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Glassy Carbon (GC) is a non-graphitising carbon known for its thermal stability, conductivity, and resistance to
chemical attack, making it valuable in industrial and scientific applications, especially as an electrode substrate
in catalysis research. Despite its widespread use, GC’s precise structural characteristics is unclear due to synthesis
variability. This study developed and validated a computational model to simulate GC’s structure. Starting from
the R3-carbon allotrope, density functional theory calculations were used to construct a representative GC model,
incorporating induced defects to mimic its structural imperfections. Multiple GC slab models were created for
comparative analysis. Validation involved comparing theoretical X-ray diffraction data with published data,
confirming the model’s accuracy in representing the GC’s structure. The model showed high correlation with
existing models, particularly those by Jurkiewicz et al., emphasizing the effect of formation temperature on GC’s
structural evolution. These findings enhance the understanding of GC’s structural complexities, providing a solid
foundation for future research and applications in material science, especially for robust and conductive sub-
strates used in electrocatalysis.

1. Introduction

Glassy carbon (GC) is classified as a non-graphitising form of carbon
[11, which is a form of carbon that contains low amounts of hydrogen or
oxygen and retains its structure at high temperatures (up to 3000 °C).
Due to its unique physical and chemical properties, GC, also known as
vitreous carbon, is widely used as a substrate material in industrial and
laboratory applications. These properties include high conductivity, low
resistance, non-reactivity towards acids and bases, hardness, and closed
porosity [1-3]. Because of these attributes, GC is particularly well-suited
as an electrode substrate for catalyst research, since various metal cat-
alysts are subjected to harsh chemical environments, making the
robustness of the substrate crucial [4]. GC’s innate resistance to chem-
ical reactions and its closed porosity prevent unwanted reactions or
corrosion of the substrate, ensuring the integrity of experimental data
when using GC as a substrate or electrochemical electrode. Simulta-
neously, its excellent electrical conductivity facilitates precise and effi-
cient electrochemical measurements.

Although GC, as material has been used in various scientific and
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industrial applications since the early 1960s [5], its structural charac-
teristics remains uncertain. This uncertainty is further compounded by
the considerable variability observed in the structure of glassy carbon, a
phenomenon primarily dictated by factors such as the synthesis tem-
perature and the purity of the carbon source utilised. Consequently, the
need for a universally applicable model that can effectively describe the
structural configurations inherent to GC remains. Hence, a thorough
exploration of the factors shaping glassy carbon’s formation is crucial to
understand its complexities.

In a comprehensive review by Harris et al. [6], various models
describing the structural attributes of GC have been discussed. Among
these, Crawford et al. [7] initially proposed that GC, is composed of
tightly packed layers resembling folded graphite sheets. An alternative
hypothesis by Jenkins et al. [8] posited that GC structure is a complex
matrix of interwoven carbon fibre ribbons, the observed low density is
attributed to the interstitial spaces between these ribbons. While these
models have significantly contributed to the understanding of GC
structural composition, it is imperative to note their respective limita-
tions. For instance, the model proposed by Crawford et al. [7] fails to
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account for the absence of detectable pores within the structure, a
feature implicitly suggested by their model. In contrast, Jenkins et al. [8]
model successfully addresses this lack of porosity but lacks an expla-
nation for the intricate formation of folded graphite sheets.

However, later in 2004 Harris et al. [2] suggested that GC exhibits
structural characteristics similar to fullerenes. This model provided a
more robust framework for understanding the closed porosity exhibited
by GC. Further validation of Harris’s model was achieved through mo-
lecular models constructed by classical analytical techniques such as
X-ray diffraction (XRD) and high-resolution transmission electron mi-
croscopy [9-11].

In order to further clarify the structures of GC, various studies have
been carried out using high-resolution transmission electron microscopy
[6], Raman spectroscopy [12,13], X-ray photoelectron spectroscopy
[13], X-ray small-angle scattering [14], wide-angle X-ray scattering
[10], neutron [15] and X-ray diffraction [13]. Many of these studies
have shown evidence of non-hexagonal rings in curved carbon sheets.
They proposed a fullerene-related structure for GC, where pentagons
and heptagons are dispersed among hexagons, forming a network with
single-point structural defects [16,17] known as Stone-Wales defects,
which transform hexagons into pentagons or heptagons [18]. This
fullerene-related configuration is further supported by the presence of
polyhedral graphite crystals in GC, as identified by Gogotsi et al. [19],
and studies by Hawelek et al. [9], reinforcing the plausibility of this
structural model.

In 2017 Jurkiewicz et al. [11] created models of GC synthesised at
various temperatures between 800 °C and 2500 °C. These GC models
were constructed using molecular dynamics, based on data obtained
from high-resolution transmission electron microscopy, neutron and
XRD results. Notably, this groundbreaking model was grounded in an
extensive body of research spanning activated carbon and other carbon
allotropes [17,20-24]. Furthermore, it highlighted the influence of py-
rolysis temperature on the structural evolution of GC. As the tempera-
ture was elevated, an evident transformation towards a more
"graphite-like" configuration with increasingly uniform carbon-carbon
distribution within the layers became evident.

The current study aims to establish a comprehensive and represen-
tative computational model of GC, based on density functional theory
(DFT) calculations, for utilisation as a foundational substrate in subse-
quent investigations. The model’s construction will begin with a varia-
tion of carbon [25], namely the R3-carbon allotrope with the space
group R3 m, which exhibit significant similarities to the properties of
GC. Using solid-state DFT, a carbon-layered periodic system resembling
the characteristics of GC will be created. This model will be constructed
by introducing single point defects into the pristine slab and preforming
a geometric optimisation and will henceforth be referred to as Defect
Induced Glassy Carbon (DI-GC) model. This approach will simulate the
features found in the GC structure by allowing it to attain a relaxed state
after addition of the defects.

To validate the DI-GC model, theoretical XRD spectra will be
generated and compared against theoretical XRD spectra generated for
the GC models developed by Jurkiewicz et al. [11]. Their models were
developed by using neutron diffraction and XRD data to obtaining atom
positions and molecular dynamics to optimise the structure.

The comparative analysis serves to verify that the structural attri-
butes of GC emerge because of the lattice imperfections intentionally
introduced during the model’s optimisation process This comprehensive
approach not only seeks to create a robust GC model but also to establish
a foundation for future research involving this unique carbon material.
The increasing demand for molecular models encompassing various
facets of material research has prompted the necessity for the develop-
ment of a comprehensive solid-state GC model, which holds the poten-
tial to catalyse further advancements in specialised domains like
electrocatalyst research, where GC serves as a pivotal substrate for
catalytic investigations.
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2. Methodology
2.1. General

This study was conducted by employing the Cambridge Serial Total
Energy Package (CASTEP) as an essential computational tool, which
operates within the Materials Studio 2020 software package provided by
Dassault Systemes BIOVIA [26]. CASTEP, being a widely recognised
solid-state modelling application, is rooted in the principles of DFT [27].
The calculations were performed on high performance computing re-
sources of the Lengau cluster, which is housed at the Centre for High
Performance Computing [28] in South Africa. The Lengau cluster uti-
lises 1368 compute nodes with 24 CPU cores and 64 GB RAM per node
with a total of 4 PB of storage. Most calculations were conducted using 4
nodes per calculation.

2.2. Unit cell and bulk structure

The triagonal unit cell of the R3 allotrope of carbon was based on
work done by Trucano et al. [29] and crystallographic data published by
Nixon et al. [30] and obtained from the Materials Project database [31].
The unit cell consists of a trigonal crystal system (a & p = 90°and y =
120°) with a rhombohedral lattice (a & b = 2.46 A and ¢ = 33.19 A) with
group number 166 and space group R3 m. A table containing the frac-
tion coordinates of the R3 unit cell can be found in the Supplementary
Information (Table S1).

The unit cell was expanded to a2 x 2 x 2 bulk structure. The unit cell
and bulk structure were geometrically optimised using the generalised
gradient approximation functional developed by Perdew, Burke and
Ernzerhof [32] (GGA-PBE). A Monkhorst Pack k-point grid [33] of 5 x 5
x 5 was used in the integration of the reciprocal space. The kinetic
energy cut-off was set at 400 eV with the Ultrasoft pseudopotentials. The
plane-wave basis was obtained using Koelling-Hamon relativistic treat-
ment approach [34]. The convergence algorithm used was the
Two-Point Steepest Descent (TPSD) and the cell optimisation was ach-
ieved using a SCF tolerance of 1.0 x 10" eV/atom. The convergence
energy was set to 2.0e”> eV/atom, a max force, stress and displacement
of 0.05 eV/A, 0.1 GPa, 0.002 A was used, respectively. A van der Waals
dispersion correction was applied using the many-body dispersion. The
number of k-points and the number of layers was analysed to determine
the optimum parameters, the k-points were varied from 1 x 1 x 1to 6 x
6 x 6 and number of layers of carbon were varied from 3 to 12 layers.

2.3. Pristine slabs

In order to create the surface models of the GC, the bulk structure
was cut along the 001 Miller plane [25] and a 20 A vacuum gap was
added in the c-direction. The 001 Miller plane was selected for the slab
system construction to ensure the model aligns with literature [11,35],
because according to XRD results the GC’s primitive cell crystal lattice
consists of carbon sheets oriented in the (001) direction. A 20 A vacuum
gap was selected since it is large enough to ensure no surface-to-surface
interaction. The slab thickness was optimised to ensure there are enough
atoms in the lattice to illustrate the effects of the single point defects on
the lattice, whilst keeping the model small enough to ensure short
computing time. These slabs were geometrically optimised using similar
parameters to the bulk structure optimisation. However, the k-points
were optimised by varying between1 x 1 x 1 and 7 x 7 x 1.

2.4. Defect-induced slabs

In this study, the geometrically optimised pristine slabs served as the
foundational structure for creating defect-induced slabs. Point defects
were introduced into the carbon lattice by systematically eliminating 10
% of the carbon atoms in a stochastic manner. The 10 % threshold was
selected based on the empirical findings by Harris et al. [2] and
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Jurkiewicz et al. [11], which suggest that GC inherently contains single
point defects, constituting, on average, approximately 10 % of the lat-
tice. Consequently, 108 carbon atoms were randomly removed from the
lattice, followed by a perturbation of the structure to attain the true
ground-state energy configuration. This was achieved by forcing the
layers of carbon a few angstroms in the c-axis away from one another
that the geometric position of these atoms can again be geometrically
relaxed. The system was subsequently relaxed through geometric opti-
misation, adhering to the same computational settings as for the pristine
slabs specifically, employing the GGA-PBE functional with an energy
cutoff of 400 eV and a k-point mesh of 7 x 7 x 1. The methodology was
repeated to produce multiple slabs with varying defect configurations
for further analysis. XRD patterns were obtained for all the slabs utilising
the Reflex Tools software Tools in the Materials Studio software [36,37].

2.5. Jurkiewicz models

Jurkiewicz et al. [11] created multiple models of GC (referred to as
JGC) at a variety of temperatures, namely 800 °C, 1500 °C, 2000 °C and
2500 °C. (These models will be referred to in the rest of this study as
JGC_800, JGC_1500, JGC_2000 and JGC_2500, respectively). These
classical molecular models were constructed from graphene layers
randomly distributed to simulate a defective graphitic lattice. The gra-
phene layers were randomly translated perpendicular to their stacking
direction, simulating a turbostratic arrangement, with the incorporation
of structural defects, including Stone-Wales transformations and va-
cancies, to distort the graphitic structure. These models have different
sizes with different atom counts, ranging from 2800 atoms for the 800 °C
model, to 24,214 atoms for the 2500 °C model, and thus needed to be
standardised. The standardisation was done by cutting representative
sections, with the dimensions of a, b=11.0876 A and ¢ = 30.0 A These
standardised sections at various formation temperature GC models were,
segmented further into nine distinct sections to lower the computational
demand, and enhance the representativeness of the XRD spectra.

Fig. 1 illustrates this segmentation process, demonstrating how each
standardised GC model was divided (cut) into nine sections from its
original in the (001) Miller plane, more extensive structure. The periodic
cell dimensions of the nine sections were a,b=11.0876 Aandc=30.0A
Each of the “cuts” were labelled as cut 1 to 9, for example the cut 1 of the
800 °C model will be named JGC_800_cutl. This step was necessary
because the original, large theoretical structure could lose detail in the
XRD analysis.

Using these cuts the simulated XRD spectra was obtained using the
Reflex Tools in the Materials Studio software [36,37].

Fig. 1. Classic molecular models developed by Jurkiewicz et al. [11] based on a
defective graphitic lattice, which was constructed from graphene layers
randomly distributed to introduce disorder. (a) JGC_2000 standardised struc-
ture, with the 3 x 3 grid (in red) illustrating how the slab was cut into 9 sections
along (001) Miller plane, and (b) an example of the side view of JGC_2000_cut1.
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2.6. Reflex tools

In order to obtain theoretical XRD spectra, the tool named Reflex
tools [38] which forms part of the Material Studio software was used.
This was done on all models including the standardised models based on
the models developed by Jurkiewicz et al. [11], to obtain the XRD
profiles which were used to compare the systems. The following pa-
rameters were configured in the Reflex tools, to simulate XRD patterns.
The scan was programmed with a step size of 0.05°, covering a 20 angle
range of 5° to 100°. This specific angular range corresponded to
d-spacing values (dpy) that could be converted to reciprocal lattice
vectors with magnitudes ranging from 0.05663 A~! to 0.9945 A1, The
radiation source selected for the simulation was copper (Cu), emitting
X-rays with characteristic wavelengths A; = 1.540562 A and Ay =
1.54439 A. Note that these wave lengths are predefined by the theo-
retical radiation source. These wavelengths are widely recognised for
their applicability in various XRD studies [39] and offer an excellent
resolution for the structures under investigation. The geometry of the
XRD lines was configured based on the Bragg-Brentano focusing method
[40], a widely adopted approach in X-ray diffractometry. This method is
favoured for its ability to deliver high-resolution spectra and is partic-
ularly advantageous for samples with layered or textured structures [41,
42]. This procedure was iteratively performed, and the resultant XRD
spectra were compared against published data [11].

2.7. Radial distribution function

The radial distribution function (RDF) represents the normalized
probability density of finding a particle at a distance (r) from a reference
particle [43]. It provides insights into how particle density varies with
distance and is commonly used to analyse local order and intermolecular
interactions in a system. The RDF, denoted as g(r), is calculated using
Eq. (1), where the pair distribution function (PDF) at (r) is divided by the
average particle density (p). The pair distribution function, P(r), as
shown in Eq. (2), represents the absolute density of particle pairs within
a spherical shell of radius (r) [44].

P(r)
g(r) = ) @
P(r) = 4ar’pg(r) )

3. Results and discussion
3.1. Unit cell and bulk structure

The hexagonal unit cell consisting of a periodic cell containing 16
carbon atoms and the bulk structure are shown in Fig. 2(a) and (b),
respectively. Fig. 2(b) shows that the bulk structure constructed from
the unit cell, by doubling the a,b and c lattices, was successfully opti-
mised. The following lattice parameters, namely a, b = 2.462 A and ¢ =
11.101 A, and angles of «, p = 90°, and y = 120° were obtained for both
the unit cell and the bulk structure. This correlates well with published
crystallographic data by Nixon et al. [30], namely a, b = 2.46 A and ¢ =
11.06 A, and angles of o, p = 90°, and y = 120° A table (Table S1)
containing the lattice coordinates of the unit cell is provided in the
Supplementary Information.

The relaxed C—C distances, within a layer, were determined to be
1.417 A, and an interlayer spacing of 3.445 A was obtained. These values
correlate well with values of 1.42 A and 3.4 A as reported by Jurkiewicz
et al. [11], and 1.42 A and 3.35 A reported by Cowlard et al. [3]. The
energy for the optimised unit cell was calculated as —58.154 eV/atom.

3.2. Pristine slabs

The k-point optimisation, illustrated in the supplementary
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Fig. 2. Images of the (a) R3 primitive unit cell and (b) R3 bulk structure.
information (Figure S1), demonstrated that the energy converged at a 5
x 5 x 1 k-point grid, achieving the smallest variation in energies with a
difference <10 meV. Consequently, this configuration will be adopted
for subsequent geometric optimisation.

The number of carbon layers in the slab was investigated (supple-
mentary information Figure S2). It was found that the energy per atom
difference between 5 layers and 15 layers is 2.1 x 107 eV/atom. This
indicates that 5 layers are sufficient to keep calculations accurate but
keep the overall number of atoms low to save on computational time.

After the identification of the optimal parameters, namely, the k-
point and slab thickness, the slab model could be developed. Two slab
models were constructed, one with 582 carbon atoms and another with
1080 carbon atoms. Both slabs had five carbon layers and a 20 A vacuum
gap. The smaller slab model, shown in Fig. 3(a), is described with lattice
parameters a, b, and c of 14.76 [o\, 17.74 A and 42.35 ;\, respectively. The
larger slab containing 1080 atoms, shown in Fig. 3(b), is described with
lattice parameters a, b, and c of 22.16 A, 26.63 A and 42.27 ;\,
respectively.

3.3. Defect-induced slabs

As mentioned in the method section a systematic approach was
employed for the removal of 10 % of carbon atoms from the pristine
slab. Following the removal process, the configuration of the atomic
lattice was perturbed, causing a disruption in the original structural
atomic arrangement. Subsequently, to the alteration of the atomic
structure, the system was subjected to a relaxation process. This was

(a) (b)

Fig. 3. (a) R3 slab containing 582 carbon atoms, and (b) larger slab containing
1080 carbon atoms with a 20 A vacuum gap.
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executed by employing a geometric optimisation, allowing the structure
to reach a new equilibrium state. The structure at equilibrium will be
referred to as the DI-GC slab. Several defect-induced GC slabs were
created. Creating the DI-GC slabs were done to find a structure that best
represents the GC model proposed by Harris et al. [2] and Jurkiewicz
et al. [11]. Five of the DI-GC slabs that best represent the GC model are
displayed in Fig. 4.

As seen in Fig. 4, large differences in the model’s structure are
observed after the relaxation post-defect induction. These large differ-
ences indicate that the DI-GC model is sensitive to minor changes and
thus multiple DI-GC slabs had to be created and theoretical XRD data
generated (the XRD’s can be seen in Supplementary Information,
namely Figure S3). Fig. 5, shows an example of the theoretical XRD, that
was generated by taking the average of the peaks and intensities from
the nine cuts of the DI-GC model shown in Fig. 4(e). Eight peaks with an
intensity higher than 10 arb. units, were identified for the DI-GC model,
namely at 8.75°, 13.2°, 13.7°, 14.4°, 16.3°, 17.6°, 35.5° and 40.2°.

3.4. Jurkiewicz models

The reduction in model size, as described in the methods section,
induced limitations on the theoretical XRD results, such as removing the
long-range periodicity and inducing short-range periodicity. The short-
range periodicity will force short-range order in the XRD profiles.

Experimental XRD spectra of GC would normally show as broad
diffuse peaks, however due to the short-range periodicity the theoretical
XRD will show a reduced number of sharp specific ordered peaks. A
substantial amount of XRD data was generated for each model, namely 9
cuts for each of the four formation temperatures. Fig. 6 presents the
diffractogram for the JGC_2000 model, showcasing the XRD data for the
9 cuts. The XRD spectra for the other temperatures are detailed in the
Supplementary Information, specifically in Figure S4.

The detailed analysis for the JGC_2000 model, presented in Fig. 7,
showed that if the spectra of the various cuts are compared, unique XRD
peaks are easily identified. This variability highlights the complexity of
GC structure, necessitating a methodical approach to generate an
average XRD profile that accurately represents the entirety of the
structure. To achieve this, a process of averaging the XRD peaks ob-
tained from various cuts was employed. Fig. 8 shows the consolidated
average XRD peak data for the 9 cuts of the JGC_2000 model.

Seven peaks with an intensity higher than 10 arb. units, were ob-
tained for the JGC_2000 model, as shown in Fig. 8, namely at 8.75°,
13.2°,17.6°, 35.5°, 38.3°, 40.2° and 42.6°. The consolidated average
XRD peaks for the other temperatures are detailed in the Supplementary
Information, specifically in Figure S5.

3.5. Comparison of models

By comparing the XRD spectra of the DI-GC and JGC models (Figs. 5
and 7), it becomes evident that there is a significant correlation between
the two. Both XRD patterns exhibit matching peaks at 8.75°, 13.2°,
17.6°, 35.5°, and 40.2°, with similar intensities. These consistent peaks
suggest that the structures of the DI-GC and JGC models are closely
related. The alignment of these diffraction peaks indicates that the two
models possess similar lattice parameters and phase compositions. This
similarity in the XRD patterns implies that the DI-GC and JGC models
share comparable structural characteristics, reinforcing the notion that
their underlying structures are fundamentally alike.

GC can be synthesised at various temperatures, and it has been
demonstrated that the temperature used during GC formation signifi-
cantly affects the structure of the GC. GC’s formed at higher temperature
exhibit less “crumpling” and arranged in a more ordered form [11]. As
the formation temperature increases kinetic energy allows the carbon
atoms to overcome energy barriers, hence the atoms arrange in a more
ordered form, with layer distortion, lowering the number of visible
peaks in XRD spectra. Hence, XRD data of the DI-GC model was
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Fig. 4. Five examples of defect-induced GC (DI-GC) slabs.
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Fig. 5. The average XRD of the DI-GC model (Figure 4(e)) using the combined
data for the nine cuts.
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Fig. 7. The average XRD of the JGC_2000 model using the combined data for
the nine cuts of JGC_2000.

compared to XRD models of different formation temperatures, as seen in
Fig. 8, to determine the GC model’s approximate formation tempera-
ture. The position and intensity of the peaks in the XRD spectra pre-
sented in Fig. 8 are detailed in Table 1.

The data from Table 1 indicates the peak positions and intensity, only
peaks that were above an intensity of 5 and a maximum of 10 peaks were
listed. Furthermore, the XRD analysis of both the JGC_2000 model and
the newly developed DI-GC model shows the strongest correlation, with
matching peaks at 8.75°, 13.2°, 17.6°, 35.5°, and 40.2°. Such a corre-
lation suggests that the DI-GC model’s performance is comparable to the
findings published by Jurkiewicz et al. [11]. Additionally, the highest
degree of correlation is observed between the DI-GC model and the JGC
models are between 1500 °C and 2000 °C, suggesting that the structural
characteristics of this DI-GC model are representative between these
formation temperatures.

Fig. 9 shows the combined average XRD peak data for all the JCG
models across the formation temperatures ranging from 800° to 2500 °C
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Fig. 8. Average XRD peaks for JCG models and the DI-GC model (shown in
red), highlighting the precision in crystalline structure representation across
temperatures from 800° to 2500 °C.

and the DI-GC model. When comparing the DI-GC model with the JGC
models, the XRD peaks match closely which stands as a verification of
the current study’s methodology in simulating and understanding the
complex structure of GC materials.

In addition to the simulated XRD patterns, the RDF were calculated
for the DI-GC and JGC models, as shown in Fig. 10. To compare RDF
values across the different models, the normalized g(r) fraction was
used. This fraction was determined using Eq. (3), where the RDF value g
(r) is divided by the maximum value, g(r)max-

g
&) max

The JGC models reveal that as the formation temperature increases,
the RDF peaks become more distinct, indicating an improvement in
crystalline order. The RDF profile of the DI-GC model aligns closely with
those of the JGC models, validating that the DI-GC model accurately
represents the structures developed by Jurkiewicz et al. [11]. Further-
more, the RDF analysis suggests that the DI-GC model corresponds to a
formation temperature range of 800 °C to 1500 °C. This finding com-
plements the XRD simulations, which indicated a close match between
the DI-GC model and the 1500 °C-2000 °C temperature range. Together,
these results imply that the DI-GC model is most consistent with a for-
mation temperature of 1500 °C. The apparent discrepancy between the
temperature ranges obtained from XRD and RDF can be attributed to the
different structural features each technique examines. While RDF is
more sensitive to short- and medium-range atomic order, XRD captures
long-range crystallinity. This suggests that the DI-GC model represents a
transitional structure, incorporating features of both lower-temperature
and higher-temperature regimes.

g(r)Fraction =

3
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4. Conclusion

This study successfully optimised the parameters of both the bulk
and unit cells models, achieving lattice parameters and angles that align
closely with established literature values [30]. The energy of the opti-
mised unit cell was determined to be —58.154 eV/atom, indicating a
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Fig. 9. Average GC (black) compared to the cumulative JGC (red) over the
formation range 800 °C - 2500 °C.
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Table 1
List of XRD peaks for the average XRD spectra.
GC JGC_800 JGC_1500 JGC_2000 JGC_2500
2- Intensity (arb 2-Theta Intensity (arb 2-Theta Intensity (arb 2-Theta Intensity (arb 2-Theta Intensity (arb
Theta units) ©) units) ©) units) ©) units) ©) units)
©)
8.75 68.7 8.75 97.4 8.75 22.2 8.75 97.2 8.75 100.0
13.2 67.1 13.2 15.7 13.2 100.0 13.2 28.6 38.3 10.3
13.7 14.8 14.4 30.1 14.4 20.0 17.6 18.3
14.4 19.0 17.6 10.7 19.1 13.3 35.5 35.6
16.3 8.22 19.1 12.1 22.0 15.4 38.3 17.1
17.6 15.5 29.9 10.9 31.0 17.8 40.2 10.3
35.5 20.3 34.0 16.8 42.6 12.0
40.2 9.89 35.5 16.5
38.3 29.7
42.6 14.6




K. Meerholz et al.

stable configuration. The relaxed C—C distances and interlayer spacing
obtained further corroborate the accuracy of the optimisation process,
aligning well with previously reported values [3], thus validating the
computational approach used. The 5 x 5 x 1 k-point grid was used for
all geometric optimisations, balancing computational efficiency with
accuracy. This optimisation was crucial for the development of a slab
model that accurately reflects the structural characteristics of carbon
layers, concluding in a 1080 carbon atom model that provides a more
realistic representation of pristine and defect-induced slabs.

The systematic introduction of defects and subsequent iterative
geometric optimisation enabled the formation of the DI-GC model. This
approach helped the identification of slab configurations that closely
resemble the GC models proposed by Jurkiewicz et al. [11]. The model
closely matched the published models, that were developed based on
experimental structure data of GC. However, this model was derived
from inducing defects into a pristine surface and allowing the system to
reorder into the characteristic GC form. The XRD analysis, obtained
specifically through the division of the GC models into nine distinct
sections, allowed for a detailed examination of the XRD spectra at
various formation temperatures. This methodological refinement
enabled the reduction of data complexity, allowing for a more distinct
comparison between models. The average XRD spectra presented
consolidate the findings, offering a comprehensive overview of the
structural evolution of the GC material. The inclusion of RDF analysis
further reinforced the validation of the DI-GC model by providing
additional structural correlation, when compared to the JGC models,
highlighting their comparable accuracy. The strong agreement between
the published models [10,11] and those developed in this study, espe-
cially the close correlation of peak positions and intensities, demon-
strates the strength of the computational methods employed.
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