
Contents lists available at ScienceDirect 

Carbon 

journal homepage: www.elsevier.com/locate/carbon 

Highlights 

3D nanostructure prediction of porous carbons via gas 
adsorption 

I Carbon xxx (xxxx) xxx 

Fernando Vallejos-Burgos', Carla de Tomas, Nicholas J. Corrente, Koki Urita, Shuwen Wang, Chiharu Urita, Isamu Moriguchi, Irene Suarez-Martinez, 
Nigel Marks, Matthew H. Krohn, Radovan Kukobat, Alexander V. Neimark, Ywy Gogotsi, Katsumi Kaneko 

• New 3D-VIS procedure to obtain morphological parameters of nanocarbons. 
• Realistic kernel and script obtained via molecular dynamics is provided. 
• 3D-VIS predicts plausible 3D structure, PSD, area and adsorption of other molecules. 

Graphical abstract and Research highlights will he displayed in online search result lists, the online contents 
list and the online article, but will not appear in the article PDF file or print unless it is mentioned in the 
journal specific style requirement. They are displayed in the proof pdf for review purpose only. 

I 



Contents lists available at ScienceDirect 

Carbon 

journal homepage: www.elsevier.com/locate/carbon 

Graphical Abstract 

3D nanostructure prediction of porous carbons via gas 
adsorption 

Carbon xxx (xxxx) xxx 

Fernando Vallejos-Burgos', Carla de Tomas, Nicholas J. Corrente, Koki Urita, Shuwen Wang, Chiharu Urita, Isamu Moriguchi, Irene Suarez-Martinez, 
Nigel Mark~ Matthew H. Krohn, Radovan Kukobat, Alexander V. Neimark, Y'-!!)' Gogotsi, Katsumi Kaneko 

uAS ADSORPTION-DERIVED 3D VISUALIZATION OF CARBON PORES 

Kernel of theoretical 
3D structures Fit adsorption kernel 

Plausible TEM images 
...r. . 

Plausible 3D nanostructure 
and pore size distribution 

Pore size distr. Isotherm predict. 

Graphical abstract and Research highlights will he displayed in online search result lists, the online contents 
list and the online article, but will not appear in the article PDF file or print unless it is mentioned in the 
journal specific style requirement. They are displayed in the proof pdf for review purpose only. 



Contents lists available at ScienceDirect 

Carbon 

journal homepage: www.elsevier.com/locate/carbon 

Research article 

3D nanostructure prediction of porous carbons via gas adsorption 
Fernando Vallejos-Burgos a,b,*, Carla de Tomas c, Nicholas J. Corrented, Koki Urita e, 

Shuwen Wang b , Chiharu Uri ta e, Isarnu Moriguchi e, Irene Suarez-Martinez f, Nigel Marks f, 

Matthew H. Krohn a, Radovan Kukobatg, Alexander V. Neimarkd, Yury Gogotsi h, 

Katsurni Kaneko b 

• Morgan Advanced Materials, Carbon Science Centre of Excellence, 310 Innovation Blvd. Ste 250, State College, PA 16803, USA 
'Research Initiative for Supra-Materials, Shinslw University, Nagano, 380-8553, Japan 
' Department of Chemical Engineering, Imperial College Lendon, London. SW7 2BX, UK 
d Department of Chemical and Biochemi<al Engineering. Rutgers, The State University of Ne:w Jersey, Piscataway, NJ 08854, USA 
• Graduate School of Engineering. Nagasaki University, Nagasak.t 852-8521, Japan 
'Department of Physics and Astronomy, Gurtin University, Perth, 6102, WA, Australia 
• Department of Chemical Engineering and Technology, University of Banja Luka, Banja Luka, 78000, Bosnia and Herzegovina 
h A.J. Drexel Nanomaterials Institute and Department of Materials Science and Engineering, Drexel University, Phi/nde/phia, PA 19104, USA 

ARTICLE INFO 

Keywords: 
Gas adsorption 
Nanoporous carbons 
Surface area 
Pore size distribution 
Adsorption prediction 
Nanoscale imaging 

1. Introduction 

ABSTRACT 

Structural characterization of porous carbon materials is critical for the evaluation of their synthesis procedures 
and performance. Throughout the last decades, many methods have been employed to determine porosity 
properties from gas adsorption such as surface area, pore size distribution (PSD) and real density. However, 
gas adsorption models use 1D structures of carbon nanopores, although adsorption and separation properties 
of nanoporous carbons are governed by 3D pore parameters. Estimating the 3D nanostructure of nanoporous 
carbons using gas adsorption would accelerate progress in research and implementation of nanoporous carbons. 
We report here a promising 3D pore nanostructural characterization from gas adsorption. Using atomistic 
simulations, we have generated a database of realistic 3D porous carbon structures spanning a wide range of 
pore sizes and geometries. After calculating their gas adsorption isotherms, we employed a numerical procedure 
to find the relative contribution for each of the structures to the adsorption isotherm of a nanoporous carbon 
sample. These contributions allowed us to estimate the surface area and pore sire distribution of carbon 
materials; moreover (and perhaps more importantly!), we will show that the plausible 3D pore structures 
correlate very well with the local carbon structure as experimentally determined by high-resolution TEM 
observations and can successfully predict adsorption of different molecules. This is a powerful procedure that 
can be extended to other materials, and with enough computer power, to larger pore sizes. 

Nanoporous carbons have been developed for energy storage ap-
plications due to high surface area and porosity, high electrical con-
ductivity, high thermal conductivity, and chemical robustness [1,2]. 
Nanoporous carbons are accessible to adsorbate molecules, being 
promising for batteries, supercapacitors, membranes, and catalysts [2]. 
Wide range of applications of nanoporous carbons arises from its 

structure and porosity. Thus, accurate evaluation of pore structure and 
porosity using classical one-dimensional values such as average pore 
size (w) and pore size distribution (PSD) is mandatory for screening 
promising nanoporous carbons. IUPAC classifies nanopores into micro-
pores ( < 2 nm), mesopores (2 nm to 50 nm), and macropores (> 50 nm) 
using the one-dimensional parameter w [3]. However, real nanopores 
are 3D structured, which determine the dynamic behavior of molecules 
and/or ions in the nanopores. High performance nanoporous carbons 
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are necessary for enhancement of storage and reaction of molecules 
and/or ions. The 3D visualization of nanopores of carbon is the key to 
accelerating the storage of renewable energies and utilization of CO2• 
A simple evaluation method of 3D visualization of carbon nanopores 
can contribute to better understanding the pore structure and porosity. 
If we determine the 3D pore structure together with the PSD of a target 
nanoporous carbon from gas adsorption, such as N2 adsorption at 77 K, 
we can predict the diffusion, adsorption, and catalysis through com-
puter simulation in advance, giving rise to the progress in development 
of the optimum nanoporous carbon structures. 

The critical component of the method for determination of the 
nanoporous structure in real carbon samples is the modeling of the 
pores. In the conceptual approach, the simplest and the most widely 
used is the slit pore model [ 4], where the pore is defined as the space 
between two semi-infinite parallel graphitic layers. Further refinements 
included pores of different geometries [5-10], as well as introduction 
of defects on the original slit pore model and its variations, and 
construction of pore network with slit pores of different sizes and 
orientations [11- 13]. Slit and cylindrical pore models are currently 
the most advanced ways to characterize the adsorption properties of 
nanoporous carbons experimentally via approaches based on density-
functional theory (DFT), starting with the application of non-local 
DFT theory (NLDFT [14]) to characterize porous carbons and later 
developing into quenched-solid DFT (QSDFT [15]) and 2D-NLDFT [16]; 
all of these were commercially implemented. However, these models 
are still highly idealized and neglect important features of the real 
porous networks by treating the atomistic nature of the porous structure 
as a geometric space, losing effects such as curvature, percolation, 
internal edges and heterogeneous pore sizes and shapes distributions, 
all which lead to computational artifacts in the PSD [17]. 

Simulated models of nanoporous carbon structures are more real-
istic than conceptual models. They generate the porous networks via 
an interatomic potential and are able to reconstruct the atomic coordi-
nates using experimental data via hybrid reverse Monte Carlo (HRMC 
[18,19]) or by mimicking the laboratory synthesis process via molec-
ular dynamics (MD [20- 22]). In a previous work, we performed MD 
simulations with EDIP [23] to mimic the synthesis of carbide-derived 
carbons [24]. This simulation method depends only on annealing tem-
perature and material density, resulting in realistic porous carbon 
networks featuring different pore sizes and geometries, including slit-
like, conic-like, cylindrical-like shapes. The networks are 3D-connected 
and percolated, with graphenic pore walls of different degree of purity, 
containing structural defects such as vacancies, sp3 cross-links, and 
internal edges. Characterization of a number of porous carbons using 
our method agreed well with experimental characterization, including 
adsorption properties, X-ray diffraction and radial distribution func-
tion, and mechanical properties [24-28]. Our previous models were 
also incorporated to the porous carbons database [29], and employed 
to further characterize adsorption properties of commercial activated 
carbons [30]. 

This successful validation of our modeling method motivated us 
to build an extensive collection of realistic porous carbon structures 
systematically spanning a wide range of porosity and grapheniza-
tion/graphitization degrees, from narrow micropores to small meso-
pores. From this we build a kernel of adsorption isotherms which serves 
as the basis for the development of a novel and so far the most realistic 
carbon nanostructure characterization method, which we denote as 
3D-VIS due to its novel visualization capability. Our 3D-VIS method 
employs atomistic structure coordinates which do not require fitting of 
model parameters to experimental reference isotherms, contrary to cur-
rent DPT-based methods. Our method is validated against experimental 
samples (carbide-derived carbons and industrially-relevant activated 
carbons), providing more accurate results than commercial DPT-based 
methods. 3D-VIS is integrated into a user-friendly script which provides 
a simple and ready-to-use tool for the wide community to characterize 
their nanoporous carbons by obtaining plausible 3D geometries, PSDs 
and textural parameters. 

2. Summarized methodology 

We present a nanoporous carbon characterization method that finds 
plausible 3D structures and morphological parameters via fitting its 
experimental gas adsorption isotherm. 

More specifically, the procedure (see Fig. 1) is to first generate a 
series of realistically-simulated carbon structures through molecular dy-
namics (MD) using various combinations of annealing (graphitization) 
temperatures and densities to cover a wide range of nanoporous car-
bons. These structures are cartesian coordinates for carbon atoms. After 
generating the structures, we calculated their N2 adsorption isotherms 
via grand canonical Monte Carlo (GCMC) simulations, and correspond-
ing morphological parameters including PSD, surface area, and pore 
volume. The adsorption isotherms were stored into a PSD kernel. For 
consistency with larger pore sizes, a dozen structures were added with 
pores larger than those practically feasible in our simulations by using 
a mesopore model based on the Kelvin equation [31] allowing us to 
reach up to 40 nm; beyond this range the nanostructure does not have 
relevance in the features of the isotherm, except its magnitude. 

By finding a linear combination of isotherms of our kernel that can 
reproduce the experimentally measured isotherm, it is possible to cal-
culate the morphological ( or textural) parameters of the experimental 
sample together with a plausible simulated HR-TEM image. 

Our structures are generated via annealed molecular dynamics and 
have been extensively characterized and validated through comparison 
with experimental data, including coordination fractions, g(r), TEM, 
XRD, mechanical and adsorption properties [24- 28,32,33]. The full 
methodology is described in detail in Supporting Information SI and 
an online open repository stores all relevant data [34]. 

At this initial stage we have provided an isotherms kernel of N2 
adsorption at 77 K which due to the phenomenological nature of 
adsorption in carbon cannot recreate every isotherm type. It is worth 
noticing however that the method itself is not limited to this kernel and 
more can be developed in a similar manner. The current status for all 
isotherm types is then: (i) For an isotherm type I the method and kernel 
provided works especially well for since these describe a microporous 
structure for the length scale of the developed kernel. (ii) For an 
isotherm type II the method also works well as long as the correction 
for a non-porous sample is provided as in this case. (iii) The N2 kernel 
provided does not accommodate type III isotherms in nanocarbons 
due to the relatively weak adsorbate-adsorbent affinity. To account 
for Type III isotherms, the GCMC isotherms must be recalculated for 
the adsorbate using the same structures and, for example, using H20 
as adsorbent. This can be implemented in future iterations of this 
work. (iv) Type IV isotherm can be implemented with a correction. 
In the atomic length scale where the structures were synthesized via 
molecular dynamics, it is not computationally-feasible to include meso-
pores (yet), however in these pores the nanostructure is not relevant. 
In this work we included a correction to consider mesopores via the 
Kelvin equation. (v) Type V isotherms can also be implemented with a 
correction and a new kernel since the phenomenon is a combination of 
a type III and type IV isotherms. ( vi) Type VI is also feasible. However it 
would require measurement of the GCMC kernel at conditions in which 
a type VI isotherm is formed. Some of our structures (see for example 
#64) possess only a single step since several well-marked steps do not 
occur for N2 at 77 K. This can be implemented in future iterations of 
this work. 

3. Results and discussion 

3.1. Simulated porous carbon structures database 

Systematic variation of simulation temperature and density gives 
nanoporous carbon structures with variable degree of porosity, short-
range order and graphenization/graphitization, as demonstrated in our 
previous study [24,25]. We identify four stages during nanoporous 
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Fig. 1. (a) General scheme of the 3D-VIS method. We create a kernel of realistic computer-generated carbon structures and determine their adsorption and textural properties. 
The contribution of each kernel structure, fitting the experimental adsorption isotherm was found through numerical methods from the known properties of the kernel and the 
experimental isotherms. (b) Pore models employed in NLDIT at the pore sizes defined by the separation between two infinite graphitic slabs. (c) QSDIT and 20-NLDIT include 
corrugation and heterogeneity of the surface. (d) Example of a 3D porous network model employed in our 3D-VIS method, showing coexistence of pores with different sizes, 
geometries, having defects and curvatures. The periodic simulation box is highlighted in blue. 

structure generation: (i) low annealing temperatures and low densities 
result in highly amorphous and microporous carbons, with no graphitic 
nanodomains, i.e., no slit-shaped pores. The high degree of disorder in 
this regime is quantified via ring statistics and coordination fractions, 
where large number of non-hexagonal rings and significant fractions of 
sp and sp3-hybridized atoms were observed; (ii) high annealing tem-
perature and low densities provide a different sort of porous carbons, 
and the higher temperature drives short-range order rearrangements. 
This rearrangement results in larger and more graphenic pore walls, 
having less defects as indicated by a predominant number of hexagons, 
and above ca. 90% of sp- hybridized atoms on average. Temperature-
driven rearrangement imposes the development of mesopores due to 
low density, as observed at the structures whose density was 0.lOgcm- 3 

to 0.25 g cm-3; (iii) low temperature and high densities as reminiscent of 
the structure of coal [35,36]; (iv) high temperatures and high densities 
impose significant graphitization and abundance of slit-shaped pores 
interconnected with narrow micropores, being typical for hard carbons 
in the density range of 1.0 g cm- 3 to 1.5 g cm- 3. Structures calculated 
at the densities below 0.10 g cm- 3 were not annealed into continu-
ous frameworks and were thereby removed from the kernel. These 
structures were more alike a molecule than a solid. 

Not unexpectedly, the pore sizes of the generated structures are 
found to be strongly dependent on their density since the mean pore 
size, as calculated from the first momentum of PSD, decreased exponen-
tially with increasing density (see Fig. Sla). The total surface area (see 
Fig. Slb) exceeded that of graphene for densities below 0.50 g cm-3 due 
to a low stacking and high ratio of carbon at the edges against the basal 
plane, decreasing linearly with density. On the other hand, there was no 
clear correlation between the pore size and the simulation temperature 
(see Fig. Slc). 

It is worth noting that real carbon structures exhibit a variety of 
functional groups [37], which are not explicitly present in our carbon 
structures composed by the carbon atom only. Nevertheless, these 
functionalities only play a secondary role as compared to porosity [38], 
as demonstrated theoretically and experimentally through heat of ad-
sorption measurements. The main advantage of our proposed approach 
is in creating a representative set of carbon structures annealed at 
different temperatures to cover a wide practical temperature-density 
area of interest. These structures are inherently heterogeneous with 
varying pore wall curvature, presence of Stone-Thrower-Wales defects, 
and carbon edges. 

Table 1 
Textural characteristics of the porous carbons tested as analyzed by classical methods 
and 3D-VlS. 

Sample Surface area (m'/g) Pore volume (cm'/g) 
name BET' 3D-VIS Experimental' 3D-VIS 

CDC-400 1144 986 0.53 0.55 
AC-YPSOF 1556 1378 0.79 0.74 
ACF-A20 1671 1716 1.13 1.10 
PG-600 1162 1129 0.75 0.71 

• Pressure range calculated according to Rouquerol [ 43] criteria. 
• Pore volume calculated at P / P0 ; 0. 99. 

3.2. Characterization of experimentnl carbon samples 

We studied the N2 adsorption isotherms of four representative 
nanoporous carbons: a carbide derived carbon produced by extracting 
Ti from TiC [39] at 400 •c (CDC-400), an industrially relevant activated 
carbon (AC-YP50F) [ 40], an activated carbon fiber (ACF-A20) [41], and 
a porous graphene (PG-600) [42]. These nanoporous carbons showed 
an evident isotherm type-I behavior [3] characteristic of microporous 
carbons (see Fig. S3a,b). They also exhibited medium to high surface 
area and a moderate pore volume (see Table 1). 

BET theory has a long and successful history for porosity evaluation. 
While it is well known that the BET method is unsatisfactory to evaluate 
total surface areas [ 44] and often overestimates their values [ 45], it is 
still the most widely used method for surface area evaluation due to its 
simplicity. However, when this method is applied to adsorbents whose 
isotherms are unable to satisfy the BET assumptions, more sophisticated 
criteria are required for porosity assessment, which complicate the 
applicability of this method [ 46]. Furthermore, the imperfect and insuf-
ficient manual calculations cause low reproducibility [ 44]. Advanced 
mathematical evaluation methods based on DFT theory have con-
tributed to understand porous carbons. However, further improvements 
of the DFT method are needed for reliable porosity characterization. 

The 3D-VIS model shows an excellent fit of the nanoporous carbons 
employed in this study (see Fig. 2). The fit follows the different curva-
tures observed in the experimental nanoporous carbons. The residual 
errors deviate from the experimental points by ~ 1 %. A somewhat 
larger difference usually occurs at the relative pressure region below 
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Fig. 2. Experimental N, adsorption isotherms plotted wilh the fit of the 3D-VIS model. (a) CDC-400, (b) AC-YPSOF, (c) ACF-A20 and (d) PG-600. 

10- 5 where the experimental measurements are uncertain [47]. How-
ever, since the residual errors are still not random, we expect the fit to 
improve in future iterations of this work by adding more structures to 
the kernel. 

The BET surface areas of COC-400 and AC-YP50F are~ 15% larger 
than their 30-VIS counterparts, while those of ACF-A20 and PG-600 
almost coincide with the results from 30-VIS. The difference between 
BET and 30-VIS methods for narrow micropores is attributed the over-
simplified assumptions applied in the BET equation, including mono-
layer formation, no interaction between adsorbed molecules, uniform 
adsorbate coverage, and hexagonal close-packing. The pore volumes of 
these four carbons determined from Gurvitch's rule and 30-VIS method 
differ by 3%-7%, showing good reliability of these methods. Neverthe-
less, the porosity of microporous carbons determined from conventional 
methods and the 30-VIS method show quite good consistency. 

3.3. TEM comparison 

We observed nanoporous carbon structures experimentally with 
TEM and simulated the TEM micrographs for validation of our method. 
Considering the number of graphene layers, the carbon structures can 
be classified into a few layer and multi-layer structures. COC-400 has a 
few layer structure, consisting of densely packed graphene with edges 
that represent the pore walls (see Fig. 3). AC-YP50F, ACF-A20, and 
PG-600 form layered structures that are not closely packed. We can 
observe similarities between the simulated TEM images and experi-
mentally observed carbon structures, showing the reliability of our 
approach. Predicted structures #24 and #71 significantly contribute 
to the COC-400 model. The TEM images were focused on the edge 
area of the particles for clear observation of the carbon structures. The 
layered structure group is additionally classified according to the two 
dimensional size of each layer. AC-YP50F has densely packed structure 
of wavy layers, while ACF-A20 and PG-600 has layer structures of 
flat graphenes. Both samples have high contribution to the layered 
structures. Nanoporous carbon models that contribute to the N2 adsorp-
tion isotherms at 77 K correspond to the TEM simulated structures. In 
addition, we compare the pore sizes estimated from the TEM images 
and calculated pore sizes to clarify our method. COC-400 has a narrow 
PSO distribution of ~0.8nm, AC-YP50F and ACF-A20 have a wide pore 
size distributions of ~0-3 nm, while PG-600 has a bit wider pore size 
distribution of ~0-4 nm (Fig. 4). The narrow pores of COC-400 arise 
from the densely shrinked graphene-like structure, forming narrow 
pores (see Fig. 3). On the other hand, AC-YP50F, PG-600 and ACF-A20 

consist of graphene layers that are not densely packed, giving wider 
pores than that of COC-400. The pore sizes between the observed pores 
and the calculated ones are similar, suggesting the reliability of the 30 
PSO method. 

3. 4. Pore size distribution (PSD) 

We calculated PSO of four samples using 30-VIS method developed 
in this work and modern OFT including QSOFT, NLDFT, and 20-NLOFT 
for comparison (see Fig. 4). As expected, the simplest NLDFT method 
shows a singularity at 0.8 nm, corresponding to a layering transition 
artifact [15] due to the monolayer transition in smooth graphite in-
herent to this method. The artifact behavior was slightly corrected by 
adding a roughness factor to the pore wall in QSDFT. Yet, the sharp 
peaks and zeros can be observed in the PSO plots [48,49]. 20-NLOFT 
provides a more physically-plausible PSO using energetic heterogeneity 
and geometrical corrugation, removing most of the artifacts in the PSO 
plot. The OFT methods cannot take into account realistic features of 
the carbon structure such as curvature and pore length due to slit-
or cylinder-shaped pores [50]. Resolving these issues require complex 
approaches such as combining OFT models and adsorbates [48,49], or 
coupling with additional methods to evaluate porosity [51]. 

In contrast, our 30-VIS method does not require additional fitting 
to remove artifacts because each simulated nanocarbon structure has 
common defects, uneven pore spacing, and curvatures. These features 
were implemented in the calculation process, resulting in artifact-free 
PSO curves. 

3.5. Prediction of CO2 adsorption 

CO2 adsorption at 273 K is a popular alternative to N2 adsorption 
at 77 K for porosity evaluation [52,53]. Although the CO2 molecule 
is unsuitable for characterization of polar materials due to its strong 
quadrupole moment, it shows great advantage for non-polar mate-
rials containing narrow micropores whose N2 adsorption is hardly 
measurable at 77 K due to extremely slow diffusivity. CO2 at 273 K 
diffuses much faster than N2 at 77 K, penetrating into narrow pores 
and allowing reliable evaluation of porosity parameters. We compare 
the experimentally measured and predicted CO2 isotherms at 195 Kand 
273 K (see Fig. 5). The predicted isotherms were calculated from the 
same structure contribution found in the solution of the N2 isotherms at 
77 K. The isotherms at 273 K show similarity, suggesting the feasibility 
for predicting CO2 adsorption in narrow micropores. Note that at 
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Fig. 3. Comparison of TEM images between experimental samples and carbon models. Carbon models that contributed the most to the adsorption isotherm fit are shown as 
simulated TEM images. 
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Fig. 4. Comparison of pore size distributions calculated with 3D-VIS and DFT methods: (a) CDC-400, (b) AC-YPS0F, (c) ACF-A20, and (d) PG-600. 
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273 K, the range of pores filled by CO2 at sub-atmospheric pressures 
is limited by -1 nm [54]. At 195 K, the simulated isotherms agree with 
the experimental isotherms at low pressures, corresponding to narrow 
micropore filling. In contrary, the isotherms slightly deviate in the 
region of wider micro/mesopore filling at P /Po> 0.2. These deviations 
may be related to the surface chemistry of adsorbents that does not 
capture N2, e.g., N2 has quadrupole moment which interacts weakly 
with polar functional groups at carbon surface, while CO2 is sensitive 
to polar functional groups on carbon surface due to its three times 
stronger quadrupole moment [55]. Another factors are the limited size 
of 3D models and periodic boundary conditions employed in GCMC 
simulations. 

4. Conclusion and outlook 

We have developed a nanoporous carbon characterization method 
(3D-VIS) based on gas adsorption isotherms. 3D-VIS method can pro-
vide a plausible and realistic 3D-nanostructure of nanoporous carbons, 
predicting adsorption isotherms of molecules, giving surface area, pore 
size distribution, and porosity parameters. 

More specifically, a database kernel of 78 carbon structures simu-
lated through molecular dynamics provides a wide range of morpholog-
ical characteristics in both synthesis temperature and density, which 
are able to fit the N2 isotherm of a given experimental carbon. The 
weights of the fit show the most likely structures that behave as the 
experimental carbon. It is worth noting that the method is general and 
not limited to N2 adsorption since new kernels can be developed in a 
similar manner. 

The method was tested on four commercially interested nanoporous 
carbons: carbide derived carbon, active carbon for Li-ion batteries, 
activated carbon fibers, and porous graphene. 

As with every method, 3D-VIS also has its shortcomings: (i) it is 
indeed computationally-demanding to synthesize and simulate very 
large structures, and thereby we limited our structure to 5.5 nm in size. 
Although we considered the top limit ofmesopores (40nm) by hybridiz-
ing our method with Kelvin's equation appropriate for mesopores, we 
expect that the regular advances in computer power will eventually 
overcome this limitation. (ii) No surface chemistry and/or charges were 
included in the provided kernel. However this has been the norm for 
OFT-based method, and in the case of 3D-VIS it can be overcome by 
simulating more structures and adding typical surface groups found in 
carbons. 

This is evidently the most advanced method to obtain characteristics 
of carbons only from their adsorption isotherms. The prediction of all 
pore size distribution, gas adsorption and plausible 3D structures will 
be an invaluable help in study and understanding of nanoporous carbon 
structures in a more realistic way. 
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Appendix A. Supplementary data 

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.carbon.2023.118431. 

1. Detailed methodology and supporting figures. 
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2. Detailed information and results for every model structure in the 
kernel. 

3. Spreadsheet summary with model results including adsorption 
isotherms and PSDs. 

4. Jupyter script to process experimental adsorption isotherm and 
obtain plausible TEM images, PSD and textural parameters all available 
in the online repository (34]. 
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