An improved model for No adsorption on graphitic adsorbents and graphitized
thermal carbon black—The importance of the anisotropy of graphene
Luisa Prasetyo, Shiliang (Johnathan) Tan, Yonghong Zeng, D. D. Do, and D. Nicholson

Citation: The Journal of Chemical Physics 146, 184702 (2017); doi: 10.1063/1.4982926
View online: https://doi.org/10.1063/1.4982926

View Table of Contents: http://aip.scitation.org/toc/jcp/146/18

Published by the American Institute of Physics

Articles you may be interested in

Extension of the Steele 10-4-3 potential for adsorption calculations in cylindrical, spherical, and other pore
geometries

The Journal of Chemical Physics 135, 084703 (2011); 10.1063/1.3626804

Comparison of simple potential functions for simulating liquid water
The Journal of Chemical Physics 79, 926 (1983); 10.1063/1.445869

Efficient chemical potential evaluation with kinetic Monte Carlo method and non-uniform external potential:
Lennard-Jones fluid, liquid, and solid
The Journal of Chemical Physics 147, 014105 (2017); 10.1063/1.4991324

Multiscale modeling of electroosmotic flow: Effects of discrete ion, enhanced viscosity, and surface friction
The Journal of Chemical Physics 146, 184106 (2017); 10.1063/1.4982731

A five-site model for liquid water and the reproduction of the density anomaly by rigid, nonpolarizable
potential functions

The Journal of Chemical Physics 112, 8910 (2000); 10.1063/1.481505

Free energy calculations along entropic pathways. Ill. Nucleation of capillary bridges and bubbles
The Journal of Chemical Physics 146, 184104 (2017); 10.1063/1.4982943

ADVANCED LIGHT CURE ADHESIVES

WHITEPAPERS Take a closer look at what these
environmentally friendly adhesive
systems can do ¢HMASTERBOND'

PHYSICS TODAY

PRESENTED BY



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1858055942/x01/AIP-PT/MB_JCPArticleDL_WP_0818/large-banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Prasetyo%2C+Luisa
http://aip.scitation.org/author/Tan%2C+Shiliang+Johnathan
http://aip.scitation.org/author/Zeng%2C+Yonghong
http://aip.scitation.org/author/Do%2C+D+D
http://aip.scitation.org/author/Nicholson%2C+D
/loi/jcp
https://doi.org/10.1063/1.4982926
http://aip.scitation.org/toc/jcp/146/18
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.3626804
http://aip.scitation.org/doi/abs/10.1063/1.3626804
http://aip.scitation.org/doi/abs/10.1063/1.445869
http://aip.scitation.org/doi/abs/10.1063/1.4991324
http://aip.scitation.org/doi/abs/10.1063/1.4991324
http://aip.scitation.org/doi/abs/10.1063/1.4982731
http://aip.scitation.org/doi/abs/10.1063/1.481505
http://aip.scitation.org/doi/abs/10.1063/1.481505
http://aip.scitation.org/doi/abs/10.1063/1.4982943

THE JOURNAL OF CHEMICAL PHYSICS 146, 184702 (2017)

® CrossMark
¢

An improved model for N, adsorption on graphitic adsorbents
and graphitized thermal carbon black—The importance

of the anisotropy of graphene

Luisa Prasetyo, Shiliang (Johnathan) Tan, Yonghong Zeng, D. D. Do, and D. Nicholson
School of Chemical Engineering, University of Queensland, St. Lucia, Queensland 4072, Australia

(Received 7 March 2017; accepted 19 April 2017; published online 11 May 2017)

Computer simulations of N, adsorption on graphite frequently use the 10-4-3 equation with
Steele’s molecular parameters to describe the dispersive-repulsive interaction between a molecule
and graphite. This model assumes that graphite is a uniformly homogeneous continuum solid,
and its derivation implies the following assumptions: (1) the solid is built from stacked, equally
spaced graphene layers, (2) there is an infinite number of layers, and (3) the carbon atom
molecular parameters are invariant for all layers (collision diameter of 0.34 nm and reduced well
depth of interaction energy of 28 K). Despite the fact that this model can give an acceptable descrip-
tion of experimental data for this system, there are experimental observations that simulation results
fail to account for. First, the isotherm does not exhibit a step in the sub-monolayer coverage region
at 77 K, which is attributed to a transition from the supercritical state of the adsorbate to the com-
mensurate state, and therefore fails to reproduce the cusp and heat spike in the experimental isosteric
heat curve versus loading at close to monolayer coverage. Second, the simulation results overpredict
the experimental data in the multilayer region. These discrepancies suggest that (1) the absence of
lateral corrugation in the 10-4-3 potential misses the commensurate to incommensurate transition and
(2) the long-range solid-fluid potential, experienced by the second and higher layers onwards, is too
strong. Here we examine a revised graphite potential model that incorporates three features absent
from the 10-4-3 model: (1) an energetic corrugation of the potential arising from the discrete atom
structure of the adsorbent, (2) the unequal spacing of the graphene layers due to the anisotropic force
field acting on graphene layers at the surface, and (3) the different polarizabilities of carbon atoms in
graphite, parallel and normal to the graphene surface. These features are corroborated by a number
of experimental measurements and quantum-mechanical calculations: (1) the Low-Energy Electron
Diffraction (LEED) and Surface-Extended X-ray Absorption Fine Structure (SEXAFS) experiments
show that the first adsorbate layer is smaller than predicted by the 10-4-3 model with the traditional
molecular parameters suggested by Steele, and (2) the potential well depth for atoms in graphene is
stronger than for C-atoms in graphite. The simulation results using this revised graphite model give
an improved description of the fine features of adsorption of N on graphite: the sub-step in the first
layer of the isotherm, the spike in the isosteric heat curve versus loading, and the coverage at higher
loadings. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982926]

. INTRODUCTION

Computer simulation studies of adsorption of gases on
graphite using the homogeneous continuum 10-4-3 model!
have been used to investigate the mechanism of adsorption
for a number of single and multisite molecules, for example,
argon,” ™ methane,> krypton,%’ nitrogen,®? carbon dioxide, '
benzene,!! ethane,'? ethylene,'” propylene,'® carbon tetra-
chloride,'* n-butane, n-pentane, n-hexane,!> methanol, 617
ethanol,!” and ammonia.'® This model assumes that graphite
is a uniformly homogeneous continuum solid, and its deriva-
tion implies the following assumptions: (1) the solid is built
from stacked, equally spaced graphene layers, (2) there is an
infinite number of layers, and (3) the carbon atom molecu-
lar parameters are invariant for all layers (collision diameter
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of 0.34 nm and reduced well depth of interaction energy of
28 K'?). Despite the fact that this model can give an accept-
able description of experimental data for the aforementioned
systems, there are experimental observations that simulation
results fail to account for, i.e., the adsorption of N, on graphite
at its boiling point of 77 K,'? which is commonly used as a
reference for surface area determination and the analysis of
pore size distribution. To fully describe N, adsorption with
the molecular simulation, we need to account for its molecu-
lar shape and quadrupole. Even simulations that include these
refinements>® fail to register several experimental observa-
tions?*23 including (1) the sub-step in the isotherm, associated
with the transition from a supercritical 2D fluid to a commen-
surate solid; (2) the cusp and spike in the isosteric heat curve
close to monolayer coverage; (3) the correct second and higher
layer coverage, which is overpredicted in simulations.
Interestingly, when N, is modelled as a single Lennard-
Jones (LJ) site, a sub-step in the simulated isotherm is
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observed,” contradicting the expectation that a physically
superior two-site LJ site model for N, with three partial charges
would perform better. Since a multisite model of N, gives an
excellent account of vapour-liquid equilibria and the interfa-
cial tension of the bulk phase,’* the onus is now placed on
the validity of the widely used 10-4-3 model for the graphite
potential energy field in which an implicit assumption is that
graphene layers are equally spaced. Ustinov recently raised
this question® and argued that the collision diameter of the
carbon atom (o¢c) in a graphene layer should be smaller than
the value of 0.34 nm first proposed by Steele.!” Ustinov’s argu-
ment is based on the observation that when the C-collision
diameter is reduced to 0.26 nm, the potential profile of an atom
interacting with the solid (Solid-Fluid (SF) potential) decays
faster with distance from the graphite surface, resulting in a
weaker SF potential at the position of the second layer and an
improved description of higher layer adsorption. Furthermore,
when occ is smaller, an atomically discrete model of the sur-
face is more energetically corrugated, and simulations at 77 K
show a transition from a supercritical 2D fluid to commensu-
rate packing, as a sub-step in the isotherm and a spike in the
heat curve versus loading. However, this choice of 0.26 nm was
implied for all layers in the graphite, which is in disagreement
with the accepted X-ray diffraction (XRD) data which give
an interlayer spacing in a graphite of 0.3354 nm, and the fact
that the distance of the first adsorbate layer from the surface
is greater than predicted by Ustinov’s model.?6-’

The potential from the proposed model is used here for
a comprehensive study of N, adsorption over a range of tem-
peratures. This study highlights the differences between the
proposed model and the 10-4-3 continuum graphite model,
especially at low temperatures where the corrugation is more
strongly manifested, and demonstrates the improved agree-
ment between simulation results using this model and exper-
imental data. The anisotropy of polarizability in the first
graphene layer also accounts for a shift in the 2D-transition for
the first two adsorbed layers and the sub-steps in the isotherm,
associated with the spike in the plot of the isosteric heat ver-
sus loading. By decomposing the isotherm and the isosteric
heat into contributions from the first and second layers, we
elucidate the mechanisms underlying these transitions.

Il. THEORY
A. A new molecular model for graphite

In this work, we propose a revised molecular model
for graphite that incorporates the following important fea-
tures absent from the homogeneous continuum solid 10-4-3
model:

1. Recent density functional theory (DFT) theoretical stud-
ies by Gobre and Tkachenko?® suggest that the van der
Waals attractive parameter for C may be larger in the

Occ = 0.28nm, 0 /kg = 35K K

A1 = 0.2987nm

z
A2 = 0.3354nm y
X

A3 = 0.3354nm

‘ Occ = 0.34nm, e../kg = 28K ‘
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first layer than the generally accepted value of 28 K.
Here we have used 35 K for this parameter in calculating
interactions with the outermost (top) graphene layer.

2. Low-Energy Electron Diffraction (LEED) and Surface-

Extended X-ray Absorption Fine Structure (SEXAFS)
experiments®®? indicate that the collision diameter for
carbon in the top graphene layer must be smaller than
0.34 nm. This implies that the interlayer spacing between
the first layer and the rest of the solid is less than the
inter-layer spacing in bulk graphite measured experimen-
tally by X-ray diffraction (XRD). We postulate that this
reduction in layer spacing occurs because the outside
layer(s) experiences forces from the underlying graphite
which are not balanced by any forces from the other side.
The interlayer spacing below the top two layers must be
0.3354 nm and the well depth of carbon atom of graphene
layers below these layers 28 K in order to give the correct
value for the compressibility of graphite.
In this work, the equilibrium interlayer spacings were
determined by minimising the potential energy as fol-
lows. The graphite surface was modelled as a stack of
layers, infinite in the x- and y-direction parallel to the sur-
face. The uppermost layer was modelled as one Crowell?’
layer while the underneath layers were modelled by the
10-4-3 potential. The spacing between the two top lay-
ers, calculated by either the minimization of energy or
Monte Carlo simulation under vacuum, was found to be
smaller than the underlying layers as shown in the illus-
tration (Fig. 1). From the position of the minimum in the
interaction between the top layer and the 10-4-3 solid, we
find an equilibrium spacing between the top two layers
of A1 =0.2987 nm. The molecular parameter occ, for a
carbon atom in the first layer, was therefore set as 0.28
nm and ecc/kg = 35 K. The smaller occ was calculated
based on the LEED experimental result for argon° by the
Lorentz-Berthelot mixing rule, while ecc/kp =35 K was
chosen by matching the simulated Henry constant®' with
the experimental Henry constant. For consecutive layers,
occ = 0.34 nm and ecc/kp =28 K were used. The sur-
face density of carbon in the graphene layer is 38.2 nm™2
while the cross-collision diameter and the well-depth of
the solid-fluid interaction energy were calculated by the
Lorentz-Berthelot mixing rule.

3. The discrete atom structure of graphite implies differ-
ent adsorption energies at different site locations on the
graphite surface®” and also the effect of the anisotropy of
polarisability, parallel and normal to the surface.6->’

B. Grand Canonical Monte Carlo (GCMC) simulations

In the Grand Canonical Monte Carlo (GCMC) simula-
tions, we used 150 000 cycles for both equilibration and
sampling stages. Each cycle consisted of 1000 attempted

FIG. 1. Schematic illustration of solid arrangement of
graphite. Top layer is modelled as a corrugated Crowell
surface while the bottom layer is modelled as the Steele
surface of infinite layers.
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TABLE I. Lennard-Jones molecular parameters and partial charges of Np.2*

Collision  Reduced
X Y Z diameter  well depth
Species Site  (nm) (nm) (nm) o (nm) (K) q(e)
Nitrogen N  0.055 0 0 0.331 36 -0.482
N 0.055 0 0 0.331 36 -0.482
0 0 0 0 0 0.964

displacement, insertion, and deletion moves, chosen with
equal probability. In the equilibration stage, the maximum
displacement step length was initially set as 2 nm and was
adjusted at the end of each cycle to give an acceptance ratio
of 20%. The lengths of the simulation box in the x- and y-
direction were (30 X 15\/3) agr to ensure the periodicity of the
graphite surface, where ag is the graphite lattice constant (ag;
= (0.246 nm). The dimension in the z-direction was 2 nm. The
graphite surface was infinite in the x and y directions (modelled
with periodic boundary conditions), and the atom centres in
the uppermost graphene layer of the graphitized thermal car-
bon black (GTCB) were positioned at z = 0 and a hard wall
was positioned at z = 2 nm.

C. Fluid-fluid and solid-fluid potentials
1. Fluid-fluid (FF) potential

The interaction between two N, molecules (Fluid-Fluid
(FF) interaction) is constructed from the two 12-6 Lennard-
Jones sites with three fixed partial charges. The two L sites are
located at the centres of the N, atoms and the charges reside on
the axis joining the two nitrogen atoms, with the two negative
charges on the centres of the nitrogen atoms and one positive
charge at the middle point on the axis. This 2LJ + 3q model,
proposed by Potoff and Siepmann,®* is denoted as the Trans-
ferable Potentials for Phase Equilibria Force Field (TraPPE)
model; its molecular parameters are listed in Table I. The mag-
nitudes and the positions of these three charges are chosen to
reproduce the quadrupole moment of N,. The elongated shape
of N, provides an opportunity to study how the structure of the
adsorbate on the surface is balanced by the interaction energy

y(rm)
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among N, molecules and the interaction energy between Nj
molecules and the energetically corrugated graphite surface.
On the one hand, the molecule-molecule interaction between
N, molecules favours a T-arrangement; on the other hand the
SF interaction favours an in-registry arrangement between the
centre of mass (COM) of N, with the energetically corrugated
surface. This interplay results in a transition from one state of
the adsorbate to another state and will be further discussed in
Sec. III.

2. Solid-fluid (SF) potential

The corrugation in the solid-fluid (SF) interaction is
accounted for in the uppermost graphene layer, using the equa-
tion given by Kim and Steele®® (for the sake of completeness
we present their equation in Subsection 1 of the Appendix
as Eq. (Al)). The SF interaction from the deeper layers is
described by the standard 10-4-3 equation' assuming that the
rest of the adsorbent can be approximated as a continuum
solid. The energetic corrugation of the potential function par-
allel to the surface planes is also modified by the difference in
the carbon atom polarizability parallel to the surface and nor-
mal to the surface (see, for example, the works of Carlos and
Cole?®?” and Nicholson**) which enhances the energetic cor-
rugation. Carlos and Cole?’ introduced two parameters y, and
g to account for the anisotropy of polarisability. The param-
eter y4 comes from the product of the dipole coupling tensors
that appear in the calculation of the dispersion force term and
depends on the ratio of parallel to normal polarisability com-
ponents of the polarisability tensor; various estimates suggest
a value in the range 0.25 to 0.4.%> The parameter yx does not
have any recognised physical basis and was introduced by Car-
los and Cole as a fitting parameter to give agreement with beam
scattering data for helium for which they found yg = —0.29.
Joshi and Tildesley*” applied the theory of Carlos and Cole to
the analysis of N adsorption on graphite and found a value of
yr = — 1.05. In this work we have adopted values of y4 = 0.4
andyg = — 1.05 for these parameters. The SF potential contour
plot of the modified model is shown in Fig. 2.

To show the difference between the SF potential calcu-
lated with the current model and the 10-4-3 potential, we
present plots of their z-dependence with anisotropy (Figs. 3(a)

FIG. 2. SF potential contour plot obtained with the
revised model. The size of the box in the x- and y-direction
is 30 X 15V/3 ag to ensure the periodicity of the graphite
surface.
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FIG. 3. Comparison between the SF energy profile of N, with a 10-4-3 poten-
tial model using the molecular parameters suggested by Steele and the new
model: (a) and (b) with anisotropy (the enlarged scale is shown in (b)), (c) no
polarisation anisotropy. The corrugation energy is defined as the difference
between the two minima of the SF potentials corresponding to the centre of
the hexagon and the top of the carbon atom.

and 3(b)) and without (Fig. 3(c)). As expected the minimum in
the SF potential is shifted closer to the surface, from 0.3354 nm
to 0.2987 nm. This is supported by LEED measurements for
Ar, Kr, and Xe which show that these species are closer to
the graphite surface’ than 0.335 nm. Second, the SF interac-
tion for the new model decays faster than the 10-4-3 potential
(Fig. 3(a)) and therefore gives better agreement with exper-
iment at higher loading. Third the corrugation energy in the

J. Chem. Phys. 146, 184702 (2017)

presence of anisotropy (AE,’) is 1.5 times greater than that in
the absence of anisotropy (AE,) which is equal to the empirical
factor introduced by Kim and Steele.

D. Thermodynamic properties
1. Surface excess

The surface excess concentration is defined as

I, = zvzc _ <N>£‘l/‘acch’ (1)

by ey
where N, is the excess amount adsorbed, (N is the ensemble
average of the number of particles in the simulation box, pg
is the bulk gas density, V. is the accessible volume (defined
as the volume that is accessible to the center of a molecule,
where the SF potential is non-positive), L, and L, are the box

dimensions in the x- and y-direction, respectively.

2. Isosteric heat

The isosteric heat was calculated from fluctuation theory>°
as
_ (U){N) - (UN)
oy -wy
where U is the sum of the potential energies of interaction
between adsorbate molecules (Ugg) and between adsorbate-
solid adsorbent (Usp), and N is the number of particle in the
system.

To understand how various interactions contribute to the
isosteric heat, we decomposed the energy term in the above
equation into contributions from the SF and FF interactions.
Similarly, the contributions from each layer, Uk, can be
calculated from

+kgT, €5

_ (U )(N) = (UgN)
(N2) —(N)?
where Uk is the energy calculated as the sum of pairwise
energies when two molecules reside in the same layer or half
the pairwise energy if one of them is located in a different
layer. The sum of contributions from all layers is thus the total
isosteric heat.

3. Local density distribution (LLD)

3

The variation in the distance of the centre of geometry
(COQG) of adsorbate molecules from the surface was calculated
as

<ANz,z+Az>
L.L,Az ’
where (AN, ..a;) is the ensemble average of the number of

molecules whose centre of geometry is located in the region
bound between z and z + Az.

4. Radial density distribution (RDD)

p2) = “4)

The 2D-radial density distribution of N, molecules in the
first layer was calculated from

<AN rr Ar)
plr) = ——— (5)
rl(r + Ar)* —r?]
where (AN, ,4ar) is the average number of particles whose
centres of mass are located in the first layer and in the radial

bin bounded by [r,r + Ar]. Ar was chosen as Ar = 0.01 nm.
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5. Orientational distribution

The mean orientation of N> molecules, defined as the
angle between N, molecular axis and the normal vector from
the graphite surface, was assessed by the distribution

(AN(z,0))
LiL,Azsin A6’

where (AN(z, 6)) is the average number of N, molecules whose
centres of mass are located in the region bounded by [z, z + Az]
and an angle between the molecular axis and the z-direction
within [0,0 + AO]. Plots of p(z,6) versus z and 6 monitor
the preferred orientation of the molecules located at various
distances from the surface. A nitrogen molecule lying parallel
to the surface is at an angle of 6 = nt/2 and one perpendicular
to the surface is at an angle of zero.

p(z,0) = (6)

lll. RESULTS AND DISCUSSIONS
A. Nitrogen adsorption on graphite at 77 K

The experimental results for this system exhibit a num-
ber of interesting features in the isotherm and in the plots of
isosteric heat versus loading and have been measured at suffi-
cient resolution to allow us to discriminate between modeling
with the 10-4-3 model and our new graphite model. Figure 4
shows the simulated and experimental adsorption isotherm for
N, at 77 K on semilogarithmic and linear scales. The for-
mer emphasises the resolution at low loadings and the latter
at higher loadings. At loadings below the monolayer cover-
age, the experimental result shows a 2D-transition from gas
to liquid in the first layer (Fig. 4(a)), followed by a sub-step

(az\ 40

30 q

20 A

Surface Excess (un‘»cvl/m2

1st layer

00~

Pressure (Pa)

20000

40000 60000 80000

Pressure (Pa)

(transition) from the 2D supercritical state to a 2D commen-
surate solid. The continuum solid model fails to describe this
transition (since there are no C hexagons with which N, can
be commensurate), but the revised model clearly reproduces
the sub-step from points A to B. Interestingly the density at
point B is less than the theoretical commensurate density of
10.54 pmol/m? which would occur when the graphite sur-
face is completely covered, with one N, molecule in registry
for every three carbon hexagons. This state is only achieved
after the sub-step has been completed because of an entropic

Exp. Data
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FIG. 5. GCMC simulated adsorption isotherm for Ny at 77 K: comparison
between the new model (k¢ = —0.04 and y, of 0.02) and experimental data.”
The inset is plotted on a log-log scale to show Henry’s law region.
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FIG. 6. GCMC simulated adsorption isotherm of N, at 77 K, obtained with the new model, decomposed into contributions from first and second layers: (a)
semi-log scale, (b) linear scale. The first layer is bounded from O to 0.5 nm, the second layer from 0.5 to 0.8 nm, and the third layer from 0.8 to 1.15 nm based on
the local density distribution LDD profile in Fig. 11. Points D1, D2, and D3 correspond to the first, second, and third layers’ contribution of point D in Fig. 6(a)
while points E1 and E2 correspond to the first and second layers’ contribution of point E.
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FIG. 7. (a) Experimental adsorption
isotherm of N, Carbopack F (60, 77, and
80 K)? and on GCB-I (87 K)* in semi-
log scale, (b) GCMC simulated adsorp-
tion isotherm of Nj at various tem-
peratures on a semi-log scale obtained
with the revised model. The dashed line
represents the commensurate density of
10.54 grmol/m?.
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disorder in the adsorbate. The new model is also able to
describe the isotherm better in the multilayer region (Fig. 4(b))
where the 10-4-3 model overpredicts the amount adsorbed.
This is simply because the 10-4-3 model has a more negative
potential at the position of the higher layers, compared to the
revised model (Fig. 3). In previous work, we accounted for
three body mediation of the first layer nitrogen interaction by
multiplying the well-depth for the SF interaction by a binary
interaction parameter, K¢, of —0.04 and making a reduction in
the FF potential energy of 2% when two N, molecules are in
the first layer.® The simulation results with these parameters
show better agreement in Henry’s law region as presented in
Fig. 5. The importance of the anisotropy in the description of
the substep in the isotherm is clear from the simulation results
shown in the Appendix (Fig. 20) where the anisotropy has
been omitted in the modeling and the transition from the 2D
supercritical state to a 2D commensurate solid is absent which
is inconsistent with the experimental data.

To understand how each layer contributes to the isotherm,
we decomposed the isotherm into contributions from the
first, second, and third layers (Fig. 6). At the substep (AB),
the contribution from the second layer coverage is negligi-
ble, indicating that the sub-step is intrinsic to the first layer
when it changes from a supercritical state to a commensurate
state. The mechanism of this (AB) transition is as follows:

18
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Surface Excess (pmol/mz)

FIG. 8. GCMC simulated isosteric heat profile of N, adsorbed on graphite at
77 K obtained with the revised model compared with results obtained using
the 10-4-3 continuum solid model and with experimental data from Grillet
etal?

10° 10 102 10 104 10°
Pressure (Pa)

the chemical potential at point B is high enough that more
N, molecules can enter the first layer, which becomes more
ordered, and the adsorbate molecules move closer to the ener-
getically most favourable positions, at the centres of the carbon
hexagons. Most of them are in registry with the graphene
layer (see also Sections III B and III C). Because of these
energetically favourable positions, the adsorbate in the first
layer retains this configuration over a wide range of pressure
until the multilayers formed on the surface provide sufficient
fluid-fluid interaction energy to enable molecules in the first
layer to move away from these positions—thereby decreas-
ing their SF interactions—to form incommensurate 2D solids.

(a)

Total
Fluid-Fluid

Isosteric Heat (kJ/mol)

Solid-Fluid

0 2 4 6 8 10 12 14

(b) 18

@ Total

Isosteric Heat (kJ/mol)

»{2nd Layer
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6 8 10 12 14

0 > D——P TP
2 4
Surface Excess (pmollmz)

FIG. 9. GCMC simulated isosteric heat profile of N, adsorption on graphite
at 77 K in comparison with experimental data from Grillet et al.: (a) new
model decomposed into solid-fluid and fluid-fluid contribution, (b) new model
decomposed into first and second layers’ contribution. Points A-C correspond
to the points marked in Fig. 6. Note: for (b), the kg T term of 0.64 kJ/mol is
excluded from the total isosteric heat and the sum of the first and second layer
heats equals the total isosteric heat.
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adsorbed on a graphite at 77 K obtained with the revised
model: (a) before the substep (point A), (b) after (point
B). (c) Snapshot at 30 K at the commensurate density
of 10.54 gmol/m?. The carbon lattice configuration was
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built based on the Kim and Steele potential>® (detailed in

the Appendix).

Commensurate Density

v

(c) 1 30K-

fluctuation becomes dominant, and the higher layer is com-

This marks the transition from point D1 to E1, which occurs

pleted before the first layer. The discrepancy between simula-

after the 2nd and 3rd layers have been formed as shown in

tion and experiment can be attributed to physical factors not
accounted for in the model including the existence of very nar-

Fig. 6(b). These changes cannot be observed experimentally
but serve to demonstrate the power of simulation in helping to

row pore spaces formed between the stacked micro-crystallites

in Carbopack F and the distribution of crystallite size.

unravel the detailed mechanisms underlying the experimental

observation.

In Fig. 7(a) the experimental isotherms on Carbopack F

(60, 77, and 80 K)° and on GCB-I (87 K)*’ show a more grad-
ual transition compared to the simulated isotherms in Fig. 7(b).

The magnitude of the sub-step decreases with increasing tem-

B. Isosteric heat

It has been reported in a previous publication’ that the

simulation of adsorbed N, using a diatomic model, on the

perature and the sub-step is absent at 87 K where thermal
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FIG. 11. COG local density distribution of N, adsorption on graphite
obtained with GCMC simulation at 77 K at different loadings. Points A-E
correspond to the points marked in Fig. 6(a). The inset shows the detail of the
LDD in the higher layers.

surface of a structureless graphite fails to reproduce the heat
spike and cusp observed experimentally at 77 K by Gril-
let et al. on a highly graphitized carbon.”® Using the new
graphite model proposed in this paper, we show in Fig. 8
the GCMC simulated isosteric heat versus loading together
with the experimental data. Our simulation results from the
new model are in good agreement with experiment, again
confirming the role played by corrugation of the lateral poten-
tial enhanced by the anisotropy of the C polarisability. The
simulation results do not exhibit the cusp observed exper-
imentally at loadings between 8 and 10 umol/m?. This is
observed at higher temperatures. This will be explained in
Section III D.

To gain further insight on the behaviour of the isosteric
heat versus loading, we decomposed the isosteric heat in two
ways: (1) contributions from the SF and FF interactions and
(2) contributions from the first and second layers.

1. Decomposition of isosteric heat profile

The contributions from SF and FF interactions to the
isosteric heat are shown in Fig. 9(a). In the monolayer cov-
erage region from zero loading to point A, the SF contribution
slightly decreases with loading, and since in this region there
is no contribution from the second layer this decrease must
be attributed to the orientational change of N, molecules in
the first layer. This is an entropic orientation effect, which

J. Chem. Phys. 146, 184702 (2017)

is discussed more fully in Section III C. In this monolayer
region, the FF contribution increases because of the increase
in the average number of neighbouring molecules. Across the
sub-step AB, both the FF and SF contributions increase and
we see that the SF contribution at point B is the same as the
SF interaction at zero loading where the FF contribution is
zero, indicating that most of the molecules that penetrate the
first layer adopt an orientation parallel to the surface in the
same way as at zero loading. Snapshots of a configuration at
points A and B are shown in Figs. 10(a) and 10(b), illustrat-
ing that the ordered array of molecules at point B is close
to being in registry with the graphite surface. Complete reg-
istry only occurs at much lower temperatures (simulation at
30 K in Fig. 10(c)), as observed by Diehl and Fain from their
LEED study.*® Kuchta and Etters,?° using an NpT MC tech-
nique, found that at this low temperature, the most favourable
configuration occurs when two N, molecules lie at 90° to
each other (i.e., in a T configuration) thereby maximising the
quadrupole interaction. The 10-4-3 homogeneous solid model
fails to describe the heat spike because corrugation is needed to
lock N molecules into a commensurate array with the graphite
lattice.

Interestingly, the surface density at point B (at the end of
the substep) is 10.25 ,umol/mz, which is less than the theoreti-
cal commensurate density of 10.54 ymol/m?. Does this mean
that as loading is further increased from the density of point B
to the commensurate density the SF contribution should remain
constant and the FF contribution increases because of an
increase in the number of neighbours in the first layer? The
simulation results however show opposite to what one would
expect (Fig. 9). It is because of the entropic effects that incom-
ing molecules favour the second layer adsorption as much as
the first layer. This is an example of the balance between the
energy and the entropy to minimize the free energy.

The argument that we put forward in the previous para-
graph is corroborated when we analysed the contributions of
the first and second layers to the isosteric heat (Fig. 9(b)). At
point B, there is no contribution from the second layer to the
isosteric heat, confirming our earlier assertion that the substep
AB is intrinsic to the first layer. Recalling that the density at
point B is slightly less than the theoretical commensurate (C)
density, we consider point C on the isotherm at which the den-
sity is exactly the same as the C-density. At this point we begin
to see the contribution from the second layer (Fig. 9(b)), which
supports our explanation that there is a balance between energy
and entropy, i.e., incoming molecules enter the system in the
first layer as well as the second layer, resulting in a decrease in

TABLE II. Summary of layer contribution of surface excess and isosteric heat of GCMC simulated isosteric heats
for N adsorption on graphite at 77 K with the new model. Note: The total isosteric heat equals the sum of the
isosteric heat of the first and second layers and kg T of 0.64 kJ/mol.

Point  Pressure (Pa) Surface excess (/Jmol/mz)

Total N of molecules

Isosteric heat (kJ/mol)

Total  Layer 1

Layer2 Total Layerl Layer2

A 450 9.26
B 550 10.14
C 950 10.52

263.00
288.06
298.84

262.10 0.87 13.27  12.56 0.07
286.91 1.12 1552 14.80 0.07
296.78 2.06 12.14  10.82 0.68
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both the SF and FF contributions as shown in Fig. 9(a) (from
point B to C). This is further supported by the local density
distribution at point C in the inset of Fig. 11, where molecules
have begun to adsorb in the second layer. Table II summa-
rizes the number of molecules in the first two layers and their
contributions to the isosteric heat.

C. Local properties analysis

The conclusions derived in Sec. III B 1 can be substanti-
ated by analysing the local density distribution of the centre of
geometry (COG) of N, at various loadings, the 2D radial den-
sity distribution in the first layer, the 3D-orientational density
distribution, and the commensurate packing function, f(x, y),
given in Subsection 1 of the Appendix.

1. Local density distribution (LDD)

The LDDs are presented in Fig. 11, where the first and the
second layers are located at about 0.31 nm and 0.62 nm, from
the graphite surface. The figure shows that before the onset of
the second layer, there is a noticeable increase in density before
and after the substep (point A to B) confirming that there is
an increase in the number of N, neighbouring molecules to
form commensurate packing in the first layer across the AB
transition.

We consider the path DE on the isotherm (Fig. 6).
Although it is not manifested clearly on the full isotherm,
the corresponding increase in density D{E; in the first layer
isotherm shows a clear transition; this is the transition from
commensurate packing to incommensurate packing in the
first layer and occurs after the second and third layers are
formed. Clearly neither the experimental nor the simulated
total isotherm exhibits this transition, and it can only be
observed by decomposing results from a computer simula-
tion. To form an incommensurate packing, molecules have
to shift away from the favourable positions on the surface
(the centres of the carbon hexagon), which is associated with
a decrease in the SF interaction. This SF energy decrease
is compensated by an increase in the FF interactions from

8
——— PointA
— PointB
—o— PointC
6 Point E
= 4
S 4
2 | &
Jf 8
0 T T T T T
0.2 04 0.6 0.8 1.0 1.2 14

Distance (nm)

FIG. 12. 2D-radial density distribution of N adsorption on graphite surface
at 77 K. Points A-E correspond to the points marked in Fig. 6(a). Points I-V
correspond to the marked region in Fig. 13.
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molecules in all layers, and the reason why the C-IC transi-
tion does not occur before the onset of the second layer is
that the increase in FF contributions by molecules in the first
layer is not sufficient to compensate for the decrease in the SF
interaction.

2. 2D-radial density distribution

To demonstrate how molecules structure their registry
with the graphite surface, we show in Fig. 12 the 2D-radial
density distribution (2D-RDD) of the first layer. At point A,
just before the substep, the radial distribution has a liquid-
like pattern, characterized by single peaks separated by about
one collision diameter. At the end of the substep (point B),
peaks, with the exception of the first shell, become decorated
with a shoulder. The positions of these peaks and shoul-
ders correspond exactly to those of a perfect commensurate
structure in registry with the graphite surface listed in Fig-
ure 13. Interestingly, the radial distribution at point E shows
that the shoulders start to disappear and this indicates that
molecules are no longer in registry with the graphite sur-
face since the incoming molecules from higher layers force
molecules in the first layer to sit closer to each other.

3. 3D-orientation distribution

To investigate how molecules in each layer orient with
respect to a normal to the graphite surface, we consider
the 3D-orientation density distributions in Fig. 14. At very
low loadings nitrogen molecules adopt an orientation paral-
lel to the surface plane (point I corresponds to loadings at
a pressure of 70 Pa). At point A (before the substep) some
molecules move towards vertical orientations which reduces
the SF part of the isosteric heat in the sub-monolayer coverage

FIG. 13. A schematic radial distribution for a N; commensurate phase on a
graphene plane.
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region (Figure 9(a)). This may be attributed to the fact that
some N, molecules reorient to maximise their intermolecular
attraction. There is no observable difference between the orien-
tation distribution at point B and that at point A demonstrating
that molecules entering the first layer do not disturb the ori-
entation of existing molecules. At point B, it can be seen that
there is a higher population of N molecules favouring the ver-
tical orientation, and this configuration has contributions from
both SF and FF interactions as previously discussed. Fig. 14

FIG. 14. 3D-orientation distributions
from GCMC simulations of Nj
adsorbed at 77 K obtained with the
new model at various loadings. Points
A-E correspond to the points marked in
Fig. 6.

illustrates the distribution at point D where the second and
higher layers have been formed, and here there is no preferred
orientation because the adsorbent potential at this distance
from the surface is too weak to structure the second layer.
The orientational distribution at point E is more random than
at point D, confirming that a C-IC transition has occurred.
Fig. 15 shows the orientation distribution of N, molecules at
the much lower temperature of 30 K where a perfect commen-
surate layer is formed. At this temperature, all the N, molecules
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30K- Commensurate Density

LJ Local Density(-)

FIG. 15. 3D-orientation distribution from GCMC simulated N5 adsorption at
30 K, using the new model, at the commensurate density.

adopt an orientation parallel to the surface, since the entropy
contribution is very small.

4. Degree of commensurate packing—(g)

The function f (x,y) in Eq. (A2) in the Appendix is a useful
measure of the extent of commensurate packing. Here it is con-
venient to introduce a parameter g = (—f (x,y)) /2 (the minus
sign is introduced to make g positive) as first used by Jiang and
co-workers.*> When a molecule resides at the centre of the car-
bon hexagon, this parameter takes a value of 3. Fig. 16 shows
the sharp increase in g across the transition AB, in keeping
with a change in first layer from fluid-like (g = 0.73) to com-
mensurate (g = 1.53). Itis notable that the packing at point B is
not perfectly commensurate (when g would be = 3) because it
is disturbed by thermal fluctuation at 77 K. Simulation at 30 K
shows that g has a value of 2.326 at the commensurate density.
It was shown earlier that as higher layers form on the surface,

18 T
1.6
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1.2 4
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0.8 A
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FIG. 16. Values of (g) against pressure for N, adsorption on graphite with
the proposed model.
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the first layer goes through a transition from commensurate to
incommensurate packing (D1 to E1 transition in Fig. 6(b)) and
this is confirmed here by the decrease in the g factor.

D. Effect of temperature

We show in Fig. 17 the different locations of the heat spike
at different temperatures. As the temperature is increased,
the position of the peak in the isosteric heat shifts to higher
loadings. Interestingly, at 60 K, the SF contribution to the isos-
teric heat is nearly constant. This implies that most of the N»
molecules are lying parallel to the surface, with very few in a
vertical orientation. As temperature is increased, some more
random orientations can occur and this is reflected in a steeper
decline in the SF contribution to the heat below monolayer

60K
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Solid-Fluid
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FIG. 17. GCMC simulated isosteric heat versus loading for N, adsorbed on
graphite obtained with the revised model at 60 K, 77 K, and 87 K.
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coverage. The decline in the SF isosteric heat is more distinct
at 87 K due to the entropy effect and therefore the total isosteric
heat profile shows a cusp similar to the one observed experi-
mentally at 77 K. Our simulation result at 77 K does not show
the cusp in the total isosteric heat and this could be due to the
discrepancies between the temperature of the simulation and
real experiment.

IV. CONCLUSION

The adsorption isotherms and isosteric heats of N, on
graphite have been re-investigated using the GCMC simulation
and data from the high-resolution experiment. We propose a
new model that accounts for physical features of graphite that
are often neglected: (1) the corrugation of the potential energy
surface parallel to the graphene layers arising from the discrete
atomic structure, (2) the difference between the polarizability
of carbon parallel and normal to the graphene surface, and (3)
the difference in separation between an outer graphene layer
and that of the underlying layers, and the deeper well-depth of
the potential energy of interaction. This new model improves
the description of N, adsorption on graphite in accounting for
the sub-step in the first layer of the isotherm, the spike in the
isosteric heat curve versus loading and the adsorption at higher
loading.
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APPENDIX: DETAILS OF THE NEW MOLECULAR
MODEL FOR GRAPHITE

1. Kim and Steele’s Fourier approximation
for graphite surface

The summation of pairwise potential energies at any point
r for graphite surface ¢(r) could be approximated by the lat-
erally averaged potential and the Fourier approximation to
account for the corrugation on the surface as described in
Eq. (Al). ¢o(z) is the laterally average potential, which is
a function of z, the minimum distance from the site to the
graphene layer. For graphite there are six equivalent vectors
of magnitude of 29.5 nm~!, whose contributions dominate the
second term in the following equation:

J. Chem. Phys. 146, 184702 (2017)

FIG. 18. Coordinate of graphite surface: the x-axis originates at the centre of
a hexagon and bisects the carbon-carbon bond.

FIG. 19. Solid-fluid potential mesh plot of the corrugated graphite surface
built using the revised new model.

where

f(x,y) = =2{cos (2nby) + cos (2nby) + cos [27 (b1 + b>)]} .
(A2)

The minimum of this function occurs at the centre of the
hexagon.*! The x-axis originated from the centre of a hexagon
and points towards a neighbouring carbon atom (Fig. 18), the
parameters b; and b, are given by

12 1
2

by = ,by = (X—L),
aGr\/§ acr \/§

(A3)

@(r) = ¢o(2) + g (2)f (x, ), (AD)
(a) (b) 1
& =
£ g
g 10 %
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FIG. 20. GCMC simulated adsorption
isotherm of N, at 77 K; comparison
between the new model (with and with-
out anisotropy), 10-4-3, and experimen-
tal data:2 (a) adsorption isotherm, (b)
isosteric heat profile.
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where ag, = de—cV3 = (0.142 nm)V3 = 0.246 nm is the
lattice constant of graphite and d._. = 0.142 nm is the length
of the carbon-carbon bond.

For the uppermost Crowell surface (Fig. 1 in the main
text), the laterally average potential is

w232 (2]

where p is the surface carbon atom density of a graphene layer

(38.2 nm™2), o is the solid-fluid collision diameter, and & is

the solid-fluid interaction energy calculated from the Lorentz-

Berthelot mixing rule with occ =0.28 nm and ecc/k = 35 K.
The functional form of ¢,4(z) is33

167° Sio\S (4
o0 =2n (%) e | (55 (7] (2) ()
o\ (o\2 4nz
- 4n2(%) (Z) KZ( do )

In the presence of anisotropy, Carlos and Cole?” presented the
following equation:

=) el (55 (7] () s ()

_471'2(%) (%) [Kz(%)+7AgA(z)] s

(A6)

(A4)

(A5)

+YrER(2)

where dy = ag,V3 = 0.426 nm, which is the lattice spacing
of the (V3 x V3)R30 structure. The functions K5 and K2 are
the Bessel functions of the second kind. As previously men-
tioned in the main text, we adopted values of y4 = 0.4 and yg
= —1.05 from Joshi and Tildesley.** Fig. 19 shows the solid-
fluid potential mesh plot of the graphite surface built using the
revised new model (Fig. 1 in the main text), where the min-
imum occurs at the centre of a hexagon. The comparison of
adsorption isotherm and isosteric heat profile in the presence
and absence of anisotropy is shown in Fig. 20.
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