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We report our results of simulations of the adsorption of noble gases (Kr, Ar, Xe) on graphene. For Kr, we
consider two configurations: supported and free-standing graphene, where atoms are adsorbed only on
one or two sides of the graphene. For Ar and Xe, we studied only the case of supported graphene. For the
single-side adsorption, we calculated the two-dimensional gas-liquid critical temperature for each adsor-
bate. We determined the different phases of the monolayers and constructed the phase diagrams. We
found two-dimensional incommensurate solid phases for krypton, argon and xenon, and a two-dimen-
sional commensurate solid phase for krypton. For double side adsorption of Kr, we do not see evidence
of an ordering transition driven by the interlayer forces.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The properties of adsorbed monolayers (one-atom thick layer)
have been investigated for many years, motivated by the realiza-
tion of 2D matter and the implications on the new technologies
based on new materials. For example, adsorption of noble gases
have been studied on many substrates like graphite [1–5] and met-
als [6–9].

Bruch et al. constructed the phase diagrams of noble gases
adsorbed on graphite, by collecting data from several experiments
[10]. For monolayer Kr, two solid phases are observed in the dia-
gram: an incommensurate solid (IS) and a commensurate solid
(CS) with a fractional coverage of 1/6 (one Kr atom per every 6 car-
bons). Monolayer Ar and Xe, on the other hand, do not exhibit a
2D-CS phase.

One may expect that the behavior of monolayers on graphene
would be qualitatively similar to those on graphite. However,
phase transitions may be dramatically affected by the extra carbon
layers. Particularly commensurate solid phases, which are extre-
mely sensitive to the corrugation of the substrate, may completely
vanish due to a slight change in the force of the substrate.

In Ref. [11], Bruch et al. studied the case of monolayers formed
on both sides of a suspended graphene sheet. They conclude that
the gas–liquid critical temperature would be less than 10% higher
than the value on graphite.

In a recent study Madeira et al. [12] computed the specific heat
and melting temperatures of rare gases adsorbed on graphene.
Their study was done by molecular dynamics simulations in the
canonical ensemble.

We have extensively studied the behavior of Kr and Ar on sus-
pended single-walled carbon nanotubes [13–15], and found that Kr
forms a cylindrical shell that has a unique CS structure with frac-
tional coverage 1/4. This 1/4-CS appears exclusively on medium-
sized zigzag nanotubes. On larger NTs, Kr forms a shell of coverage
1/6 that is, however, not solid (notice that this coverage corre-
sponds to the usual
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R 30� phase seen on graphite). For

Ar on the other hand we have not observed commensuration in
any of the nanotubes tested. These results motivated the present
study, having in mind that graphene represents an infinite-radius
carbon nanotube.

In this paper we report numerical results of the monolayer
adsorption of Ar, Kr and Xe on a graphene sheet. We place the gra-
phene at the bottom of the simulation cell letting adsorption occur
on one side only; this case would correspond to a layer of graphene
on top of a substrate (or ‘‘supported graphene”, SG), although our
treatment neglects any contribution of the support to the potential
energy of the adlayer. For Kr, we also consider the adsorption on
free-standing graphene (FSG), where monolayers are formed on
both sides. We use the method of Grand Canonical Monte Carlo
(GCMC) [16], which has been extensively used for simulations of
adsorption [17–19]. We compute the average number of atoms
adsorbed on a substrate as a function of the pressure of the vapor
and temperature of the system. In the simulations, we collect sam-
ple configurations that we use to test the structure of the monolay-
ers. From calculations of the radial distribution function and
structure factor we evaluate the phase of the monolayer (liquid,
IS or CS). Given that the mass and size of argon, krypton and xenon
are large enough to allow a classical treatment, our simulations can
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produce adsorption isotherms in a wide range of pressure and tem-
perature. In this way, our findings can be directly compared to
experimental results.

2. Methodology

The simulation cell is a rectangular box of base-size
39:35� 38:46 Å. The graphene sheet is positioned at the base of
the cell (Z ¼ 0) for SG, and in the middle of the cell for FSG. The
height of the cell is 75 Å for SG and 150 Å for FSG. The boundary
conditions were set periodic in the X and Y directions and reflective
in Z.

For each gas, simulations were run at several values of the tem-
perature and pressure of the vapor. For Ar, the simulation temper-
ature ranged from 41 K to 79 K at 2 K increments; from 70 K to
140 K with an increment of 5 K for Kr and from 90 K to 160 K at
5 K increments for Xe. Each GCMC simulation was done at fixed
temperature (T) and chemical potential (l); l is related to the
pressure of the vapor in equilibrium with the adsorbate by the
equation of state. In our simulations we considered the vapor an
ideal gas.

The graphene layer was assumed to be rigid and infinitely wide
on the X;Y plane, which we realized by setting periodic boundary
conditions on the X; Y directions. The input data of the simulation
are the pressure of the vapor (P), and the temperature (T); the out-
put data are the average number of adsorbed atoms (N), the aver-
ages of the total energy per particle (ET), the gas-substrate energy
per particle (Egs) and the gas–gas energy per particle (Egg). We also
collected samples of the coordinates of the adsorbed atoms. The
number of MC moves for each single data point in the isotherms
was typically 3 million, to reach equilibrium. Additionally, one mil-
lion moves were performed for data collection. For each tempera-
ture, the simulation was run 90 times; each time, the pressure was
increased by 10%. The ratio of creation/deletion/translation moves
was set to 0.40/0.40/0.20.

The potential interaction energy between an atom in the gas
(adatom) and a carbon atom in graphene was calculated with the
anisotropic Lennard Jones (LJ) potential [20]. In the anisotropic
potential, the pairwise interaction depends not only on the dis-
tance between the carbon atom and the adatom, but also on the
angle (h) between the vector ~r (relative position of the adatom
and the carbon atom) and the surface’s normal. The potential is
given by,

Uð~rÞ ¼ 4�
r
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where � and r are the LJ parameters; cA and cR determine the ani-
sotropy of the dispersion potential. This angular dependence origi-
nates in the anisotropy of the p bonds of the C atoms in the
graphene sheet; as a result the potential becomes more corrugated.

The LJ parameters for the adatom-C potential are obtained by
fitting physical properties of the gases [21] and using the semi-
empirical Lorentz-Berthelot combining rules: [22] (Table 1)
Table 1
Lennard Jones parameters of the adsorbates and substrate [21].

Adsorbate �aa(K) raa(Å)

Ar 120.0 3.4
Kr 171.0 3.6
Xe 221.0 4.1
C (graphene) 28.0 3.4
raC ¼raa þ rCC

2
ð2Þ

�aC ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
�aa�CC

p ð3Þ
We have adopted cA ¼ �0:54 and cR ¼ 0:38 based on a previous

study of He on graphite by Cole et al. [20]. The interaction energy
between adatoms was calculated with the isotropic LJ potential,
given by Eq. (1) with cR ¼ cA ¼ 0. The LJ potential was truncated
at a distance of 5r.

To determine the phase behavior of the adsorbed monolayers,
we inspected the discontinuities or steps in the energy gas-surface
function EgsðPÞ and the adsorption isotherms NðPÞ. We carefully
analyzed sample configurations around steps in the isotherms.
Based on the radial distribution function, we determined the phase
(solid or liquid). Similarly, we evaluated the commensuration i.e.
CS or IS based on the structure factor.

The two-dimensional radial distribution function (2D-RDF) gðrÞ
of a system of particles describes how the density varies as a func-
tion of the distance from a reference particle. For a distribution of
atoms or molecules on a surface, it is given by the following
equation:

gðrÞ ¼ Nr

2prdrn
; ð4Þ

where Nr is the mean number of atoms at distance between r and
r þ dr from a given atom and n is the number of atoms per unit area.

The structure factor Sð~kÞ characterizes the amplitude and phase
of a wave diffracted from crystal lattice planes. It is simply the
Fourier transform of the pair correlation function given by,

Sð~kÞ ¼ 1
N

XN
j

exp i~k � ~Rj

� ������
�����
2

; ð5Þ

where~k is the 2D wave vector and ~Rj is the position vector of the jth

particle in the monolayer.~k can be written in terms of the reciprocal

lattice vectors ~b1 and ~b2,

~k ¼ m1
~b1 þm2

~b2; ð6Þ

with m1 and m2 arbitrary real numbers. For a perfect lattice, Sð~kÞ is
equal to 1 for all integer m1 and m2, and identically zero for non-

integer values. On the other hand, Sð~k– 0Þ � 1 for an array of
atoms in a non-matching lattice or a non-solid phase.

3. Results

3.1. Argon

Fig. 1 represents the adsorption isotherms NðPÞ for argon
adsorbed on SG. For each temperature, we observe that at low
vapor pressure the number of adsorbed atoms is very small
(N � 0:001 Å�2), which corresponds to a 2D gas. At a higher pres-
sure, the density of the film rapidly raises. The lower the tempera-
ture the faster the film’s density grows. For example, at the lowest
temperature seen in Fig. 1 (41 K), the isotherm shows a discontin-
uous jump to form a film of density 0.0726 Å�2. Vertical steps in
the isotherms appear for higher temperatures as well, up to the
critical temperature Tc at which the isotherms qualitatively change
to smooth continuously growing curves. For temperatures lower
than Tc , there is a coexistence of a 2D gas and a dense monolayer,
which can be solid or liquid. As the temperature increases, the dif-
ference between the gas and monolayer densities decreases
approaching zero at T ¼ Tc . The critical temperature Tc is com-
puted as the temperature at which the inverse slope of the iso-
therms approaches zero. The result of our calculation is Tc ¼ 61 K
�1 K.



Fig. 1. Adsorption isotherms of Ar on graphene at temperatures from 41 K to 77 K,
from left to right.
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The critical temperature of a two-dimensional Lennard-Jones
lattice has been theoretically predicted to be TcðLJÞ ¼ 0:52� [23]. In
the case of Ar it results 62 K, in excellent agreement with our cal-
culation. Experimental measurements of the critical point of
monolayer Ar on graphite are Tc ¼ 59 K [4] and 55 K [3], which
are 3 and 10% lower than our prediction.

By inspecting the adsorption isotherms, the 2D-RDF and the
structure factor of several samples in the monolayer regime we
determined the phases (G, L, IS or CS). At the lowest temperatures,
the density remains constant for a wide range of pressures, seen as
the flat portion of the isotherm. At higher vapor pressure, the
monolayer slightly compresses from 0.0726 to 0.076 Å�2. In this
regime, the argonmonolayer is an incommensurate solid. At higher
temperature, on the other hand, the monolayer is a 2D liquid tran-
sitioning to a 2D IS. Hence, for Ar we found three phase transitions:
2D-G to 2D-L, 2D-G to 2D-IS and 2D-L to 2D-IS.

For comparison, the 2D-density of the commensurate solid
phase on graphene or graphite, which has a ratio 1/6 adsorbate/-
carbon atoms is 0.063 Å�2 while the 2D-LJ solid lattice has a den-
sity 0.079 Å�2. In our simulation, we obtained a monolayer of
density 0.0726–0.076 Å�2, consistent with an incommensurate
solid phase.

Our results are summarized in a phase diagram, shown in Fig. 2,
where we see three coexistence lines: G-IS and G-L and L-IS. We
estimated the triple point temperature at Tt ¼ 47 K �1 K. This
Fig. 2. Phase diagram of monolayer Ar on graphene. The labels indicate incom-
mensurate solid (IS), liquid (L), gas (G) and fluid (F) phases.
value is in excellent agreement with the experimental report for
Ar on graphite from Migone et al. [3] (Tt ¼ 47 K) and in fair agree-
ment with the result of D’Amico et al. [1] (Tt ¼ 49:7 K).

3.2. Krypton

We first studied the single-side monolayer adsorption of Kr on
SG. The adsorption isotherms for few temperatures are shown in
Fig. 3. Using the same analysis as in the argon case, we estimated
a 2D G-L critical temperature Tc ¼ 90 K �5 K, which agrees with
the theoretical value TcðLJÞ ¼ 89 K and is 5% higher than the exper-
imental result reported in Ref. [4] (85.3 K).

The density of the Kr solid monolayer at 80 K varies from 0.065
to 0.075 Å�2. The values are consistent with a 1/6 CS (density
0.063 Å�2) that is compressed to an IS 2D-LJ lattice (density
0.071 Å�2). Hence, contrary to the case of Ar, Kr forms both com-
mensurate and incommensurate solid phases. The CS phase is
observed at low temperature and low pressure, while the IS
appears at higher P and T.

To illustrate our analysis, in Fig. 4 we show the adsorption iso-
therms, gas-surface energy, 2D-RDF and SF at 80 K and 95 K. At
both temperatures we notice large fluctuations in the monolayer
density suggesting a change of phase. Although the 2D-RDF in both
cases is consistent with a solid phase, there is a qualitative distinc-
tion in the gas-substrate energies, also shown in Fig. 4: at 80 K and
as the vapor pressure reaches P ¼ 1:73� 10�5 atm, the energy gas-
substrate suddenly decreases by 0.1 kJ/mol (12 K), suggesting the
formation of a CS arrangement; at 95 K, on the other hand, the
Egs is a monotonic function of the pressure, apart from statistical
fluctuations.

The structure factor (Sð~k ¼ m1
~b1 þm2

~b2Þ) is shown as a function
of m1 (with m2 ¼ 0). At T ¼ 95 K the SF is mostly flat, meaning that
the phase is IS. At T ¼ 80 K, on the other hand, the SF shows a pick
at m1 ¼ 1, indicating a structure consistent with a CS phase.

We examined the case of T ¼ 80 K in more detail. We observe
that the monolayer forms at a vapor pressure P ¼ 1:6� 10�5 atm,
accompanied by a sudden increase in the magnitude of the Egg to
reach 3.92 kJ/mol (472 K), as seen in Fig. 5. The CS structure formed
at higher pressure is clearly noted in the average 2D density at
P ¼ 1:16� 10�4 atm, shown in Fig. 6.

From this analysis we identified transitions 2D-G to 2D-L, 2D-G
to 2D-CS, 2D-L to 2D-CS and 2D-F to 2D-IS, represented in Fig. 7.
According to our results there is a triple point at temperature
Tt ¼ 75 K �5 K.

We next run simulations of Kr adsorption on FSG, where
adsorption takes place on both sides of the graphene layer. Results
are shown in Fig. 8. As in the case of single-side adsorption, the Egs
Fig. 3. Adsorption isotherms of Kr on graphene at temperatures from 70 K to 140 K,
from left to right.



Fig. 4. Center column: Adsorption isotherms (upper) and gas-surface energy (lower) for Kr at 80 K and 95 K. Left and right columns: 2D-RDR (upper) and magnitude of the SF
(lower) at 80 K (left) and 95 K (right).

Fig. 5. Egg for Kr on supported graphene at 80 K. Fig. 6. Monolayer density (in Å�2) for Kr on supported graphene at 80 K and
P ¼ 1:16� 10�4 atm. Also shown are the carbon atoms (black diamonds).
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decreases by 0.1 kJ/mol at a P ¼ 1:7� 10�5 atm, indicating the for-
mation of a CS. However the monolayer is formed at a slightly
lower pressure (P ¼ 1:4� 10�5 atm), with Egg of magnitude 4.15
kJ/mol (500 K). The Egg difference between single and double sided
adsorption is 28 K, which corresponds to the inter-layer Kr-Kr
energy.

The 2D density is shown in Fig. 9 at T = 80 K and pressures
1:6� 10�4 to 7:82� 10�4 atm. The figures display the overlapping
of two CS patterns on each side of the graphene. We believe there
is no correlation between the two Kr layers, since the Kr-Kr energy
(Egg in Fig. 8) does not reflect changes that would indicate an order-
ing transition.
3.3. Xenon

Finally, we simulated the single-side monolayer adsorption of
xenon on SG. We run simulations from T = 90 K to T = 160 K. A
few adsorptions isotherms are represented in Fig. 10. Our calcula-
tion of the 2D G-L critical temperature is Tc ¼ 115 K �5 K, which
coincide with the theoretical value, TcðLJÞ ¼ 115 K and the experi-
mental value for Xe on graphite, 117 K [5].

The monolayer density in the simulation is 0.057 Å�2, which is
lower than the value of the commensurate solid phase (0.063 Å�2)
and similar to the LJ solid lattice (0.055 Å�2). From the inspection
of the 2D-RDF and SF we observed transitions from gas and liquid
phases to an incommensurate solid phase.

We exhibit the resulting phase diagram in Fig. 11. We find a tri-
ple point at Tt ¼ 100 K �5 K, in agreement with the experimental
value for Xe on graphite (99 K [5]).
4. Comparison with graphite

As expected, the adsorption starts at a higher pressure on gra-
phene than on graphite, due to the attraction of the extra layers
in the later. We can estimate the excess substrate energy exerted
by graphite by comparing the low-coverage pressure or chemical



Fig. 9. Monolayer density (in Å�2) for Kr on free standing graphene at 80 K and
P ¼ 1:16� 10�4 atm (top), P ¼ 3:01� 10�4 atm (middle) and P ¼ 7:81� 10�4 atm
(bottom). Also shown are the carbon atoms (black diamonds).

Fig. 8. Double-side adsorption isotherm N (top), Egg (middle) and Egs (bottom) for Kr
on free standing graphene at 80 K.

Fig. 7. Phase diagram of monolayer Kr on graphene. The labels indicate incom-
mensurate solid (IS), commensurate solid (CS), liquid (L), fluid (F) and gas (G)
phases.
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potential of adsorption. To do so, we write the chemical potential
of the adsorbed monolayer as,

lads ¼ �ES þ kBT lnðnk2Þ; ð7Þ
where k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=ð2pmkBTÞ

p
is the thermal wavelength and we assume

that the adsorbate is a two-dimensional monolayer of number den-
sity n.

Assuming that the density of the monolayer is equal on both
substrates, we can estimate the excess energy by the difference
in the chemical potentials at the same temperature,

DE ¼ Egraphite � Egraphene ¼ �ðlgraphite � lgrapheneÞ ð8Þ
The chemical potential can be obtained by noting that since the

adsorbate is in equilibrium with the vapor, the chemical potentials
of each phases are equal,

lads ¼ lvapor ¼ kBT lnðk3P=ðkBTÞÞ; ð9Þ
assuming that the vapor is an ideal gas. We finally obtain,

DE ¼ kBT lnðPgraphene=PgraphiteÞ: ð10Þ

Here Pgraphene and Pgraphite are the adsorption pressure on each sub-
strate at equal temperature.

For example, in the case of Ar on graphite, the gas and solid
phases coexist at a pressure P ¼ 1:0� 10�7 torr and temperature
T ¼ 42:3 K (extracted from Fig. 6.9 in Ref. [24]). From our simula-
tions, the pressure of coexistence at the same temperature is
P ¼ 1:72� 10�9 atm, or 1:3� 10�6 torr (see Fig. 2). A quick calcula-
tion using Eq. 10 gives DE ¼ 109 K. This result is within 4% of the



Fig. 10. Adsorption isotherms of Xe on graphene at temperatures from 90 K to 160
K, from left to right.

Fig. 11. Phase diagram of monolayer Xe on graphene. The labels correspond to
incommensurate solid (IS), liquid (L) gas (G) and fluid (F) phases.
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energies reported by Bartolomei et al. [25], where DE ¼ 9:8 meV =
113.7 K. Overall, the phase diagram of Ar on graphene (Fig. 2) is
qualitatively similar to the graphite counterpart in the monolayer
regime. (see Fig. 6.9 in Ref. [24]).

For Kr, the phase diagrams are qualitatively similar in the low-
T/low-P regime: a liquid phase is found between 80 and 90 K on
graphite (see Fig. 6.12 in Ref. [24]) and in our simulations as well;
also, a G-CS coexistence line appears below 80 K in both substrates.
Our calculations show a F-IS coexistence line at pressure above
0.01 atm and temperatures from 95 to 125 K, similar to the IC-RF
line in the graphite phase diagram. The most significant qualitative
difference among both diagrams is that for Kr on graphite the CS
phase appears up to a temperature of approximately 130 K, while
in our simulations we only found the CS below T = 95 K.

For Kr on graphite, we can roughly estimate that at 80 K the
monolayer gas and solid phases coexist at a chemical potential
lgraphite ¼ �2200 K (from Fig. 6.12 in Ref. [24]). From our simula-
tions of Kr on graphene, we obtain coexistence at the same temper-
ature and P ¼ 1:40� 10�5 atm, which corresponds to a chemical
potential lgraphene ¼ �2008 K. The difference gives DE ¼ 191 K,
20% higher than the value obtained from Ref. [25] (DE ¼ 151 K).
Fig. 12. Three different adsorption sites on top of graphene: above (a), bridge (b)
and center (c).
5. Summary and conclusions

Using Grand Canonical Monte Carlo simulations, we studied the
adsorption of noble gases (argon, krypton and xenon) on a gra-
phene sheet. From the computed adsorption isotherms, we calcu-
lated the 2D gas-liquid critical temperature for each gas,
resulting in fair agreement with theoretical predictions and exper-
imental values of monolayers on graphite. We determined the
phases of the adsorbed monolayers by inspecting the radial distri-
bution function and the structure factors, and constructed the
phase diagrams in the P-T plane. We found 2D incommensurate
solid phases for krypton, argon and xenon on graphene, and a 2D
commensurate solid phase for krypton at low temperature. In
Ref. [12] the authors report the melting temperatures 56.0 K,
107.9 K and 175.3 K for Ar, Kr and Xe respectively, at the 1/6-CS
density (0.063 Å�2). Since the values of the chemical potential
are not given, we can not make a rigurous comparison but we note
that their melting temperatures for Ar and Kr coincide with our
findings at approximately P ¼ 1:0� 10�5 and 0:1 atm respectively;
the melting temperature reported for Xe is out of the range of our
simulations. They also found a CS phase for Kr and IS phases for Ar
and Xe, in agreement with our findings.

The absence of a commensurate solid phase in the case of Xe is
simply caused by its size: Xe does not ‘‘fit” in the 1/6 lattice. On the
other hand, the qualitative difference between the behavior of Kr
and Ar is due to a combination of size and energy effects that make
the corrugation slightly higher for Kr. The corrugation of the poten-
tial is defined as the energy difference between the least attractive
and the most attractive sites on the surface. Those sites are shown
in Fig. 12. The most attractive site is on top of the center of a hexa-
gon, and the least attractive sites are both on top of a carbon atom
or on top of a bridge. The corrugation is 56.7 K for Kr and 54.9 K for
Ar (see Fig. 13). These values differ in only 2 K (3%)! The size of the
atoms is also quite similar: Kr is only 6% larger than Ar. However,
Kr seems to have the right size to form a commensurate solid on
graphene while almost matching the density of the 2D LJ incom-
mensurate solid, hence doubling the energy rewards.

The main approximations used in our simulations are that the
graphene layer is rigid, the substrate supporting the graphene is
ignored, the vapor in equilibrium with the adsorbate is assumed
to be an ideal gas, and the carbon-adatom interaction parameters
are calculated using empirical combining rules. In spite of these
approximations, the comparison with other available studies is
good. The theoretical predictions of the 2D-LJ critical temperature
coincide with our values. The experimental measurements of the
critical temperatures agree with our values for Xe, and are 5%
and 3–10% lower for Kr and Ar respectively. These diferences sug-
gest that the substrate sligtly affects the behavior of the 2D mono-
layer, being Ar the most affected and Xe the least. This trend
follows the relative strength of the substrate given by the ratio
�gs=�gg , which is 0.48, 0.40 and 0.35 for Ar, Kr and Xe respectively.



Fig. 13. Adsorption potentials of Kr (left) and Ar (right) at a distance z on top of
above, bridge or center sites. The first two curves overlap.
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We compared the phase diagrams of Ar and Kr on graphene
with the ones on graphite. We found that for Ar or Kr on graphene,
the coexistence lines are qualitatively similar and shifted to higher
pressures as expected due to the attractive extra carbon layers in
graphite. However for Kr on graphene, the CS phase only appears
below 95 K, while on graphite it is seen up to 130 K. This difference
may be explained by an enhanced corrugation on graphite,
alghough to be conclusive we should run simulations on graphite
with the same method and potential model.

We also simulated the case of Kr on free-standing graphene at
80 K finding no evidence of a commensuration between the two
Kr monolayers. The flexibility of the graphene layer may have an
important effect that will be addressed in future work.

We look forward to seeing reports of new measurements for
noble gases on suppported and free-standing graphene and to be
able to compare with our results.
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