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ABSTRACT: This study introduces a new approach for constructing
atomistic models of nanoporous carbon by randomly distributing carbon
atoms and pore volumes in a periodic box and then using empirical and ab
initio molecular simulation tools to find the suitable energy-minimum
structures. The models, consisting of 5000, 8000, 12000, and 64000 atoms,
each at mass densities of 0.5, 0.75, and 1 g/ cm?, were analyzed to determine
their structural characteristics and relaxed pore size distribution. Surface
analysis of the pore region revealed that sp atoms exist predominantly on
surfaces and act as active sites for oxygen adsorption. We also investigated the
electronic and vibrational properties of the models, and localized states near

Final Configuration

Initial Configuration

the Fermi level were found to be primarily situated at sp carbon atoms

through which electrical conduction may occur. Additionally, the thermal conductivity was calculated using heat flux correlations and
the Green—Kubo formula, and its dependence on pore geometry and connectivity was analyzed. The behavior of the mechanical
elasticity moduli (Shear, Bulk, and Young’s moduli) of nanoporous carbons at the densities of interest was discussed.

1. INTRODUCTION

Nanoporous carbon (NPC) materials are a unique class of
materials known for their high surface area and intricate
network of nanoscale pores. The pores can be categorized
according to their size, with micropores (<20 A), mesopores
(20—500 A), and macropores (>500 A) being the standard
IUPAC classifications." However, recent research has revealed
that the integration of bimodal (micro-meso, micro-macro, and
meso-macro) and trimodal (micro-meso-macro and meso-
meso-macro) porosity classes exists.”” These tunable pore size
distributions make NPC materials well-suited for a broad range
of applications, including energy storage devices, catalyst
supports, and gas and liquid separation.*”® NPCs can be
synthesized by various methods, includin% templating,
activation, and chemical vapor deposition.” " Different
synthetic routes lead to NPCs with distinct properties and
pore morphologies, with examples including activated carbon,
carbon aerogels, carbon nanotubes, and graphene-based
materials.'”"* While graphite has an interlayer spacing
between its sheets of carbon atoms, its layered structure
lacks well-defined nanopores and is therefore not considered
an NPC material.'>'® Similarly, multiwall fullerenes do not
exhibit a porous structure and are not typically considered
NPCs despite their high surface area.'”

Although nanoporous carbon (NPC) is an important
material, there is currently no widely accepted atomistic
topology due to the diverse structures that can be formed by
using different synthesis methods. For example, Wang and co-
workers developed graphitic NPC models at varying mass
densities using a highly disordered pure carbon precursor at an
extremely high temperature of 9000 K, which was then
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graphitized at 3500 K.'® On the other hand, Fujii'’
constructed models of NPC by creating one large spherical
pore volume in the center of a dense amorphous carbon
system by removing carbon atoms located in a spherical region
and relaxing the configuration using the adaptive intermo-
lecular reactive empirical bond order (AIREBO) potential.”’ In
1951, Franklin classified carbon materials into graphitizing and
nongraphitizing types based on their ability to form graphite
after pyrolysis at around 1200 K.*' NPCs are typically formed
from nongraphitizing carbons, which can be derived from a
wide range of materials such as polymers, wood, and coconut
shells. Based on Franklin’s pioneering work, NPC models have
been proposed as systems of strongly cross-linked graphitic bits
that result in fine microporous structures. However, high-
resolution transmission electron microscopy (HRTEM)
observations of polyfurfuryl alcohol-derived NPCs by Kane
and Foley showed that NPC produced at about 1500 K
maintain a high degree of curvature and features reminiscent of
fullerene.”” These findings were further validated by HRTEM
results of Harris and Tsang, even at higher temperatures
between 2400 and 2600 K.** Their observations suggest that
NPC contains pentagonal carbon rings and other nonsix-
membered rings that induce curvatures, ” thus explaining their
resistance to graphitization.m_23
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It can be argued that the physical properties of the
precursors and the conditions under which pyrolysis is carried
out are more crucial than the chemical structure in
determining the presence of five-membered rings in the final
porous carbon structure given the wide variety of materials that
can produce NPCs. Therefore, a model that can accurately
describe NPCs should incorporate curved surfaces and both
hexagonal and nonhexagonal rings. In an attempt to create
such a model, Acharya and colleagues™* connected fragments
of graphene sheets randomly. Although this approach
generated large models with nonhexagonal rings, the resulting
models lacked periodicity. In this paper, atomistic models of
NPC were constructed by randomly distributing carbon atoms
and pore volumes in a periodic box to achieve the desired
porosity. The models ranged between 5000 to 64000 atoms
with a mass density between 0.5 and 1 g/ cm®. We note that it
is not possible to directly simulate growth processes and offer a
new approach to modeling these systems. The density-
functional-theory (DFT) trained machine-learning Gaussian
Approximation Potential (GAP-20)*>*° was used for the
molecular dynamics (MD) simulations. We provide a detailed
description of the structure and pore topology of the model,
including the observed integrated bimodal (micro-meso)
porosity. We explore the electronic and vibrational signatures
in NPCs such as the density of states and average thermal
conductivity at room temperature. Additionally, we investigate
the mechanical properties of the models in the elastic region.
Our work includes elements such as the formation of NPC
structures within a temperature range of 1000—1800 K that is
used in the actual synthesis of NPCs, large system sizes to
account for finite-size effects, and construction of NPCs from
ab initio techniques starting with completely disordered
structural conﬁgurations.

2. COMPUTATIONAL DETAILS

2.1. Model Construction. HRTEM observations show
that NPC structures possess nonhexagonal rings, a high degree
of curvature, and features reminiscent of fullerenes. To build
models that conform to these experimental results, we
implemented an algorithm that randomly creates spherical
void regions in a periodic box. To ensure that the pores are not
limited by the dimensions of the simulation box, we sampled
the pore radii from a uniform distribution that extends
maximally to half the box length. The models had 5000, 8000,
12000, and 64000 atoms, each having mass densities of 0.5,
0.75, and 1.0 g/ cm®. The porosities considered were 20, 30,
and 40%. The algorithm implemented to create the initial
configurations is described below:

1. Estimate the density, number of atoms, and box length.

2. Determine the desired initial porosity (E;) using eq 1,
where the total number of pores N, pore volume v,
sampled sequentially from a uniform distribution, and
box volume V are known.

N
= = n
=i

n=1

<=

(1)

3. Sample the number of pores and their radii from a
uniform distribution that yields the desired initial
porosity.

4. Randomly place the pore centers in the simulation box,
avoiding pore overlaps to maintain the porosity.

S. Randomly place the carbon atoms in the simulation box,
ensuring they do not fall inside the pore volume.

6. Maintain the periodic boundary conditions throughout
the process. An example of the starting model is shown
in Figure 1 [left] for a 5000-atom system.

1800 K
=

TN ke 31 : >

Figure 1. A 5000-atom NPC model showing the [left] initial and
[right] relaxed configurations. The atoms fill some regions of the
initial pore volume toward a suitable energy-minimum structure.

7. Perform NVT molecular dynamics (MD) simulation at
1800 K to obtain the final (relaxed) configuration, as
shown in Figure 1 [right].

2.2. Molecular Simulation. The molecular dynamics
(MD) simulation used the GAP-20 potential, developed by
Rowe and colleagues,” which accurately represents C—C
interactions. Simulations were implemented in the LAMMPS
software package (Large-scale Atomic/Molecular Massively
Parallel Simulator).”” GAP-20 is an improvement on its
predecessor GAP-17,”° which has been used to predict
amorphous forms of layered carbon networks, such as
graphite,15 multishell fullerenes,'”” and multiwalled nano-
tubes.'” The successful use of the GAP-17 potential for
amorphous graphite renewed experimental interest in explor-
ing new routes to synthetic forms of graphite from noncrystal-
line carbon structures.”’®*® Unlike GAP-17, GAP-20 was
additionally trained using data generated through dispersion-
corrected DFT, which accounts for longer-range dispersive
interactions in low-dimensional carbon structures. Conse-
quently, it is better equipped to capture subtle differences in
defect formation energies of nanostructures and to describe
phonon dispersions.”® The atomic positions and velocities of
the initial models were calculated and updated in time-steps of
1 fs from a Nosé—Hoover thermostat at different temperatures
between 300 and 1800 K. The energy trajectories of the
systems were analyzed and accepted as a satisfactory
configuration after negligible energy fluctuations were observed
over an extended simulation time of at least S ps. Afterward,
the models were allowed to find a more energetically and
structurally favorable configuration by cooling to room
temperature over another 10 ps. Unless otherwise specified,
the analysis presented in the following discussion pertains to
the 12000 atom models at T = 1800 K using GAP-20 potential
in LAMMPS. This temperature conforms to the experimental
procedures employed in synthesizing nanoporous carbon. The
atom self-assembly process in the final structure results in the
redistribution of the pore volume, leading to a statistically
favorable energy minimum.

3. RESULTS AND DISCUSSIONS

3.1. Structure and Pore Size Distribution. We
conducted structural analysis of the NPC models using the
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radial distribution function (RDF), which provides insights
into the spatial correlation between particles in a system. We
computed the RDF for the NPC models and visually
represented the results in Figure 2. Remarkably, the RDF
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Figure 2. Radial distribution function and bond-angle distribution for
the NPC models.

revealed four distinct peak positions that closely matched the
experimental data obtained by Palmer and co-workers™ for
microporous carbon. These peaks were also observed in the
carbon nanofoam models developed by Mathioudakis and
Kelires,”’ who employed a combination of Monte Carlo and
tight-binding methods.

In Figure 2, the first peak at 1.43 A represents the nearest-
neighbor distance. The peak at 2.37 A is attributed to the
presence of nonhexagonal rings within the network structure.'®
Interestingly, this peak overlaps with another peak centered at
2.52 A, which closely aligns with the second nearest-neighbor
distance, around 2.46 A, that has been reported in other
works."****" This can be attributed to the peak at 2.37 A
caused by nonhexagonal rings. This observation was confirmed
by analyzing the bond-angle distribution (BAD) in the NPC
models. The BAD shown in the inset of Figure 2 indicates that
angles of 110° and 120° correspond to five- and six-member
rings, respectively, and are present in the NPC models. These
results agree with previous HRTEM observations that reported
a high proportion of nonsix-member rings, su§§estive of
fullerene-like curvatures in nanoporous carbon.”””> Further-
more, the RDF analysis revealed additional peaks at distances
of 3.71 and 4.88 A. These peaks serve as strong indications that
the NPC models exhibit a coherent medium-range order,>*3!

suggesting a well-structured arrangement of particles extending
beyond the nearest and second-nearest neighbors.

The PoreSpy>” toolkit was used to extract the pore-
network connectivity and pore-size distribution (PSD) from
volumetric images of the NPC models. PoreSpy provides a
comprehensive set of tools and functions for quantitative
analysis of such images and is implemented in the Python
programming language.”> A model is first converted into a
binary 3D matrix with voxels, where solid material is
represented by one and void spaces are represented by zero.
To optimize the selection process, the voxel volume of the 3D
mask is set to 0.05 A%. The chord-length distribution and local
thickness filters in PoreSpy were employed to estimate the
PSD, which is represented by a function proportional to the
integral volume of pores within an effective radius. The
resulting PSD was characterized by the chord-length and pore-
radius distributions, as shown in Figure 3(a) and (b),
respectively. The cumulative distribution function (CDF)
from the chord-length distribution provided information about
the pore size and shape distribution of the NPC models,
revealing that pores less than 20 A are more probable and the
probability decreases toward the box edge. The local thickness
calculation revealed two peaks at around 13 and 20 A.

Although PoresPy is a useful tool for analyzing pores in
3D data,”* " it is limited to image analysis and manipulation
and does not provide 3D visualization capabilities. Figure 4
illustrates our attempt to mitigate this limitation by collapsing
one dimension of the 3D binary data in various regions to
visualize them as 2D slices. The resulting images in the
columns of Figure 4 include the collapsed 2D images, x- and y-
axes chords, and the pore thickness profile. An animation
showing more of these 2D images can be found in the
Supporting Information and also on our Web site.”” The pore
thickness profile reveals that although the majority of the pores
fall within the micropore regime, there are regions where the
pores combine and form mesopores. This indicates that the
NPC models possess both micro- and mesopores. Importantly,
although the initial configurations of the NPCs contained
spheres with radii in the mesoporous regime, the pore
distribution remained populated in the microporous regime.
This suggests that the energy-optimal configuration that NPC
prefers is one with chunks of interconnected micropores rather
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Figure 3. Cumulative distribution function (a) and pore radius histogram (b) calculated for a 64000-atom NPC model using PoreSPy.
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are the slices (5 A thick), x- and y-axis chords, and pore thickness profile [X 107 voxel].
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than with spherical mesoporous regions. It is worth noting that
the characterization of mesopores is currently limited by
available tools that can explore nonsolid geometries.

3.2. Electronic, Vibrational, and Thermal Properties.
The electronic properties of the models were analyzed from
the electronic density of states (EDoS), and the localization of
these Kohn—Sham states (¢) was calculated as the
corresponding electronic inverse participation ratio (EIPR,)
as shown in Figure 5(a), and given by the equation
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Figure S. EDoS and VDoS calculated for a 12000-atom NPC model.
(a) EDoS (black curve) and EIPR (green lines). The Fermi energy
has been shifted to zero as indicated by the gray dashed line. For the
VDoS calculation, the plot for the VACF is shown in (b) and (c). The
Fourier transform of the VACF gives the VDoS in (d).

where ¢, is the contribution to the eigenvector (¢,) from the i
atomic orbital (s and p) implemented within SIESTA
(Spanish Initiative for Electronic Simulations with Thousands
of Atoms).*® For this calculation, the nonself-consistent Harris
functional was implemented within the local-density approx-
imation (LDA)**" with the Perdew—Zunger parametriza-
tion.*" Low EIPR values correspond to extended states
(relatively distributed over N atoms), and high EIPR values
describe localized states. Figure S(a) shows EDoS and
electronic EIPR for a 12000 atom NPC model.

The Fermi energy (Ef) in Figure 5(a) has been shifted to
zero and is indicated by a gray dashed line. We note that unlike
the zero-energy semimetallic gap observed in graphene and
graphite, NPC exhibits many states at E. The EIPR shows that
the states around E; are fairly delocalized; this suggests that

NPC could be more metallic than semiconducting. A similar
conclusion was arrived at by Lopez and co-workers for carbide-
derived nanoporous carbon.”” Additionally, the states around
the Fermi level were associated with the sp carbon atoms. The
space-projected conductivity reveals that the electronic
conduction pathway in low-density amorphous carbon exhibits
a preference for connected sp” rings and sp chains in the
network.” Thus, it can be inferred that the sp C atoms present
in NPCs may play a role in the design of materials with
interesting electronic properties.

The vibrational density of states (VDoS) of the NPC was
calculated as the frequency spectrum determined from the
Fourier transform of the velocity autocorrelation function
(VACF) given as™

(vu(t)-v,(0))
Z1‘<v(0) ,(0)) 3)

Here 7 is the atom index, and the brackets (- - -) indicate that
an ensemble average over all atoms is taken. This ensemble
average is defined by

(f(t)f(0)) = Zf(f,+s)f(t)

(4)

where t; is the time at the j‘ step, and j = 0, 1, 2,.., S, with S
representing the total number of steps in the simulation. The
spectral density g(w), which is the VDoS, is the Fourier cosine
transform of the VACF (C,,(t)) given as

1 T
8(@) = = [ Cu0Z0) cos(ar) ar .
where T is the total simulation time, and {(¢) is the Blackman
window function used to mitigate oscillations caused by finite
sampling.** In this study, the total simulation time was set to 2
ns with time steps of 1 fs.

Figure S(b) shows the Velocity Autocorrelation Function
(VACF) for an 8000-atom model, while Figure S(c) exhibits
the expected characteristics of the VACF near ¢ = 0, including
the expected zero slope, backscattering, and asymptotic
behavior. In Figure 5(d), the VDoS shares distinct features
with the VDoS spectrum of nanoporous carbon models
obtained by Romero and co-workers,” calculated using the
harmonic approximation method. Specifically, both spectra
terminate at around 1750 cm™), and a minimum around 110
cm™ is observed in all models. However, our spectrum
displays additional distinct peaks due to the inclusion of
anharmonic contributions to vibrations in the implemented
VACF method, which is an advantage over the VDoS obtained
by Romero and co-workers.*®

Furthermore, our spectrum exhibits similarities with the
VDoS calculated for low-density amorphous carbon by
Bhattarai and Drabold.””*® This similarity is primarily
characterized by a peak in the low- and midfrequency regions
at approximately 171 and 646 cm™’, respectively, along with a
shoulder at around 383 cm™. However, there are differences,
such as the sharper peak observed in our nanoporous carbon
(NPC) model at approximately 1183 cm™', whereas
amorphous carbon typically displays a broader peak at around
1200 cm™'. The high-frequency peak observed m NPC,
consistent with the VDoS of graphite and graphene,”” suggests
the presence of local regions with ordered and disordered
phases in the nanoporous carbon structure
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We also calculated the average thermal conductivity (TC) in
NPCs and evaluated the contribution of the heat flux (J) for
each atom.’”*' The ensemble average of the autocorrelation of
J was then related to TC (k) using the Green—Kubo
equationsz”3 given as

1
3VkT?

[ 0030 a
0 (6)

where V, T, and kg are the system volume, temperature, and
Boltzmann’s constant, respectively. The upper limit of the
integral was approximated by 7 (= 2 ns), which is the
correlation time required for the heat current autocorrelation
to decay to zero. A Nosé—Hoover thermostat®™>* was utilized
for thermalization and equilibration at T = 300 K at a fixed
volume using a 1 fs time-step. Initial velocities were assigned to
the atoms randomly from a Gaussian distribution. The TC
exhibited slight variations within the three densities considered
with a mean value of 2.64 W/(m-K) and a standard deviation
of 0.07.

To explore the relationship among porosity, pore geometry,
and thermal conductivity, we created six new sets of models.
Each set contained 5,000 atoms, a density of 0.75 g/ cm?, and
porosity levels 20%, 30%, or 40% (two models per porosity
level). The models were constructed following the method-
ology described in Section 2, with one modification. Only one
large pore was allowed, and eq 1 was adjusted accordingly:

N 14 (7)

Here, v represents the fixed pore volume that defines the
porosity, and V denotes the volume of the simulation box. We
refer to the models with multiple initial pores (connected and
nonconnected) as &), and the models with one large,
connected pore as G,. It is important to highlight that, with
the exception of the chosen interatomic potential and initial
configurations, the construction method employed for the
connected-pore models in G, bears similarities to Fujii’s
approach,'” which we discussed in Section 1.
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Figure 6. Influence of the pore geometry in predicting thermal
conductivity.

Figure 6 presents the mean values of TC at various
porosities for G, and G,. As anticipated, the TC decreases as
porosity increases. Notably, there is a substantial contrast in
TC values between G, and G,. This correlation between
porosity and thermal conductivity has been previously
observed by Fujii in the context of nanoporous carbon' and
by Coquil et al. in relation to nanoporous silicon.*®
Interestingly, the TC trend obtained for G, closely aligns
with Fujii’s findings,"” which could be due to the connected-
pore geometry inherent in both models.

These observations highlight that even at a fixed porosity the
specific pore geometry plays a pivotal role in determining
thermal conductivity. The contrasting behaviors exhibited by
G, and G,, characterized by connected and nonconnected
pores, respectively, underscore the subtle yet crucial role of
pore connectivity and geometry in influencing macroscopic
properties such as TC in nanoporous materials. Hence, the
accurate construction of NPC models necessitates careful
consideration of pore geometry as it could exert a substantial
influence on macroscopic observables beyond porosity alone.

3.3. Mechanical Properties. To investigate the mechan-
ical properties of nanoporous carbon materials under
mechanical stress in practical applications, we computed the
elastic moduli, including Bulk (B), Shear (S), and Young’s (Y)
moduli, as a function of density. The relationship between
strain (¢) and stress (o) for a 3-dimensional material can be
described by the following matrix equation

€, = Cop0p (8)

where @, f = 1, 2, .., 6, such that C, is an elastic stiffness
tensor. We calculated C,;, C,,, and C,, for various density
models at all three densities studied. By using these elastic
constants, we estimated the elastic moduli as
B C, +2C, s=c, Y= 9SB
3 3B+ S (9)
To assess the elastic properties of nanoporous carbon under
mechanical stress, we employed a strain—stress relationship
using a uniform strain rate of 0.1 X 10° strains per second.
Specifically, we applied a strain along the z-axis of the
simulation box to obtain C;; and C,,, and a 4° displacement
angle on a simulation box along the XY plane to obtain Cy,.
The calculated elastic constants and elastic moduli for various
density models are summarized in Table 1. Our results indicate

Table 1. Elastic Constants and Elastic Moduli of Simulated
Nanoporous Carbon at Different Densities

Elastic Constant [GPa] Elastic Moduli [GPa]

Density [g/cm?] Can Cp, Ca Y S B
0.50 742 1.04 3.11 7.13 3.11 3.17
0.75 19.35 S.10 7.11 17.20 7.11 9.85
1.00 29.58 7.23 10.02 24.48 10.02 14.67

that the elastic moduli of nanoporous carbon increase linearly
with density, with Young’s modulus exhibiting the steepest
slope (see Figure 7). The trend in density dependence of
elastic moduli is consistent with other published works."*"”
However, we acknowledge that the elastic moduli can be
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Figure 7. Elastic moduli (Bulk (B), Shear (S), and Young (Y)) as a
function of density for simulated nanoporous carbons. Dashed lines
are the linear fits to the calculated elastic moduli at different densities.

https://doi.org/10.1021/acs.jctc.3c00394
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00394?fig=fig7&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

(b)

Percentage [%]

100F T ' '
651 sp
X sz
201 ’<\\ - sp3
%
_—
ok Kemmmmmmnm et X
3 7 10 15 18 24 30

Temperature [102 K]

Figure 8. (a) and (b) show slices of the NPC models to portray its surface morphology, and in (c), we construct a surface to show the coordination
of the carbon atom on the pore surface in NPC. The 2- (sp), 3- (sp*), and 4-fold (sp°) coordinated carbon atoms are represented by green, yellow,
and blue colors, respectively. (d) shows the temperature dependence of the hybridization in the nanoporous carbon.
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Figure 9. Mechanism of O, adsorption on a reconstructed surface of the NPC model at 1000 K. The O, (red) molecules stick to active 2-fold (sp)
coordinated C sites (green) on the surface (b). This results in the breaking of the O—O bond (c) and in some cases comes off as a CO molecule
(stripped C in black), as shown in (d). The 2-, 3-, and 4-fold coordinated carbon atoms are represented by green, yellow, and blue colors,

respectively.

influenced by several factors, such as pore size distribution,
material density, and structural defects. Nevertheless, our
analysis provides a qualitative representation of the density
dependence of the elastic moduli in nanoporous carbon.

4. SURFACE MORPHOLOGY AND CHEMICAL
REACTIVITY

The surface morphology of NPCs plays a crucial role in
determining their properties and potential applications. The
high internal surface area of NPC influences its reactivity
toward various substances. Surface functional groups, defects,
and roughness contribute to the chemical reactivity of the
material. These features can facilitate chemical reactions such
as catalytic transformations or electrochemical processes. In
this section, we delve into how the coordination of carbon
atoms on NPC surfaces influences their surface reactivity.
Figure 8(a)—(c) presents slices of an 8000-atom NPC
model, illustrating its surface morphology. The surface consists
of carbon atoms with 2-fold (sp), 3-fold (sp*), and 4-fold (sp*)
coordination, represented by green, yellow, and blue colors,
respectively. Figure 8(c) reveals that the 2-fold coordinated
carbon atoms are predominantly located on the surface and are
well-known to act as reactive sites.”® The distribution of carbon
coordination in NPCs can vary, depending on the preparation
temperature. Figure 8 illustrates the temperature dependence

of carbon hybridization in NPCs. Our results demonstrate a
gradual increase (decrease) in the percentage of sp® (sp’)
hybridized atoms as the temperature rises. Notably, the
fraction of sp-hybridized carbon atoms reaches its peak around
1500 K.

The skeletal framework of NPC is predominantly composed
of carbon atoms. Nevertheless, its elemental composition is not
limited to carbon and may comprise hydrogen, oxygen, and
other species, as well. Furthermore, depending on the
precursor and the method of preparation, NPC may also
contain other heteroatoms that can react with the unsaturated
carbon atoms present in the material. The surface reactivity of
NPC toward oxygen, which depends upon unsaturated bonds
on its surface, plays a crucial role in its potential applications in
fields like catalysis or gas separation. It also explains (in part)
the adsorption of water molecules in the mesopores of vitreous
carbon foams made from precursors like furfuryl alcohol or
phenolic resin.*”*

Ideally, investigating the oxygen adsorption mechanism on
the NPC surface would involve placing the oxygen molecules
directly within the pore region in the NPC model. However,
this approach is computationally expensive due to the large size
and complexity of the NPC structure. As an alternative, we
employed the method developed by Bhattarai and Drabold*’
to analyze the oxygen adsorption on surface models of
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Figure 10. Dependence of pore characterization on density and thermal preparation. All the figures were obtained at 3000 K using a 1200-atom
model, and we maintain the density at (a) 2.4 g/cm?®, (b) 1.8 g/cm?, and (c) 1.5 g/cm?. The starting configuration in (b) and (c) involves adding 6
and 12 A vacuum, respectively, in the z-axis of the model in (a). The left-hand figures, in multicolors, are the starting configurations. The right-hand
ones represent the final models. The sp, sp’, and sp configurations are represented by green, yellow, and blue colors, respectively.

amorphous carbon. The rationale behind using surface models
of amorphous carbon is that they provide numerous
representative sites that are likely to occur on the surfaces of
NPCs, as illustrated in Figure 8. Although amorphous carbon
lacks the pore structure present in NPCs, it shares a similar
chemical environment, allowing us to gain insights into some
of the locality-dependent chemistry of NPCs.'¥¢"%*

We constructed an amorphous carbon model with a density
of 0.75 g/cm’. The surface slab was created by increasing the
z-axis by 15 A. The slab was relaxed using a conjugate gradient
(CG) algorithm with a force tolerance of 0.02 eV/A,
employing the plane-wave DFT software package, VASP
(Vienna Ab initio Simulation Package), in the generalized
gradient approximation (GGA) of Perdew—Burke—Ernzerhof
(PBE).®>®* The preference for employing VASP (with plane-
wave DFT) over GAP-20 is because GAP-20 is specifically
trained for pure carbon systems, whereas VASP offers more
versatility for studying a wider range of materials and systems.

Figure 9 depicts the adsorption of the O, on the reactive
NPC surface. Oxygen molecules (in red) were randomly
placed at a distance >2 A from the nearest carbon atom on the
surface. In Figure 9, the sp, sp’, and sp® configurations are
represented by green, yellow, and blue colors, respectively.
Subsequent NVT simulation results of the resulting surface/
oxygen model, heated at 1000 K, indicated that the sp atoms
on the surface are the most reactive with oxygen, while the sp*
and sp® C atoms do not participate in the adsorption reaction.
The oxygen atoms bond to the sp carbon, and in some cases,
the carbon atom is stripped from the surface by oxygen as CO
or CO, (refer to Figure 9(d); the stripped C atom is colored in
black).

It should be noted, however, that the atomic coordination of
NPCs is dependent not only on the processing temperature
but also on the initial assumptions made for the model. To
illustrate this, we created three 1200-atom models, as shown in
Figure 10, at 3000 K with densities of (a) 2.4 g/cm?, (b) 1.8 g/
cm?, and (c) 1.5 g/cm®. In configurations (b) and (c), 6 and
12 A vacuum, respectively, were added to the z-axis of the
model in Figure 10(a). The left-hand figures in Figure 10 (in
multicolors) represent the initial configurations, while the
right-hand figures depict the final models obtained as discussed
in Section 2.2. Interestingly, Figure 10(b) and (c) suggest a
preference for low densities for NPC formation, in contrast to
amorphous graphite that forms at high densities (see Figure

10(a)).
5. CONCLUSIONS

In this study, we developed models of nanoporous carbon with
varying porosities at different temperatures by randomly
distributing carbon atoms and pore volumes in a periodic

box. We used three system sizes of 5000, 8000, 12000, and
64000 atoms with mass densities of 0.5, 0.75, and 1 g/cm’.
The radial distribution function demonstrated behavior
consistent with amorphous carbon, and bond-angle analysis
confirmed a high presence of nonhexagonal rings. Pore size
distribution analysis showed that micropores dominated but
tended to overlap rather than form a single mesopore, as
suggested by a 2D representation of the 3D binary image.
Surface analysis of the pore region revealed that sp atoms
remained mostly on the surfaces and served as active sites for
oxygen adsorption. Furthermore, the electronic density of
states analysis indicated that a few localized states were
primarily situated at these sp carbon atoms near the Fermi
level. The vibrational density of states calculated from the
velocity autocorrelation at 300 K displayed peaks characteristic
of both crystalline and amorphous phases. The mean thermal
conductivity using the heat flux and Green—Kubo formula was
2.64 W/(m-K) with a standard deviation of 0.07. Additionally,
it was observed that beyond the level of porosity, the geometry
and connectivity of the pore volumes significantly influence
macroscopic observables such as thermal conductivity. Finally,
we investigated the mechanical elasticity of nanoporous
carbons and observed a linear increase in elastic moduli with
increasing densities, with Young’s modulus being the most
sensitive to these changes.
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