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Abstract

We present a new morphologically disordered slipsud pore (MDSP) model for simulating
gas adsorption in micro-mesoporous carbonaceousrigdat The MDSP model qualitatively
accounts for the inherent roughness of carbon paaks in accord with the atomistic
structural model of LMA10 reference carbon materfdle MDSP model is applied to pore
size distribution (PSD) calculations from nitrogaghsorption isotherms measured at 77.4 K
in the range of pore widths from 0.72 to 40 nm. Mi2SP model improves significantly the
nitrogen adsorption porosimetry and, being fullynaistic, it is transferable to study various
adsorbate-adsorbent systems. Computations of PBR&idus for a series of carbonaceous
materials, including activated carbon fiber, granuhctivated carbons, synthetic activated
carbons showed that MDSP generates smooth GaugperPSD functions with a well-
defined average pore size. Furthermore, PSD fumettomputed from the MDSP model are
free from the artificial gaps in the region of rawrmicropores (~1 nm and ~2 nm) predicted
from the standard slit-shaped pore models withligesphite-like walls. MDSP is not only a
complementary model to existing approaches, sucjuasch-solid density functional theory
method, but it paves the way to efficient atomisiimulations of various compounds within

morphologically disordered carbon nanopores.



1. Introduction

The morphological structure of nanoporous carbenssually visualized as an assemble of
graphitic planes arranged in a near-parallel faslembedded in disordered carbon matrix,
thus creating a highly porous solid having slitysh pores of molecular dimensions [1-4].
One of the experimental justifications for usingatized slit-shaped pores is that the pore
walls in activated carbons appear to be graphiwalbplanes, which present nearly flat
surfaces for adsorption [5,6]. Non-local densitydiional theory (NLDFT) and the grand
canonical Monte Carlo simulation (GCMC) have impéerted the independent slit-shaped
pore model with smooth graphitic walls for poreesanalysis of complex micro-mesoporous
carbons [7-13]. The use of NLDFT kernels of theioegtnitrogen isotherms (77 K) generated
in crystalline graphitic slit-shaped pores has tiyeamproved the realism of pore size
analysis in the micropore region (pore size < 2 fd]) compared to the traditional
phenomenological methods. However, neglecting fifecteof pore wall morphology has
prominent drawbacks and, consequently, generatawipent artifacts in the NLDFT pore
size distribution (PSD), such as the gap at canlwihich is characteristic of many micro-
mesoporous carbons [15-19].

Real physicochemical conditions of carbonizatiod aativation processes, used in
preparation of micro-mesoporous carbonaceous maerfrom natural and synthetic
precursors, often lead to relatively high energh@terogeneity of internal surfaces [20-24].
Therefore, it is expected that spatial disordecarbon atoms within pore walls controls the
pore morphology and respectively the surface hgeareity. Crystallographic defects (e.qg.
Stone-Wales defects, cluster defects, dislocatians, vacancies), functional groups, and
heteroatoms change the curvature of graphene sHeetdly or globally [25-30].
Approximation of the complex pore morphology byim@dified pore geometry (e.g., slits,
cylinders, spheres, squares, etc.) affects the riaaleo behavior, especially in carbon
ultramicropores where the small pore dimensionsli? times the molecular size of the
adsorbate [31,32]. Several approaches were suggeséecount for the structural disorder of
pore walls in micro-mesoporous carbons. Hybrid rexéMonte Carlo (HRMC) simulation
allows for direct reconstruction of the atomistitustural model of nanoporous carbon
sample using wide-angle X-ray scattering, heliu®6(K) pycnometry and nitrogen (77.4 K)
porosimetry data. Although very promising, HRMCsidll too complex to be implemented
for routine PSD analysis [33-37]. Within the franmW of the standard slit-shaped model of
nanoporous carbons, a variability of pore wallsckhess, surface defects and surface
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roughness, energetic heterogeneity, adsorptioncgiudeformation, wedge-shaped pore
model has been introduced [38-43].

The effects of surface heterogeneity have beemtigcmcorporated into pore size
analysis within the framework of the quenched saeahsity functional theory (QSDFT)
[44,45]. In this multicomponent DFT method, theida$ modeled using the distribution of
solid atoms and the surface heterogeneity is ctexiaed by a single roughness parameter
that represents the characteristic width of mokcldvel surface corrugations. It has been
demonstrated that the QSDFT model significantly roeps the method of adsorption
porosimetry [44,45]. Another approach to accountsiarface and geometrical heterogeneity
of carbon pores is the corrugated graphene modeM)C, which considers carbon pores as
the gaps between corrugated graphene sheets [46ld\ever, neither QSDFT nor CGM
approach provides the atomistic structural modehmiro-mesoporous carbon, which limits
its transferability for computer modeling of otheterfacial phenomena, e.g., adsorptive
separations, electrochemical energy storage, &ialgontrolled drug delivery, at the
atomistic level.

It is important to advance atomistic scale modebhgarbon pores beyond the simple
pore geometries to more realistic models. The matiodesign of pore structure and
morphology is crucial to deliver great performarmfecarbon adsorbents, sieves, catalysts,
electrodes, drug carriers, amongst others. Recedillyestre-Albero et al. [48] suggested to
use the high precision nitrogen adsorption isothatm7.4 K measured on a LMA10 carbon
material prepared from granular olive stones, a®farence for adsorption studies. The
authorsargued that LMA10 carbon surface is a good reptaten of pore walls in
disordered micro-mesoporous carbons, and recomrdetide LMA10 nitrogen adsorption
data as a standard for a more accurate pore salgsanof carbonaceous materials [48].
Despite the insights from this experimental wogkatively little is known about the surface
structure of LMA10 material at the atomistic levaid its impact on the mechanism of
physical adsorption. Consequently, how the atomstale morphology of the reference
carbon surface affects the PSD analysis of micreaeperous carbons remain an open
guestion in fundamental adsorption science. Unfately, disordered carbon surfaces, such
as LMA10 one, cannot at present be completely cheriaed experimentally. Methods such
as X-ray and neutron scattering, stereo high-résoluransmission electron microscopy (S-
HRTEM), scanning transmission electron microsco@TEM), electron energy loss
spectroscopy (EELS), Raman spectroscopy (RS) galigable partial structural information,

but are not yet able to provide an atomistic stmattmodel of disordered carbon surface that
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is consistent with the porosimetry measurementsbR]9 It should be also noted that gas
adsorption experiment provides averaged pore siriabformation at different length scales,
being quite different from other experimental tegaes counted above.

In this work, we present a novel morphologicallgaldered slit-shaped pore (MDSP)
model for characterization of micro-mesoporous cadweous materials by nitrogen
adsorption. Pore walls in MDSP model are constrduagng an atomistic structural model of
LMA10 reference material. The rest of the papersigictured as follows. Two-stage
optimization approach with experimental and simatatdetails used for reconstruction of
atomistic structural model of LMA10 reference maters described in section 2. We start
with the basic idea of the method, followed by tetails of the reconstruction of LMA10
carbon surface. Next, we present MDSP model anduleaé the kernel of theoretical
nitrogen adsorption isotherms for calculations 8DFfunction from experimental adsorption
measurements at 77.4 K. The results of PSD calookatfor selected samples of micro-

mesoporous carbons are presented in section 3.déinglusions are given in section 4.
2. Theoretical background, experimental and simulaon details
2.1. LMA10 carbon surface: reconstruction methodology

The goal of this work is to develop the atomisttcustural model of morphologically
disordered slit-shaped carbon pore for charact®viza of micro-mesoporous carbons using
nitrogen adsorption isotherm measured at 77.4 Ke phre walls in MDSP model are
represented by the atomistic structural model of Al reference material, which is
reconstructed using a novel heuristic two-step @ggh. In the first step, we reconstruct the
atomistic structural model of highly-graphitizedfage using experimental wide-angle X-ray
scattering data on Madagascar graphite [54] and BRdunulation. This graphitic crystal
model serves as a base structure for generatimgsito models of micro- and mesopores in
disordered carbons. In the second perturbatiqn 8te generate a series of morphologically
disordered carbon surfaces by heating and quendiitige graphitic HRMC structure using
canonical (NVT) Monte Carlo method. For each geteeralisordered carbon surface, we
determined theoretical nitrogen adsorption isothdnom GCMC simulations. Those
theoretical adsorption isotherms are compared ag#e experimental nitogen adsorption
isotherm on LMA10 carbon material to select the imepresentative atomistic replica of

morphologically disordered surface of LMA10 refarermaterial.



2.2. Highly-graphitized carbon surface: wide-angle X-ray scattering experiment

Wide-angle X-ray scattering measurements were pagd on Madagascar graphite at
ambient temperature on a Rigaku-Denki D/IMAX RAPIBRIdiffractometer equipped with a
rotating anode Ag Ktube @A = 0.05608 nm), an incident beam (002) graphite
monochromator, and an image plate in the Deby-%hgeometry as a two-dimensional
detector [55-57]. The pixel size was 100 um x 18@ [The investigated sample was placed
inside a glass capillary (1.5 mm in diameter arid Gnm wall thickens), and measurements
were carried out for the sample in the capillarg &r the empty capillary, with the intensity
for the empty capillary then subtracted. The beaidthwat the sample was 0.3 mm. The
recorded two-dimensional diffraction patterns weregrated over the azimuthal angle to
obtain one-dimensional intensity data expresseafaaction of the scattering vector Q using
suitable software. The scattering vector is defiasdQ = 4 sin@®/L.), where D is the
scattering angle antd is the wavelength. The intensity was then coraedbe polarization
and absorption and normalized using data procegsincedure developed for high-energy
X-rays. The structure factor S(Q) = I(Q)/fvas then determined using the procedure
developed for high-energy X-rays and adopted fer@ebye-Scherrer cylindrical geometry.
I(Q) denotes the corrected intensity normalize@lectron units, and f indicates the atomic
scattering factor of carbon. The intensity data ewvéinen converted to a real space
representation in the form of the radial distribatifunction (RDF) via the sine Fourier
transform according to [58]:

1 O .
+ . }[ Q[S(Q) - 1]sin(Qr )dr @)

g(r)=1

wherep, = 112 atoms/nthdenotes the number density of Madagascar graphite.

2.3. Highly-graphitized carbon surface: hybrid reverse Monte Carlo simulations

We used the HRMC simulation method, the experimendnsity and radial
distribution function measured for Madagascar gtapfrom WAXS, to reconstruct the
atomistic structural model of highly-graphitizedrfages (including thermal effects and
possible crystal defects and imperfections) [59,8Q]fixed temperaturd, we performed
Monte Carlo simulation in the canonical ensembléhvtine transition probability to move

from configuratior O to N given by:



acc(o - n)=min{Lexp|- Ax? /2]exp[- pau |} (2)

where 8= (k,T)™ is the inverse temperatuiAU :U(n)—U (0) denotes the difference in

potential energyA)(:)((n)—)((o), and y is given by:

1= 3 {0 (1)~ 926 ) 124 1) ®

Here, M is the number of experimental data poira(r) is the standard deviations of

experimental WAXS data, ar g(r) denotes experimental (subscript ‘exp’) and thecaét

(subscript ‘theor’) RDF.
Theoretical RDF is computed on the fly during HieMC simulation run from the

following expression:

dN, VvV
theor( )_ .

)= 4
471 >Ndr “)

where dN, is the number of carbon atoms in the shell ofkiéss dr, N denotes total

number of carbon atoms, akds the volume of the simulation box.

The HRMC algorithm developed by Snook and co-wmKéd,62] with experimental
RDF measured for Madagascar graphite from WAXS wsesl for reconstruction of highly-
graphitized carbon surface. We start from groumadeselectron configuration of carbon

atoms in graphite crystal consisting of 9702 carbtwms in a periodic cubic simulation cell
of side length of 4.396 nm (i.e., 2.27 gfmWe assume the erna(r): 005 in eq. 3 for

each experimental point on RDF. In our HRMC tempegprogram, we used three stages
with linear temperature ramp. In stage 1, all carbtoms were heated to 5000 K. Next, the
temperature was continuously decreased to 800 Ktdge 2, the temperature was dropped
from 800 to 500 K. Finally, in stage 3, the temper@ was further decreased to 300 K. For
temperature quench, we used a total of HRMC steps, and each step consisted of
attempting displacement of carbon atom. An additiotd HRMC steps at 300 K were
performed to compute the theoretical RDF. The serfaf Madagascar graphite is similar in
nature to the surfaces of other highly-graphitizedbons like Sterling FT carbon black,



which is considered as one of the reference carbwnadsorption studies [8]. The slit pore
model with HRMC reconstructed walls is shown onufggl (upper panel). We will further

refer to this model as Sterling FT model.

Sterling FT (homogeneous)

T YT

’ - 4.396 nm % 4.396 nm % 6.0 nm = y

J;Q*mm&u{ mwu

4.0 nm x 4.0 nm % 7.6226 nm
4.0 nm x 4.0 nm x 6.0 nm

Figure 1. Atomistic structural models used for GCMC simulasoof nitrogen adsorption
(77.4 K) on highly-graphitized Sterling FT and LMBZteference carbon surfaces. Note that
external surface and intrawall ultramicropores BtA10 surface are accessible to nitrogen
molecules. GCMC sampling regions are displayedlbg bectangular boxes. The smaller red
rectangular box refers to a minimal distance betwe identical LMA10 carbon walls. The
graphics in this figure were created using the Vptbgram [88].

2.4. LMA10 carbon surface: temperature-quenched Monte Carlo simulations

We assume that LMA10 surface can be generatedebpehturbation of the graphitic
crystal structure of reconstructed highly-grapketizsurface of Madagascar graphite. Thus,
we temperature-quench the atomistic model of thee Isructure using Monte Carlo (MC)
method [63,64] with implemented 3-body environméependent interaction potential
(EDIP) parameterized for carbon-carbon interactibmgenerate a series of model disordered
carbon surfaces [65]. To make the problem compnatly efficient, we constructed a
smaller graphitic crystal consisting of 3650 carbamoms by cutting the reconstructed
graphitic crystal from Madagascar (bottom panefjuFeé 1). In temperature-quench MC

simulation, the graphitic crystal was first heated5000 K. Next, the temperature was



continuously decreased to 300 K. From the temperajuench Monte Carlo simulations, we

collected 100 atomistic configurations of morphatad)y disordered carbon surfaces.

25. LMA10 and highly-graphitized Sterling FT carbon surfaces: simulated nitrogen

adsor ption isotherm, isosteric enthal py and entropy

Adsorption isotherms of nitogen (77.4 K) on LMAlBeferogeneous) and highly-
graphitized Sterling FT (homogenous) carbon sudare simulated from the GCMC method
[66,67]. Both nitrogen molecules and carbon atongewmodeled by single-site (12,6)
Lennard-Jones particles. The fluid-fluid and sdlided parameters were taken from the work
of Ravikovitch et al. [68]. These parameters cdiyeceproduce the bulk properties of
nitrogen (including: vapor-liquid coexistence, lidwvapor surface tension, and equation of
state) and the adsorption of nitrogen on grapbdi®on surface [68].

For GCMC simulations of nitogen adsorption on hygbtaphitized Sterling FT carbon
surface, the simulation box of 4.396 x 4.396 xr®with periodic boundary conditions and
minimum image convention for computing fluid-fluidteractions in x and y directions
(upper panel, Figure 1). Two identical carbon wadlnsisting of 13 graphene sheets
separated by a distance of 6.0 nm were kept rrgi@CMC simulations. This set up allowed
us to get better estimations of GCMC averages lsecate simulated nitogen adsorption
isotherm on two identical carbon surfaces. The sfzbe simulation box in direction parallel
to pore walls was previously verified in order torenate finite size effects [11,68].

For GCMC simulations of nitogen adsorption on nmipgically disordered surface of
LMA10 material, the simulation box of 4.0 x 4.0 %6226 nm with periodic boundary
conditions and minimum image convention for compgtiluid-fluid interactions in x and y
directions (bottom panel, Figure 1). Two identitdMA10 carbon walls consisting of 6
protruding graphene sheets generated from temperguiench MC and separated by a
minimal distance of 6.0 nm were kept rigid in GCMiGulations. As seen from the snapshot
(bottom panel, Figure 1), intrawall ultramicropor@sLMA10 surface are generated using
temperature-quenched Monte Carlo simulations. Waeiraed that nitrogen molecules are
able to adsorb on both the pore wall surface asd @ the intrawall ultramicropores. It is
tempting to speculate that nitogen molecules cdfusdi from the pore to the intrawall
ultramicropores through surface defects; othewdifin paths might be possible as well. In

GCMC modeling it is implicitly assumed that intrdvaltramicropores are accessible to



nitogen molecules. Next, we verified this assumptlwy comparing theoretical GCMC
nitogen isotherms with the experimental one measareLMA10 reference material [48].

For both GCMC simulation setups, fluid-fluid intetimns were truncated at 1.81 nm.
Interactions of nitogen molecules with all carbaiwnas in our molecular models were
computed before simulations and stored into a ddaring GCMC simulations, solid-fluid
interactions were computed using linear approxiomatiAt each point along the ;N
adsorption isotherm, the simulations were equitémtausing 3 x 10Monte Carlo steps. The
ensemble averages were computed from the additomald Monte Carlo steps. We used
the final configuration from the previous adsorptipoint as a starting configuration for the
simulation of the next one.

For nitogen at 77.4 K, the bulk phase was assumdxgt tideal gas and the differences
between the absolute and Gibbs excess adsorptisnneglected. The absolute value of

nitogen adsorption per surface area was compuiad [85]:

__(N)

n,. = 5
abs ZESENA ( )

where anc(...} is the ensemble averacN, is the Avogadro constanly is the number of

nitogen molecules in the simulation box, é&denotes the surface area of one wall accessible
to nitogen molecules. We used the method of Pfeifal. [69] to evaluat&.

The isosteric heat of adsorption was computed fiteerfluctuation theory [66]:

e 2 0N = (0N)

(N%)=(N)’

whereU is the configuration energy of the systemis the temperature, ariRldenotes the

Oy = Qg + RT (6)

universal gas constant.
To characterize the ordering of nitogen moleculesai course of adsorption we

computed the differential entropy of adsorptiomirthe following expression [70-72]:

St = Sgas q_cll_iﬂ - Rln(ij +R (7)

10



where Syas (=151.9 J/mol/K) [73] is the molar entropy of tmitogen gas at 77.4 K,

J4r =0y —RT is the differential enthalpy of nitogen adsorpticemd p denotes the

equilibrium pressure of nitogen, apglis the standard-state pressure (=101.325 kPa).

2.6. MDSP model: minimal and average pore size

We implemented the independent slit-shaped carbasre pmodel with
morphologically disordered walls using the atonsigiructural model of LMA10O reference
carbon material for characterizations of micro-npEsous carbons by nitrogen adsorption

(Figure 2).

Figure 2. Slit-shaped carbon pore model with morphologicdlgordered LMA10 walls used
for simulations of local nitogen adsorption isothsrat 77.4 K. The middle plane in the pore
(i.,e. z = 0) is displayed by dotted line. The graphicghis figure were created using the
VMD program [88].

Two LMA10 walls, each consisting of 6 protrudingaghene-like sheets, periodically
imaged in the x and y directions, are placed insihaulation box. These two walls were kept
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rigid in GCMC simulations. The accessible pore spaaonsisting of two regions. The space
between the protruding graphene-like sheets is Igiroplled the pore space, and it is
characterized by a minimal () and average (&g pore width (Figures 2-3). The minimum
pore size was varied from 0 to 40 nm. The minimwregsize of K;,=0 corresponds to the
contact of most protruded from the opposite pordlswearbon atoms. The pore width
distributions at selected values of;klare shown in Figure 3. Noteworthy, the average por
widths exceeds the minimum and the average porthwaidH,i»=0 equals 0.72 nm. Intrawall
ultramicropores are also accessible to nitrogereoudés. Distributions of the effective pore
width (He=H-0.34 nm) and the average pore width is compussedg Bhattacharya-Gubbins
method [74] (BG) (Figure 3 and Figure 1S in suppgrinformation). We considered only
the points on the middle plane in the pore (i.€)zFhe total pore volume corresponds to the
volume accessible to the nitrogen hard sphere$igiool diameter of 0.3615 nm), and it was

determined using combination of BG method and M&@wddo integration [75].
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Figure 3. Histograms of the effective pore widthsesHdetected by the BG method for
points on the middle plane in the pore (ze= 0) for selected systems - Figure 2. Dashed
lines denote the average pore widthsygH 0.72, 1.29, 2.84, 5.33, 10.34 and 29.9 nm,
respectively.

The pore size distribution functic f (H avg), is determined from the inversion of the

discrete form of the integral equation of adsomp{it6,77]:

Nexp(p)zzNMDSD(p,Han)f(Han) subject to f(H avg)zo (8)
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where N,,.(p) is the experimental adsorption isotherm interpalateto the vector o'
pressure pointsNMDSP(p, Havg) denotes a matrix of quantity adsorbed per volumeiisited
from GCMC with MDSP model. Note thif(H,,) is a vector of positive or null values

whose terms represent the volume of pore in thepkacharacterized by an average pore

widthH . The total pore volume of the sample is given by:

Vtheor = Z f (H avg ) (9)

The numerical solution of a linear discrete ill-pdsproblem given by eq.8 is not
straightforward and special care needs to be takabtain physically meaningful solution.
In the examples presented below, eq.8 was solvedthiey second order Tikhonov
regularization method with the non-negative leagtase algorithm [78,79].

3. Results and discussion

3.1. LMA10 and Sterling FT reference carbon surfaces: microscopic mechanism of nitrogen
adsorption

Figure 4(a) presents the HRMC reconstruction of ¢éx@erimental RDF function
measured on Madagascar graphite from WAXS. Theeageat between theoretical and
experimental RDF is excellent up to measured cadashon distance of 2.0 nm. We note
that peaks on experimental and reconstructed RDiEtins are finite and broaden by
thermal effects and possible crystal defects argknfiections. The theoretical RDF computed
for the ground-state electron configuration of certatoms in graphite [80] is characterized
by a number of sharp peaks. Their positions argoimd agreement with experimental RDF
measured from WAXS at finite temperature, as shawkigure 4(b). Figure 4(c) displays
HRTEM image of the surface of Sterling FT carbomackl which has been used as a
reference material in NLDFT for pore size analysfsmicro-mesoporous carbons. The
surface of the Sterling FT carbon black is hightgghitized. Therefore, we expected that
nitrogen adsorption on Sterling FT carbon black lsanmeproduced using structural atomistic

model of surface of the Madagascar graphite.
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Distance, (nm)

Figure 4. Panel (a) presents the HRMC (theaeronstruction of the experimental RDF
(exp.) on Madagascar graphite measured from WAMX®. iitial RDF generated for ground-
state configuration of carbon atoms in graphitigstal (theor.) [80] is compared with
experimental RDF on Madagascar graphite on panelHRTEM images of Sterling FT
carbon black are shown in panel (c).

Indeed the experimental nitrogen adsorption isothereasured on Sterling FT carbon black
at 77.4 K is nicely reproduced by the theoreticgabgen adsorption isotherm simulated from
GCMC on the atomistic structural model of highlyphitized surface of Madagascar
graphite (upper panel, Figure 5). The theoretic& M& nitrogen adsorption isotherm
simulated on the most representative morphologiaiordered carbon surface at 77.4 K is
in very good agreement with the experimental isotheeported by Silvestre-Albero et al.

[48] (bottom panel, Figure 5).
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Figure 5. Comparison between the experimental (dashed arid boé€) and theoretical

nitrogen adsorption isotherms (77.4 K) on Sterlifg carbon black (open circles) and
LMA10 carbon material (open squares). The atomisbtafigurations of nitrogen-carbon
interfacial regions at points 1-5 are displaye&igure 7.

We note, however, that there are significant défiferes between nitogen adsorption
isotherms measured/simulated at 77.4 K on highfyhitized and morphologically

disordered carbon surfaces. Adsorption of nitogehA10 carbon material begins from an
extremely low pressure, i.e. 5%1@/p;, and it is increases smoothly without any steps an
discontinuities over the entire experimental pressange (bottom panel, Figure 5). This is a
well-known feature of the energetic heterogeneitythe carbon surface, which has been
experimentally reported for non-graphitizing carblolacks [81]. For these materials, the

adsorption started on high energetic adsorptioteceand proceeds further by gradual filling
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of less energetic centers by nitogen moleculeseddd the isosteric enthalpy of nitogen
adsorption on LMA10 carbon material at low pressuwenverges to 17.4 kJ/mol (i.e., twice
the value of isosteric enthalpy of nitrogen adsorpbn Sterling FT carbon black, see upper
panel on Figure 6 and Figure 5S in supporting mfaiton) and it is smoothly decreasing
with further adsorption. Interestingly, we note tthhe entropy of nitogen adsorption on
LMA10 carbon material at T0 mmol/nf is not gas-like, as would be expected for two-
dimensional nitogen gas adsorbed on basal plageaphite (see bottom panel on Figure 6).
We found that gas-like entropy of nitogen on LAMd#&bon material corresponds to very
low surface coverage of ~2x10mmol/inf (see Figure 5S in supporting information),
indicating the suppression of the local motionnd@fogen molecules adsorbed on LMA10
carbon material at higher surface coverage.

For highly-graphitized sample of Sterling FT carlidack the adsorption of nitogen is
negligible up to 5x10 p/p; because the basal plane of graphite has no sadagrption
centers. Indeed, the isosteric enthalpy of nitogésorption on Sterling FT carbon black at
low pressures converges to 8.96 kJ/mol (see Fiduse in supporting information).
Furthermore, we found that nitogen molecules adsbdn the surface of Sterling FT carbon
black behave as two-dimensional gas at low surfameerages, in good agreement with
theoretical gas-like entropy of 150 J/mol/K (bottgranel, Figure 6) [73]. Upon further
adsorption, nitogen molecules self-assemble intosed-packed monolayer film with
theoretical solid-like entropy of 60 J/mol/K. Obged sharp peak on the enthalpy of
adsorption and an explicit step on adsorption mwthat ~1G p/ps (see point 2, Figures 5-6)
is a further evidence of long-range ordering obgé&n molecules in contact monolayer film.
At higher pressures, nitogen adsorption on botleresice carbon surfaces followed the
mechanism of multilayer formation and grows, apredicted from Brunauer-Emmett-Teller
(BET) theory [82].
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respectively: 151.9, 79.133, and 57.03 J/mollKe atomistic configurations of nitrogen-
carbon interfacial regions at points 1-5 are digpthin Figure 7.

High isosteric heat of nitogen adsorption on LMA#mfaterial computed at low
pressures indicates that first adsorbed nitogeneoutds experienced some degree of
confinement. To make better understanding of thaaleresults, equilibrium snapshots of
the reconstructed nitogen-carbon interfacial regifon studied reference carbon surfaces are

shown in Figure 7.
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Figure 7. Equilibrium snapshots of nitrogen-carbon interé&cegion simulated from GCMC
for highly-graphitized Sterling FT carbon blackf(lpanel) and LMA10 carbon material
(right panel) at 77.4 K. The relative pressuresagxisting nitrogen gas are displayed on the
plot. The graphics in this figure were created gshe VMD program [88].

We presented the equilibrium snapshots at one caurfmly due to symmetry of the slit-
shaped pores. It is clear that intrawall ultrampones on LMAL10 carbon surface are
generated by the protruding graphene sheets. Narcavbon ultramicropores with
morphologically disordered carbon walls are formest below the LMA10 external surface.
They are responsible for the restriction of tratsfel motion of nitogen molecules in
adsorbed phase and high enthalpic effects obseatémv pressures (Figure 5 and 6). The
presence of structural and energetic disorder arduMA10 carbon surface leads to a
smoothing of nitogen-carbon interfacial region aodrresponding theoretical nitogen
adsorption isotherm. Interestingly and not triwialbur results show that strong confinement
can be induced by the atomic-scale roughness ofqugtace region of carbon material. Is
worth noting the difference between the calculdtedts of adsorption for highly graphitized
Sterling FT and morphologically disordered LMA1Qfages given in Figure 6. In the first

case, the characteristic non-monotonic behavidn thié maximum at point 2 is known in the
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literature [83] and can be explained by solidificat of the adsorbed monolayer that is
confirmed by the calculated entropy. In the secaade, the unusual behavior with a
pronounced gradual step between points 1 and 8piaiaed by the specifics of the adopted
model, which allows for adsorption between the wgated graphene layers. These most
energetically favorable sitess(a~ 17.4 kJ/mol computed at zero coverage, FiguransS
supporting information) are filled in the beginniafadsorption. Due the surface corrugation,
the monolayer (point 3) does not solidify and theHer behavior of the heat of adsorption
after the monolayer formation is similar to that ierling FT sample.

3.2. Local adsorption isotherms and isosteric heats of adsorption

The kernel consisting of 105 GCMC nitrogen adsorpisotherms (77.4 K) has been
simulated in MDSP model in the range of averages peidths from 0.72 to 40 nm. All
simulated isotherms consisted of 85 points and reavéhe range of relative pressuresp/p
from 10" to 0.98. Selected excess adsorption and isodtest isotherms are presented in
Figure 8. Adsorption in micropores of pore size46lnm is characterized by continuous s-
shaped isotherms. At saturation, the density obidodsl nitrogen in narrow micropores with
pore size <~1.0 nm is very high, showing that eobdnsurface forces are responsible for
solidification and compression of adsorbed nitroflard. In wider micropores of pore size
~> 1.46 nm and mesopores, the isotherms develmomtisues step that corresponds to the
first-order capillary condensation from the adsadrbkns to the pore filling. We note that the
formation and growth of the adsorbed film is contins, which is manifested by the smooth
isotherm prior to the capillary condensation traosi At saturation, density of nitrogen fluid
adsorbed in wider micropores and mesopores appesael28.8 mmol/cth (i.e., liquid
nitrogen) [73]. Intrawall ultramicropores on LAM1fore walls are responsible for high
values of the isosteric heat of adsorption ~17.8nkd simulated at low pore loadings
(bottom panel, Figure 8). With further adsorptiof mitrogen, the isosteric heat is
continuously decreasing because progressive saturaf energetic sites with higher
adsorption energy. Discontinues steps on isosteeat is a signature of the first-order

capillary condensation in wider micropores and rpeses.

20



40 MRRRLLI T T ML L AL LR L B AL | T LA

—o— 0.72 nm
—+— (.88 nm
—a— 1.02 nm
—a— 120 nm
—o— 133 nm
—v— 146 nm
20 4 —¢— 2.0l nm
—>— 3.17 nm
—+— 4.02 nm
—— 647 nm
—o— 10.17 nm

30 A

10 A

Adsorbed Amount, (mmol/cm3)

10 10° 10®% 107 10° 10° 10+ 10° 102 10" 10°

20 T T T — T LN LR |
18 A
16 A

—0— 0.72 nm
47— 088nm
124 —=— 1.02nm
—4— 120 nm
101 e 133mm
84 —v— 146nm

—— 2.01 nm

61 —— 317mm

44 —— 4.02nm B
—— 6.47 nm

271 —e— 10.170m

0

Isosteric Heat of Adsorption, (kJ/mol)

102 10! 10° 10!

Adsorbed Amount, (mmol/cm’)

Figure 8. Kernel of selected adsorption isotherms and isiesbeats of nitrogen at 77.4 K in
slit-shaped pores with morphologically disorderelA10 pore walls. The average pore
widths are given on the panels.

3.3. Pore size distribution function: application examples

We applied MDSP model to nitrogen (77.4 K) adsamtisotherms measured for spectrum
of nanoporous carbonaceous materials, includingnbitous coal based activated carbon
(Calgon F400) [18,84], charcoal based activatedarar(Norit Row Supra 0.8) [18,84],

synthetic activated carbons (prepared from pherpilgmeric precursors), petroleum pitch-
based activated carbon fiber (Osaka gas, P25) hitdsan based activated carbons. P25
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activated carbon fiber sample was obtained fronf. Katsumi Kaneko (Shinshu University,
Japan) [85]. Micro-mesoporous activated carbonpgrel from chitosan precursors were
synthetized in our laboratory by linicka et al. [8&ligh resolution nitrogen adsorption
isotherms on chitosan based activated carbons megsured at 77.4 K using the ASAP
2010 MicroPore System (Micromeritics, USA) in thedative pressure range from 1
0.99. Before measurement all samples were desanbeatuum at 383 K for 3 h [18,84]. A
series of nitrogen adsorption isotherms at 77.4rKsgnthetic activated carbons prepared
from phenolic precursors were obtained from Proietbk Jaroniec (Kent State University,
USA) [87].

In Figure 9, we present the pore size calculatfonsnicroporous activated carbon fiber
P25 using MDSP model and experimental nitrogenheson. Figure 9 show that MDSP
theoretical isotherm fits the experimental dataegwiell over the whole range of measured
pressures. We recon some deviations of theorasotierm at low pressures, which can be
explained by the simplicity of the model. P25 isatdered microporous material with a
bimodal structure and high theoretical volume gfestnicropores ~1.23 city. The majority
of supermicropores has average pore widths aro@r2l.2-nm but small fraction of narrow
supermicropores around effective pore size ~0.8snatearly visible. The pore size ~2.5 nm
provided by the Osaka Gas company is in good agreemwith the average pore size

computed from the MDSP model.
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An instructive example of disordered micro-mesoparactivated carbons is presented
in Figure 10. The pore structure of Calgon 400 Bidt Row Supra 0.8 activated carbon is
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quite similar. MDSP revels a genuine bimodal stitetwith micropores < ~2.0 nm and
narrow mesopores ~2.0-6.0 nm. We note that, duketanorphological disorder of LMA10
pore walls, the PSDs computed from MPSD model r@e from artificial sharp minima such
as gaps around ~1 nm, as has been previously eepiopdm NLDFT calculations [11,18,84].
Instead, peaks on PSDs are Gaussian-type with deélted average pore size. The
theoretical adsorption isotherms have some deviatad low pressures, which are explained
by the simplicity of MDSP model, which attributésetsame level of surface heterogeneity to

the pores of different sizes.
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It is important to investigate the impact of syrdilse conditions on the tailored
development of micro-mesopore structure. Thiseianstrated in Figure 11 and 12, which
show PSD calculations for a two series of disordargacro-mesoporous activated carbons,
e.g., a series of synthetic activated carbons obthby Kruk et al. [87], and a series of

chitosan based activated carbons synthetized imkéret al. [86].

26



60

4 @ > m R O

Adsorbed Amount, (mmol/g)

0.0 0.2 0.4 0.6 0.8 1.0 12
Relative Pressure, (p/p,)

0.8 1

0.6 -

0.4

0.2 4

Cumulative Pore Volume, (cm3/g)

0.0

Average Pore Width, (nm)

3

Pore volume distribution, (cm’/g/nm)

Average Pore Width, (nm)

Figure 11. Pore size distribution calculations for a seriessghthetic activated carbons
synthetized by Kruk et al. [87]. Upper panel préseaxperimental nitrogen isotherms
together with MDSP theoretical isotherms. MDSP clative and differential pore volume
distributions are presented in the middle and Inofpanels, respectively.

27



The average pore size for synthetic carbons Drkcreases smoothly from ~1.42 nm to
a ~1.72 nm (supermicropore range). We note alsanarease of dispersion on PSD
functions, which can be explained by a longer atibn time. On the other hand, samples K-
M have a bimodal structure of micro- and narrow opeses (~2-4 nm). Interestingly,
micropores are narrow with the pore size of abo7-0.8 nm (Figure 11). Disordered
chitosan based activated carbons are micro-mesop@ualids with a tailored pore size and
dispersion on PSD (Figure 12). The carbon sampleduged by treatment with phosphoric
(V) acid at concentrations 1.34, 2.46, 3.40, 4291, and 5.53 mol/dinwere labeled for
chitosan as CH_1.34, CH_2.46, CH_3.40, CH_4.21, 44, and CH_5.53, respectively.
CH_1 34 activated carbon is a strictly microporeaBd with an average pore size of ~1.5
nm, whereas CH_8 04 activated carbon is a mesop@aid with a small contribution from
supermicropores (i.e., ~13 % by pore volume). Culetd development of mesoporosity,
which was achieved without an expansive and enmentally concerned hard- or soft-
templating method, is favorable for the potent@plecations of these materials in adsorption

of larger molecules from solutions, drug deliveygtems, and organic-based supercapacitors.
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4. Conclusions

We develop a morphologically disordered slit-shapede model for modeling adsorption
and characterization of micro-mesoporous carboneceuaterials. The main feature of
MDSP model consists in a qualitative account fertiorphological disorder of pore walls in
disordered micro-mesoporous carbons using the atmmstructural model of LMA10
reference carbon surface. MDSP model consistseoptine space formed by morphologically
disordered graphene layers and intrawall ultranpiores. The energetic heterogeneity of
LMA10 reference carbon surface is explained byghesence of intrawall ultramicropores,
which existence is an intrinsic structural propestyLMA10 surface. Representation of slit-
shaped carbon pore walls by morphologically diseedd_.MA10 surfaces greatly improved
the PSD analysis. The MDSP model is demonstratedvamous micro-mesoporous
carbonaceous materials, including petroleum pitabeld activated carbon fiber, bituminous
coal and wood based granular activated carbongny@sl and chitosan based microporo-
mesoporous activated carbons. It is shown the MD®Rel is free of the artificial gaps on
PSD functions (~1 nm and ~2 nm) computed from NLRRH GCMC with smooth graphitic
pore walls models. The MDSP model generates smB@atlssian-type PSD functions with a
well-defined average pore size. With additional ification, MDSP may become an
alternative model for pore size distribution chéeazation of porous carbons complementing
currently available QSDFT and CGM methods [44-&ihally, we demonstrate that the
MDSP model can be used for investigations of thlertag of micro-mesopore structure of
activated carbons by synthesis conditions, whicha ikey element for optimizations of
interfacial processes.

It is worth noting that in the proposed MDSP matihel LMA10 carbon material was
chosen as a reference surface. On principle, [fossible to customize the morphological
disorder of carbon pore walls for different classéscarbonaceous materials by choosing
relevant reference surfaces. However, further rekeia needed to shed more light into the
relation between the morphological disorder of sheface of the selected reference carbon
and the atomistic structure of the pore walls i disordered carbons to which this model is

applied.
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