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The role of adsorbate size on adsorption of Ne and Xe on graphite
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h i g h l i g h t s

� Correct description of the transition
from fluid to incommensurate (IC)
packing for neon.

� For xenon, the transition from fluid to
incommensurate (IC), followed by
commensurate (C) packing.

� The IC-to-C transition of xenon is
opposite to the C-to-IC transition
observed with Kr, N2, CH4.

� The graphite model accounts for
corrugation and anisotropy in
polarizability.

� Characteristic curve of the isosteric
heat versus loading as a function of
temperature.

g r a p h i c a l a b s t r a c t

Snapshot of Xe adsorption on the new graphite model at 65K for different loadings
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a b s t r a c t

We have carried out an extensive grand canonical Monte Carlo simulation to investigate the adsorption of
neon and xenon on graphite. The adsorbate collision diameters of neon and xenon are smaller and greater
respectively, than the commensurate graphite lattice spacing k ¼
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R300 of 0.426 nm. Simulated

isotherms and isosteric heats were obtained using a graphite model that has been shown to describe suc-
cessfully the adsorbate transitions for krypton, methane and nitrogen by Prasetyo et al. (2017), which
have collision diameters close to k. Neon does not exhibit commensurate (C) packing because the gain
in the intermolecular potential interactions in the incommensurate (IC) packing when molecules move
away from carbon hexagon centres, does not compensate for the increase in the solid-fluid potential
energy. Xenon, on the other hand, exhibits IC packing because its molecular size is greater than k.
Nevertheless, at a sufficiently high chemical potential, the first layer of xenon changes from the IC to C
packing (in contrast to what is observed for krypton, nitrogen and methane). This transition occurs
because the decrease in the xenon intermolecular interactions is sufficiently compensated by the increase
in the solid-fluid interaction, and the increase in the fluid-fluid interactions between molecules in the
first layer and those in the second layer. This finding is supported by the X-ray diffraction study by
Mowforth et al. (1986) and Morishige et al. (1990).

� 2018 Elsevier Inc. All rights reserved.

1. Introduction

The adsorption of simple gases on graphite has been extensively
studied, including Xe [4–7], Ne [8–10], Kr [5,11–13], Ar [14–16], N2

[16–18], the oxides of carbon [19,20] and hydrocarbons, including
CH4 [21,22], C2H4 [23,24] and benzene [25]. A phenomenon of
interest is the ordering transitions of the adsorbate in the mono-
layer coverage region. These transitions are complex functions of
the size and shape of the adsorbate and temperature, as well as
the interplay between the adsorbate-adsorbate interaction and
the adsorbate-adsorbent interaction. In many simulation studies,
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the adsorbent is represented by the 10-4-3 continuummodel (with
Crowell-Steele molecular parameters for the carbon atom in a gra-
phene layer) to describe the interactions between adsorbate mole-
cules and graphite. However, this model is unable to show the
experimentally observed commensurate structure of the first layer
for simple adsorbates [34–36]. For example, it fails to describe the
sub-step in the experimental isotherm of nitrogen at its boiling
point (77 K) and the corresponding cusp and spike in the plot of
the isosteric heat versus loading [1,26].

Recently we proposed a model for graphite [1,27], which goes
beyond the homogeneous model [28], and achieves better agree-
ment between simulation results and experimental data, particu-
larly the transition from the commensurate (C) to
incommensurate (IC) packing (Fig. 1). The C-packing has affiffiffi
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R300 lattice spacing of 0.426 nm and an adsorbate den-

sity of 10.56 lmol/m2, and the IC structure has 2D-hexagonal pack-
ing of adsorbate molecules and the adsorbate density depends on
the size of the adsorbate.

The new model takes into account:

1. The energetic corrugation parallel to the adsorbent surface, due
to the discrete configuration of carbon atoms.

2. The difference between the polarizabilities of a carbon atom in
graphite, parallel and normal to the graphene surface.

3. The difference in the interlayer spacing between the top two
graphene layers and that of the underneath layers.

4. The smaller collision diameter and greater well depth of inter-
action energy function for a carbon atom in the outermost layer,
and those in the inner layers.

We designate this new graphite model as the corrugation-
anisotropy (CA). It has recently been demonstrated that it can give
excellent agreement with the various transitions in the adsorption
isotherms of N2 [1], Ar [27], Kr and CH4, as well as the cusp and
spike in the plots of the isosteric heat versus loading.

Other adsorbates from our previous studies (Kr, CH4, and N2)
have intermolecular separations at the LJ potential minimum

(21=6rff ) that are less than the commensurate lattice spacing of
0.426 nm, and therefore can form C packed layers. Argon, with a
minimum separation far less than the commensurate distance is
an exception. The potential barrier height between hexagon sites
is insufficient to overcome the decrease in the fluid-fluid interac-
tions for argon and therefore argon does not form a commensurate
layer [27].

To complete our study of the transitions in the adsorption of
noble gases on graphite, this work focuses on the adsorption of
xenon and neon, which have, respectively, very strong and very

weak interactions with graphite (Fig. 2), but also have molecular
diameters that are much smaller and much larger than the com-
mensurate distance.

Adsorption of xenon on exfoliated graphite has been exten-
sively studied by Thomy and Duval [4,5] for temperatures in the
range 97–117 K and by Suzanne et al. [6,7] for a lower range of
temperatures 85–102 K. The reported experimental 2D-triple-
point and critical temperatures are 100 K and 117 K, respectively
(see Table 1). The isotherms of Thomy and Duval exhibit first-
order transitions from gas to liquid (G-L) and liquid to solid (L-S),
while those of Suzanne et al. exhibit a first order transition from
gas to solid (G-S). The separation between a pair of xenon mole-

cules at the LJ potential minimum is 21=6rff ¼ 0:438 nm which is

d = 3 Lc-c
d =21/6

Commensurate (C) Incommensurate (IC)

Fig. 1. A schematic diagram of the commensurate and incommensurate packing of single-site molecules on a graphite surface (LC-C is the carbon-carbon bond length).

Fig. 2. Plot of the distance at which the intermolecular potential is minimum
21=6rff

� �
versus the reduced well-depth of the interaction energy esf =kB of noble

gases, nitrogen [36] and methane. The vertical red dashed line is the commensurate
distance of 0.426 nm. Only krypton, methane and nitrogen experience a C-IC
ordering transition while argon and neon can only form an IC packing and xenon
experiences an IC-C transition. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Lennard-Jones Molecular Parameters of noble gases.

Species r (nm) eff =kB (K) 2D-Tt
(*) (K) 2D-Tc

(*) (K)

Ne 0.2801[41] 33.921[41] 13.6[42] 15.8[42]
Ar 0.33952[41] 116.79[41] 47.2[43] 58[43]
Kr 0.3685[41] 164.4[41] 84.8[4] 86[4]
Xe 0.3901[41] 227.55[41] 100[4] 117[4]

(*) Experimental values.
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