,,,, represents the updated value of P at site 1, P,;; represents the previous value

of P to be updated, and P; denotes the value of P at site 1.
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Figure 2.1 Interactions between site 1 and its up, right, down, and left neighbors.

As shown in Figure 2.1, each site is assigned a specific P value, which describes the strain
of the site. Site 1 is binding with up, right, down, and left neighbors through the interactions
which allow the propagation of strain. We introduce W;;, variable changes between [0,1],

as the binding of site 1 to the adjacent sites. As shown in Figure 2.1, j represents the site on

the left, right, up, and down of site i:

dPi =5 ) (BWj; = PW;) ®

J

Finally, we can get the Master formula:

Paew = Pota +5 ) (BWji = PiWy) (1)
J
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2.2 Two-dimensional model development

To have a closer look at the propagation of the strain in coal particles under shear force
during ball milling, the propagation of strain is described by the Master formula (equation
(1)) in 2D. Thus, we tried to use a model to simply simulate the cross-section structure of
coal particles. The structure of graphite layers in coal particles in 3D is shown in Figure
2.2. Layers of graphene are connected by vdW bonds with a length of about 0.35nm. To

reduce the dimension to 2D, parallel lines are used to represent the graphite layers.

) «—— carbon atoms

, van der Waals bonds
- 0.35nm

A layer of graphene

Figure 2.2 A schematic diagram of the structure of graphite layers in 3D.
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Figure 2.3 The simulated 2D 200x200 coal particle. The graphite layers and van der Waals

bonds are represented by red and yellow parallel lines. The sp® carbon branches are

represented by brown broken lines.
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As mentioned before, coal contains graphite, sp> bonded branches, and some loosely
packed impurities. Figure 2.3 shows the coal particle under 2D approximation. The
graphite layers and vdW bonds are represented by red and yellow parallel lines. The sp*
carbon branches are represented by brown broken lines. Under certain restrictions, the size,
position, and shape of graphite layers are randomly generated. The sp® carbon branches are
generated through random walk. According to section 1.2, in nature, various ranks of coal
exist, including anthracite and bituminous coal, which have different sizes and amounts of
crystallized structure. These various coal types can be simulated by adjusting the size and

amount of graphite layers in the model of the coal particle.

Since the cross-section of coal particles is simulated, the boundary conditions should be
designed. At the left boundary of the 200x200 square, the left neighbor term in the main
equation is dropped because of the absence of the left neighbor. For the other three

boundaries, the situation is the same. The boundary conditions are summarized below:

if y+1=200: 9
Yup =Y

if x+1=200: (10)
Xright = X

ify—1=-1. (11D
Ydown =Y

ifx—1=-1: (12)
Xieft = X
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Under stress, when damping is strong, the elastic wave equation is approximated by
diffusion equation, as mentioned before. Before the iteration starts, i.e., at T equals 0, P
values at all sites are set to be zero. To simulate shear stress, corner P values are diagonally
set as £1. Blue means that P equals 1 at the site, while color green means that P equals -1
at the site, as shown in Figure 2.3 and Figure 2.4. Graphene layers (red lines) and sp’
carbon branches (brown lines) are assumed to be unbreakable during the iterations. The W
values for vdW bonds (yellow lines) are randomly set between 0.2 and 0.5, which are
updated in the same domain during the iterations. W values for the white area are in the

range [0,1].

During the iterations, as shown in Figure 2.4, P values for all sites are updated according
to the Master formula (equation (1)) due to the propagation of the strain. The positive P
value means that the point is pulling away from its neighbors on average, and vice versa.
The breakage of the bonds occurs when the absolute value of P approaches 1. As shown in
Figure 2.4, the color of the sites turns blue when P values reach 1 and turns green when P

values reach -1.

34



M.A. Sc Thesis — L. TAI McMaster University -Materials Science and Engineering

T=1250

200 4

175 4

150 A

125

X axis

Figure 2.4 A schematic illustrating simulated coal particles during the iterations.

2.3 Quantification of the results

To quantitatively describe the propagation of the strain over time, the averaging of x
coordinates is conducted utilizing the absolute value of P, denoted as <x*>. The results are

plotted against the time step by the equation:

<x?>= z Pix? (13)
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Furthermore, the description of the extent of the breaking of vdW bonds between graphite
layers is needed. The proportion of the broken vdW bonds over the initial number of vdW
bonds is used to quantitatively express the break of bonds, and further indicate the

exfoliating process of graphite layers.

2.4 Scheme of the program

A simplified flowchart of the program is provided in Figure 2.5.

36



M.A. Sc Thesis — L. TAI McMaster University -Materials Science and Engineering

Creat a 200 x 200 matrix;

Initialize all P and W values

1. Generation of graphene

layers: 1. Generation of carbon
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artificially controlled within a 2. Initialize P and W values in

defined quantity. carbon branches

2. Initialize P and W values in

graphene layers.

\

Starting the loop for 4000 iterations:

1. W values are randomly updated. The
rules for updating W values are
mentioned in section 2.2.

2. P values are updated with new W

values according to master formula.

Output:

At certain iteration number, the
proportion of broken van der Waals
bonds and the color map of P values for

each site are printed.

Figure 2.5 A simplified flow chart of the code.
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3 Results and Discussion

3.1 Determination of appropriate s value

According to section 2.1, the propagation variable describes the ease with which strain
propagates within coal particles and affects the display of the results. Therefore, an
appropriate s value should be worked out before simulating different ranks of coal. We pre-

simulated a smaller coal particle with a size of 100x100.

When the s value is 0.2, strain propagation is difficult (Figure 3.1 (up)). Due to the slow
propagation speed, a relatively complete strain propagation process cannot be obtained
within a reasonable simulating time scale (Figure 3.1 (down)). On the other hand, when
the s value is 0.8, the curve diverges (Figure 3.2 (up)). The propagation of strain becomes
uncontrollable (Figure 3.2 (down)). To describe the strain propagation process in coal
particles more accurately and completely, the s value is set to 0.55 in the following

simulations (Figure 3.3).
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Figure 3.1 The plot of <x*> vs T (up). When s=0.2, strain can hardly propagate. The

simulated diagram shows the result diagram at T=1250 (down).
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Figure 3.2 The plot of <x*> vs T (up). When s=0.8, the curve diverges. The propagation
of strain becomes uncontrollable. The simulated diagram shows the result diagram at T=10

(the jumping point in the curve) (down).
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Figure 3.3 The plot of <x*>> vs T (up). When s=0.55, strain propagates in a proper speed.

The simulated diagram shows the result diagram at T=750 (down).
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3.2 Simulation for anthracite coal and bituminous coal

2D 200x%200 square is created to simulate the propagation process of strain in different rank
coal particles and study the breakage of vdW bonds between the graphite layers. Figure
3.4-3.7 and Figure 3.8-3.11 are the simulated diagrams of the simulated anthracite and
bituminous coal particles at T=0, 100, 250, 500, 1000, 1500, 2000, and 2500 during the
iterations. The graphite layers and vdW bonds are represented by red and yellow parallel
lines. The sp® carbon branches are represented by brown broken lines. The breakage of the
bonds occurs when the absolute value of P approaches 1. The blue color means P values at

the sites reach 1, while the green color means P values at the sites reach -1.

Different types of coal have different sizes and amounts of crystallized structures (Saikia
et al., 2019). Anthracite coal and bituminous coal particles are simulated by controlling the
lateral length, vertical thickness, and the amount of graphite layers in the model of the coal

particle.

In the simulation of anthracite coal particles, the lateral length and vertical thickness of
graphite layers are controlled between [15, 30] units and [10,20] units, respectively. The
proportion of crystal structures in the anthracite coal particle is 14.5%. As shown in Figure
3.4-3.7, vdW bonds start to be broken at the 250" iteration. After strain propagates through
the whole particle, at the 2500™" iteration, some small graphite structures can be exfoliated
into single- or double-layer graphene, leading to the formation of CQDs. Meanwhile, some

larger graphite structures cannot be peeled off. This result suggests that the applied shear
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stress cannot effectively break the vdW bonds between the graphite structures in anthracite

coal.

On the other hand, when simulating bituminous coal particles, the lateral length and vertical
thickness of graphite layers are controlled between [10, 20] units and [7,15] units,
respectively. The proportion of crystal structures in bituminous coal particles is 10.2%. As
shown in Figure 3.8-3.11, vdW bonds start to be broken at the 250" iteration. At the 2500™
iteration, most graphite structures are exfoliated, indicating that the applied shear stress can

break the vdW forces between the graphite structures in bituminous coal.
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Figure 3.4 Simulated diagram of the strain propagation in anthracite particles at the (a) 0

and (b) 100™ iterations.
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Figure 3.5 Simulated diagram of the strain propagation in anthracite particles at the (a)

250" and (b) 500" iterations.
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Figure 3.6 Simulated diagram of the strain propagation in anthracite particles at the (a)

1000 and (b) 1500'" iterations.
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Figure 3.7 Simulated diagram of the strain propagation in anthracite particles at the (a)

2000 and (b) 2500'" iterations.
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Figure 3.8 Simulated diagram of the strain propagation in bituminous particles at the (a) 0

and (b) 100™ iterations.
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Figure 3.10 Simulated diagram of the strain propagation in bituminous particles at the (a)

1000 and (b) 1500'" iterations.
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Figure 3.11 Simulated diagram of the strain propagation in bituminous particles at the (a)

2000 and (b) 2500'" iterations.
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To quantitatively describe the breakage of vdW bonds, a plot of the proportion of broken
vdW bonds in simulated anthracite and bituminous coal particles against T is developed,
as shown in Figure 3.12. According to the plot, the proportion of broken vdW bonds is
53.26% and 74.55% for anthracite coal and bituminous coal at T=2500. Compared with
bituminous coal, anthracite coal particles have a higher proportion of crystalline structures
and larger size of graphite layers. Thus, we can deduce that these differences lead to the
lower proportion of broken vdW bonds in the simulated anthracite coal particles than that

in the simulated bituminous coal particles.

Proportion of broken van der Waals bonds vs T
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Figure 3.12 A plot of the proportion of broken van der Waals bonds in simulated anthracite

and bituminous coal particles vs T.
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3.3 Factors affecting the breakage of van der Waals

bonds

To explore the effects of the vertical thickness and lateral length of graphite layers on vdW
bonds breakage, a controlling variable method is used to simulate a series of ‘fake’ coal

particles.

Firstly, 2D 200%200 square coal particles are generated with a fixed lateral length of 15
units. When the vertical thicknesses of graphite layers are 5, 9, 13, and 17, the proportion
of broken vdW bonds is plotted against the time step T, as shown in Figure 3.13. The vdW
bonds start to break from the 250™ iteration, followed by the steeply ascending of the curve
within the first 1000 iterations, eventually stabilizing after 2000 iterations. This is
consistent with the simulation results in Section 3.2. At the 4000 iteration, we observe
that thicker graphite structures, i.e. more layers of graphite, result in a lower proportion of
vdW bonds breakage. To visually demonstrate this relationship, we plot the proportion of
vdW bonds breakage against the vertical thickness ranging from 5 to 25 units at T=4000
(Figure 3.14). We found that as the thickness increases from 5 to around 17, the proportion
of broken vdW bonds decreases from 88.9% to 80.8%. However, as the thickness continued
to increase, the curve exhibited an upward trend. The reason for this might be that at this
range, the length of the graphite structure is much smaller than its thickness, and such
structures are less common in the natural state. The corresponding simulated diagrams are

provided in Figure 3.15-3.17.
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Figure 3.13 Proportion of broken van der Waals bonds against T with fixed lateral length

of 15 units and vertical thickness of 5, 9, 13, 17 units.
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graphite structures at T=4000 with fixed lateral length of 15 units.
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Figure 3.15 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed lateral length of 15 units and vertical thickness (a) 5 units, (b) 9 units.
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Figure 3.16 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed lateral length of 15 units and vertical thickness (a) 13 units, (b) 17 units.
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Figure 3.17 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed lateral length of 15 units and vertical thickness (a) 21 units, (b) 25 units.
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Secondly, we fixed the thickness of graphite structures at 13 units while varying the length
from 12 to 22 units. The plot of the proportion of broken vdW bonds against the T is shown
in Figure 3.18. At the 4000™ iteration, it can be induced that the longer the lateral length
of graphite layers, the lower the proportion of broken vdW bonds. This relationship is
revealed in Figure 3.19. Y-axis values drop from 85.9% to 75.0% as the lateral lengths
increase from 12 to 22 units. This result indicates that the longer length of the graphite
layers leads to the more difficult breakage of vdW. The corresponding simulated diagrams

are provided in Figure 3.20-3.22.
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Figure 3.18 Proportion of broken van der Waals bonds against T with fixed vertical

thickness of 13 units and lateral length of 12, 14, 16, 18, 20, 22 units.
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Figure 3.19 Proportion of broken van der Waals bonds against lateral length of graphite

structures at T=4000 with fixed verticle thickness of 13 units.
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Figure 3.20 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed vertical thickness of 13 units and lateral length (a) 12 units, (b) 14 units.
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Figure 3.21 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed vertical thickness of 13 units and lateral length (a) 16 units, (b) 18 units.
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Figure 3.22 Simulated diagram of coal particle at T=4000. The parameters of graphite

structures are fixed vertical thickness of 13 units and lateral length (a) 20 units, (b) 22 units.
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Combining the results of the two simulations, we found that the smaller the size of the
graphite layer structures within coal particles, the more amount of the interlayer vdW bonds
can be broken. This finding corroborates the simulation results for bituminous and
anthracite coals in section 3.2. Returning to our initial problems, the results provide
evidence for the possibility of the breakage of vdW bonds between graphite layers by shear
stress. However, the exfoliation of graphite layers depends on their size: the larger the
graphite structure, the lower the efficiency of exfoliation. Therefore, it is advisable to select
coal types with smaller graphite layer structures as raw materials to produce CQDs. In
nature, coal types with smaller graphite structures typically indicate a lower rank of coal,
but this also implies a reduction in the amount of crystalline carbon structures, thereby

affecting the final yield. This represents a trade-off.
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4 Conclusion

This study explores the microscopic mechanism of preparing coal-based CQDs by ball
milling. The breakage of vdW bonds between graphite layers in coal particles was obtained
by applying shear stress to the simulated coal particles. The proportions of broken vdW
bonds in anthracite and bituminous coal particles were found to be 53.26% and 74.55%,
respectively. The graphite layers in anthracite coal particles could not be exfoliated
sufficiently. Further controlled variable simulations demonstrated that this significant
difference is due to the larger size of graphite layers in anthracite coal compared to that of
bituminous coal. This study offers novel insights into the feasibility of preparing CQDs

from coal by ball milling and offers guidance for the selection of raw coal materials.
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S Future Work

In future work, practical experiments using ball milling for the synthesis of coal-based
CQDs need to be conducted to validate our simulated results. Additionally, trying to build
larger-scale simulations, such as simulating larger coal particles and employing three-

dimensional models, can further improve the simulation results.
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7 Appendix

7.1 Determination of s value

To determine the appropriate s value, the plots of average value of x square against T,
obtained at s equals 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, and 0.85, and the corresponding

simulated diagrams are shown in Figure 7.1-7.8.
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Figure 7.1 The plot of <x*> vs T with s = 0.15 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
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Figure 7.2 The plot of <x*> vs T with s = 0.25 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
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Figure 7.3 The plot of <x*> vs T with s = 0.35 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
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Figure 7.4 The plot of <x*>> vs T with s = 0.45 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
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Figure 7.5 The plot of <x*>> vs T with s = 0.55 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
86



M.A. Sc Thesis — L. TAI McMaster University -Materials Science and Engineering

1000 1200

100 1

y axis

,_
¥
8
g
&
g

Figure 7.6 The plot of <x*> vs T with s = 0.65 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 1250 (down).
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Figure 7.7 The plot of <x*> vs T with s = 0.75 (up). The simulated diagram of the strain

propagation in 100x100 square at T =30 (down).
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Figure 7.8 The plot of <x*> vs T with s = 0.85 (up). The simulated diagram of the strain

propagation in 100x100 square at T = 10 (down).
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7.2 <x*> for anthracite and bituminous coal

The plots of average x* against T for anthracite and bituminous coal particles simulated in

section 3.2 are shown in Figure 7.9 and Figure 7.10, respectively.
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Figure 7.9 The plot of <x*> vs T for simulated anthracite coal particle with s = 0.55.
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Figure 7.10 The plot of <x*> vs T for simulated bituminous coal particle with s = 0.55.
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7.3 Program code

Program of anthracite coal, modified from Kevin Xu (Xu et al., 2020). The programs were
written in the Python language and run with Spyder 5.1.5, which was launched through

Anaconda Navigator.
import numpy as np
import csv
import random
import matplotlib.pyplot as plt
def snapshot(title):
green X =[]
blue x =[]
green y =[]
blue y =[]
for 1 in range(m):
for j in range(n):

if (P[iI[]>=1):
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blue x.append(i)

blue y.append(j)

elif (P[i][j]<=-1):

green x.append(i)

green_y.append(j)

fig=plt.figure()

ax=fig.add_axes([0,0,2,2])

ax.scatter(yelx, yely, color = "#FFD700', s=5)

ax.scatter(green_x, green_y, color="#7FFF00', s=5)

ax.scatter(blue x, blue vy, color="#01FFFF', s=5)

ax.scatter(x_sp3,y sp3, color ="#CD661D', s=5)

ax.scatter(redx, redy, color ='r', s=5)

ax.set xlabel('x axis')

ax.set_ylabel('y axis')

ax.set_title(title)

ax.set_aspect('equal’)
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plt.show()

def rand():

return random.random()

m =200

n =200

P = np.zeros((m,n))

P i=0.0

P[0][0]=1.0

P[m-1][n-1]=1.0

P[0][n-1]=-1.0

P[m-1][0]=-1.0

for 1 in range(m):

W.append([None]*n)

M.append([None]*n)
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for x in range(m):

for y in range(n):

for i in range(4):

if rand() < p:

li.append(q)

else:

li.append(0)

MIx][y] = li[:]

Wix][y] = [rand(),rand(),rand(),rand()]

Imin=7

Imax= 15
x_gr=[]
y_gr=[]
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x_gr.append(random.randint(Imax+1,m-lmax))

y_gr.append(random.randint(lmax+1,n-lmax))

n sp2 =15

=1

while i<n_sp2:

x= random.randint(Imax+1,m-Imax)

y=random.randint(Imax+1,n-lmax)

flagl = False

for j in range (i):

if (x > x_gr[j]+2*Imax+2) or (x <x_gr[j]-2*Imax+2) or (y >y_gr[j]+2*Imax+2) or (y

<y_gr[j]-2*Imax+2):

flagl=True

else:

flagl=False

break

if (flagl):
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x_gr.append(x)

y_gr.append(y)

i+=1

n_layer = np.empty(1000,int)

redlx =]
yellx =]
red0x =[]
yelOx=[]
redly =]
yelly=[]
redOy =]
yelOy =[]
sum=0

for 1 in range (0,n_sp2):

n_layer[i] = random.randint(3, 5)

ori= random.randint(0,1)
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if (ori == 1):

for y in range (y_gr[i]-n_layer[i], y _gr[i]+n_layer[i]+1,2):

if (y==y_gr[i]-n_layer[i]):

length = random.randint(Imin,Imax-+1)

for x in range (x_gr[i]-length, x _gr[i]+length+1):

red1x.append(x)

redly.append(y)

else:

edg = random.randint(-1,1)

while length+edg<lmin+1 or length+edg>Imax+1:

edg = random.randint(-1,1)

length = length + edg

for x in range (x_gr[i]-length, x _gr[i]+length+1):

red1x.append(x)

redly.append(y)

if (edg==1):
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for x in range (x_gr[i]-length+1, x_gr[i]+length):

yellx.append(x)

yelly.append(y-1)

else:

for x in range (x_gr[i]-length, x _gr[i]+length+1):

yellx.append(x)

yelly.append(y-1)

else:

for x in range (x_gr[i]-n_layer[i], x_gr[i]+n_layer[i]+1,2):

if (x==x_gr[i]-n_layer][i]):

length = random.randint(Imin,Imax+1)

for y in range (y_gr[i]-length, y gr[i]+length+1):

redOx.append(x)

redOy.append(y)

else:

edg = random.randint(-1,1)
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while length+edg<Imin+1 or length+edg>Imax+1:

edg = random.randint(-1,1)

length = length + edg

for y in range (y_gr[i]-length, y_gr[i]+length+1):

redOx.append(x)

redOy.append(y)

if (edg ==1):

for y in range (y_gr[i]-length+1, y gr[i]+length):

yelOx.append(x-1)

yelOy.append(y)

else:

for y in range (y_gr[i]-length, y gr[i]+length+1):

yelOx.append(x-1)

yelOy.append(y)

redx = red1x + red0x

redy = redly + redOy
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yelx = yellx + yelOx

yely = yelly + yelOy

red] = list(zip(red1x,redly))

yell = list(zip(yellx,yelly))

red0 = list(zip(red0x,red0y))

yel0 = list(zip(yelOx,yelOy))

red = list(zip(redx,redy))

yel = list(zip(yelx,yely))

print('% of crystal:', (len(redx)+len(yelx))/(m*n))

for x in range (m):

for y in range (n):

if (x,y) in red1:

WIx][y]=[0.0]*4

elif (x,y) in yell:

WIx][y][1] = random.uniform(0.2,0.5)

WIx][y][3] = random.uniform(0.2,0.5)
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Wix][y][0] = 0.0

Wix][y][2] = 0.0

elif (x,y) in redO:

Wix]ly] =[0.0]*4

elif (x,y) in yelO:

Wi(x][y][0] = random.uniform(0.2,0.5)

Wi(x][y][2] = random.uniform(0.2,0.5)

WIix]ly][1]1=0.0

WIx][y][3]1=0.0

print('sp2 finished')

n sp3 =10

x_sp3 =[]

y_sp3 =[]

x_head = np.zeros(n_sp3)

y_head = np.zeros(n_sp3)

1=0
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while i<n_sp3:

x= random.randint(1,m)

y=random.randint(1,n)

flag2 = False

flag3 = False

if ((x,y) in red) and ((x,y) in yel):

flag2 = False

elif (((x-1,y-1) in red) or ((x-1,y+1) in red) or ((x+1,y-1) in red) or ((x+1,y+1) in red) or

((x-1,y-1) in yel) or ((x-1,y+1) in yel) or ((x+1,y-1) in yel) or ((x+1,y+1) in yel)):

flag2 = False
else:

flag2 = True
ifi==0:

flag3 = True
else:

for j in range (0,1):
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if ((x-x_head[j])**2+(y-y_head[j])**2 >=100):

flag3 = True

else:

flag3 = False

break

if (flag2 and flag3):

x_head[i]=x

y_head[i]=y

i+=1

h=0

for k in range (n_sp3):

x_sp3.append(x_head[k])

y_sp3.append(y_head[k])

=1

while 1 <20:

step = random.randint(0,3)
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if (step == 0):

x1 =x_sp3[h+i-1]

x2 =x_sp3[h+i-1]

yl =y sp3[h+i-1]+1

y2 =y sp3[h+i-1]+2

elif (step == 1):

x1 =x_sp3[h+i-1]+1

x2 =x_sp3[h+i-1]+2

yl =y sp3[h+i-1]

y2 =y sp3[h+i-1]

elif (step == 2):

x1 =x_sp3[h+i-1]

x2 =x_sp3[h+i-1]

yl =y sp3[h+i-1]-1

y2 =y sp3[h+i-1]-2

else:
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x1 =x_sp3[h+i-1]-1

x2 =x_sp3[h+i-1]-2

yl =y sp3[h+i-1]

y2 =y sp3[h+i-1]

flag4 = False

flag5 = False

flag6 = False

for j in range (0,h+1):

if (x1 ==x_sp3[j] and yl ==y sp3[j]) or (x2 ==x_sp3[j] and y2 ==y sp3[j]):

flag4 = False

break

else:

flag4 = True

if ((x1,y1) in red) or ((x1,y1) in yel) or ((x2,y2) in red) or ((x2,y2) in yel):

flag5 = False

elif (((x2-1,y2-1) in red) or ((x2-1,y2+1) in red) or ((x2+1,y2-1) in red) or
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((x2+1,y2+1) in red) or

((x2-1,y2-1) inyel) or ((x2-1,y2+1) in yel) or ((x2+1,y2-1) in yel) or ((x2+1,y2+1)

in yel)):

flag5 = False

else:

flag5 = True

if (x] >=morxl <=0)or(yl >=noryl <=0)or(x2>>=morx2<=0)or(y2>=n

ory2 <=0):

flag6 = False

else:

flag6 = True

if (flag4 and flag5 and flag6):

x_sp3.append(x1)

x_sp3.append(x2)

y_sp3.append(y1)

y_sp3.append(y2)
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1=1+2

x = list(map(int,x_sp3))

y = list(map(int,y sp3))

h=h+21

sp3 = list(zip(x_sp3,y_sp3))

for 1 in range(m):

for j in range(n):

if (1,)) in sp3:

WIi][j]=[0.0]*4

print('sp3 finished')

"

with open('scatter.csv',mode='w") as file:

writer = csv.writer(file)

writer.writerows((x_start, x_end, y_start, y end, x_head, y head, x_sp3,y sp3))

m

sz=10
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T=12500

x avg =]

vdw_break =[]

for 1 in range(T):

ifi==0:

snapshot('"T =0")

for x in range(m):

for y in range(n):

if (Px][y]>=1) or (P[x][y]<=-1):

WIX]yI=WIX]yI:]

elif (x,y) in redl1:

WIx][y]=[0.0]*4

elif (x,y) in yell:

WIx][y][1] = random.uniform(0.2,0.5)

WIx][y][3] = random.uniform(0.2,0.5)

WIx][y][0] = 0.0
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Wix][y][2] = 0.0

elif (x,y) in redO:

Wix]ly] =[0.0]*4

elif (x,y) in yelO:

Wi(x][y][0] = random.uniform(0.2,0.5)

Wi(x][y][2] = random.uniform(0.2,0.5)

WIix]ly][1]1=0.0

Wix][y][3]1=0.0

elif (x,y) in sp3:

Wix]ly] = Wix]ly]

else:

if rand() <0.5:

WIx]ly] = M[x][y][:]

WIx][y][0] =0.9

WIix]y][2] =0.9

else:
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Wix]ly] = M[x][y][:]

Wix]ly][1]1=0.9

Wix]ly][3]1=0.9

for X in range(m):

for y in range(n):

u = (y+1)%n

d = (y-1)%n

[=x-1

r=x+1

if x+1 ==m:

ify-1==-1:
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d=y

if (Px][y]>=1) or (P[x][y]<=-1):

PIx]ly]=P[x][y]

else:

dP = P[x]ul*WIx][y][0] + Prlly*W[x][y][l] + PX]J[dI*WI[x][yl[2] +
PHI[yI*WIx]Iyl[3] - PIx]ly*WIx][d][0] - P{x][y]*WI[][yl[1] - PIx][y]*W[x][u][2] -

PIx][y]*WIr][y][3]

D=0.55

P[x][y] = P[x][y]+ D*dP

if (i+1)1n [1,10,20,30,50,100,250,500,750,1000,1250,1500,1750,2000,2500]:

snapshot('T ="'+ str(i+1))

num =0
den=0
br=0

for x in range(0,m):

x_summ = 0
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for y in range(n):

x_summ += (P_i -abs(P[x][y]))

if (x<m/2):

num += X_summ*(x**2)

den +=x_summ

else:

num += x_summ®*((m-1-x)**2)

den +=x_summ

x_avg.append((num/den))

for (a,b) in yel:

if (P[a][b]>=1) or (P[a][b]<=-1):

br+=1

print((br/len(yelx)))

vdw_break.append((br/len(yelx)))

if (i+1)%100 == 0:

print(i+1)
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fig=plt.figure()

ax=fig.add axes([0,0,1,1])

ax.scatter([1,10,20,30,50,100,250,500,750,1000,1250,1500,1750,2000, 2500], x_ avg,

color="#000000", s = sz)

ax.set_xlabel('T axis')

ax.set_ylabel('X squared avg axis')

ax.set_title("plot of <x"2>vs t')

plt.show()

fig=plt.figure()

ax=fig.add axes([0,0,1,1])

ax.scatter([1,10,20,30,50,100,250,500,750,1000,1250,1500,1750,2000, 2500], vdw_break,

color="#000000', s = sz)

ax.set_xlabel('T axis')

ax.set_ylabel("percentage of broken vdw bonds')

ax.set_title("percentage of broken vdw bonds vs t')

plt.show()
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file path = 'anthracite.txt'

with open(file path, 'a") as file:

file.write(','.join(map(str, vdw_break)) + "\n')
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