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We  find  by  examination  of  density  profiles  that carbon  dioxide  adsorbs  on  graphite  in two  distinct  layers.
We  report  the  activity  coefficient,  entropy  and  enthalpy  for CO2 in each  layer  using  a convenient  com-
putational  method,  the  Small  System  Method,  thereby  extending  this  method  to surfaces.  This  opens  up
the possibility  to study  thermodynamic  properties  for  a wide  range  of  surface  phenomena.
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. Introduction

Phase transformations [1], formations of nanostructures [1,2],
etastable phases [3] or agglomerations [4], as well as chemical

eactions [5] are all phenomena which become special at surfaces.
 surface can also pose a major barrier to transport [6,7]. Thermody-
amic data will improve the understanding and dynamic modeling
f equilibrium and nonequilibrium states. But thermodynamic data
or surfaces are not easily available by experiments. With the intro-
uction of the Small System Method [8,9] computational results
ave become feasible. This method has so far not been used to
tudy surfaces. In this work we extend the method to a technically
mportant process, the physisorption of CO2 on a graphite surface.
raphitic membranes are promising cheap candidate membranes

or CO2 separation purposes [10]. The process can be written:

O2(g) + graphite � CO2(s) (1)

here (g) means gas phase and (s) means adsorbed gas. The
urpose of the work is to demonstrate how thermodynamic infor-
ation can be gained of an adsorbed state using the new simulation
ethod. We  shall see that adsorption takes place in two distinct
hermodynamic layers, and that the filling into the layers can be
egarded as a trade-off between the entropies and enthalpies found
or each layer.

∗ Corresponding author at: Department of Chemistry, Norwegian University of
cience and Technology, Trondheim, Norway.

E-mail addresses: trinhthanhthuat@gmail.com (T.T. Trinh),
igne.kjelstrup@ntnu.no (S. Kjelstrup).

ttp://dx.doi.org/10.1016/j.cplett.2014.08.026
009-2614/© 2014 The Authors. Published by Elsevier B.V. This is an open access article un
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

2. Methods

The Small System Method [8,9] makes use of the relation
between the inverse of thermodynamic correction factor and the
fluctuation in particle number N. For a surface, the relation is

1
�

=
[〈

N2
〉

−
〈

N
〉2〈

N
〉

]
T,�,A

(2)

Fluctuations are sampled in small open systems (disks) with
area A inside a reservoir. The reservoir is created as a large rect-
angular box with periodic boundary conditions. The temperature,
T, and the chemical potential, �, in the reservoir are controlled.
The thickness of the sampling system is set to the thickness of the
surface (see below). The area of the sampling system is varied, vary-
ing the radius of the disk, L. The smallest radius used is so small
that it allows only one molecule inside the disk; the largest radius
contains 20–30 molecules. The inverse thermodynamic factor is a
linear function of the 1/L  [11–13] in a particular range, to be found
for each case:

1
�

= 1
� ∞,s

[
1 + B

L

]
(3)

Here B is a small system specific constant and superscript ∞ means
the value in the thermodynamic limit. By extrapolating the linear
regime to the thermodynamic limit, we  obtain the wanted quantity
� ∞,s. Later on we  use � s = � ∞,s for simplicity.

The chemical potential of a gas adsorbed to a surface in a layer

i is:

�s
i = �0,s

i
+ RT ln as

i = �0,s
i

+ RT ln �s
i

Cs
i

C0,s
i

(4)
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Fig. 1. Snapshot showing CO2 in the gas phase at a fluid-like density and adsorbed
on a graphite surface at 500 K. The number of CO2 particles in the system was  NCO2 =
T.T. Trinh et al. / Chemical Ph

ere �0,s
i

is the standard chemical potential, as is the (dimen-
ionless) activity of the adsorbed phase, Cs is the surface excess
oncentration, and �s is the activity coefficient. The standard state
s the hypothetical ideal state having �s = 1 at layer saturation,
0,s (given in particles per (nm2)). The entropy follows from the
tandard relation Ss = − (d�s/dT) and the enthalpy of the layer from
s
i

= �s
i
+ TSs

i
. We  shall find these properties for the adsorption

1). Total surface excess concentrations (adsorptions) are defined
ccording to Gibbs [14,15]

s =
∫ ∞

0

(C(z) − Cg(˛)�(z − ˛)) dz (5)

here C(z) and Cg are the concentrations of adsorbed molecules
nd of molecules in the gas phase, respectively. The integration is
arried out from the equimolar surface of graphite (at z = 0) to the
ulk gas phase (z = ∞).  The Heaviside function, �, is by definition
nity when the argument is positive, and zero when the argument

s negative. For definition of layer concentrations, see Section 3. The
hermodynamic factor is also defined by:

s = 1 +
(

∂ ln �s

∂ ln Cs

)
T,A

(6)

We can determine the activity coefficient by integrating Eq. (6)
rom zero adsorption, once the thermodynamic factor is known
rom the Small System Method. This gives

�s

1

d ln �s =
∫ Cs

0

(� s − 1)d  ln Cs (7)

When Cs → 0, there is no interaction between particles, meaning
hat �s = 1. We  also have

s − �s′ =
∫ �s

�s ′
d�s = RT

∫ Cs

Cs ′
� sd ln Cs (8)

eaning that we can find the chemical potential at any adsorp-
ion relative to a reference state (indicated by ′) from this equation.

e  shall use this relation to determine the standard state chem-
cal potential �0,s

i
by plotting the left hand side of Eq. (8) versus

n(�s
i
Cs

i
/C0,s

i
), extrapolating to the state where this expression is

ero.

. Simulation details

The system consisted of sheets of graphite and CO2 molecules.
he graphite was made from 5 sheets of graphene without any
efects. We  oriented the sheets in the box such that the sheet
urfaces were perpendicular to the z-axis. The distance from the
raphite surface was measured along this axis, taking the equimo-
ar surface of graphite as zero. The graphite layers were fixed in
pace, still yielding good results for adsorption and diffusion of gas
n the surface [16,17]. A rigid body model, TraPPE, was  used for
O2 [18]. The intermolecular potential between CO2–CO2 was a
hifted and truncated 12-6 Lennard–Jones (LJ) potential [19] with
ong-range Coulomb interactions, which were dealt with using the
wald summation technique [19]. The interaction between CO2 and
he C-atoms of graphite was similarly described by a LJ potential.
etails of parameters for the simulation were given earlier [16].
hey have been confirmed to yield an accurate adsorption energy
or CO2 on graphite surface [16].

Classical molecular dynamics (MD) simulations were performed
sing the LAMMPS package [20]. A snapshot of the system is given
n Figure 1, showing graphite at 500 K with CO2 in a relatively
ense gas and in an adsorbed state. Periodic boundary conditions
ere used for the reservoir in all directions. The simulation was
one with time steps of 0.001 ps. The initial configuration was
2800. The green and red colors represent carbon and oxygen atoms, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

constructed by randomly distributing CO2 molecules above the
graphite surface. The system was stabilized during 2000 ps by runs
with constant NtotVtotT using Nosé–Hoover thermostats [21].

In order to check the range of validity of Eq. (3), the reservoir
size was varied. The reservoir has to be large enough compared to
the sampling system. For a hard sphere system, we  found that a
suitable reservoir had a length 20 times the hard sphere radius L
[12,13]. Simulation box sizes of (a = 42 Å, b = 54 Å, c = 84 Å), (2a, 2b,
c), and (3a, 3b, c) were tested. The largest systems gave identical
results, so box (2a, 2b, c) was  used.

We performed 2000 ps runs in a reservoir at thermal equilib-
rium, varying L from 1.3 to 20 Å, sampling randomly 30 disks across
the graphite surface. The total number of frames was 10 000. Hence,
the value of � s for each L was  obtained from the statistics of 300 000
samples [11,13]. The sampling was  done for temperatures ranging
from 300 K to 550 K, and for a number of CO2 particles in the box,
varying from 200 to 2800 (corresponding to a pressure range of
1–60 bar at 300 K).

4. Results and discussion

4.1. Adsorptions

We describe first how we  find the adsorptions Cs
1 and Cs

2 for
each layer. The total adsorption is then Cs = Cs

1 + Cs
2. The adsorp-

tion (excess concentration) of CO2 was  found using the results in
Figure 2 with the definition (5). The figure shows the density of
CO2 molecules as a function of the distance to the graphite sur-
face, and is a quantification of snapshots like the one showed in
Figure 1. We  observe in both figures that CO2 can form two layers
on the graphitic surface. In Figure 2, we see a layer around the first
peak which extends from the graphite surface to position �, while
a second peak extends from � to �. We  refer to the integral in Eq.
(5) due to the first peak as the bottom layer adsorption, while the
corresponding integral related to the second peak, is called the top
layer adsorption on the graphite. The position of the first peak at
5 Å covers approximately one molecular layer, as the length of the
molecule is 5.4 Å. The snapshot shows that most of the carbon diox-
ide molecules are lying parallel to the surface. This gives a height
more like the diameter of an oxygen ion, 3.6 Å. A thickness of 5 Å
can be interpreted to include some molecules which are standing

slightly tilted with respect to the surface, and such molecules can
also be found by visual inspection of Figure 1. It is interesting that
the position of plane � is always near 5 Å, independent of the tem-
perature. This can reflect that molecules are either lying or standing
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Fig. 2. The density of CO2 molecules as a function of distance to the surface in a
reservoir with NCO2 = 2800. The temperatures are 500 K and 350 K. We  distinguish
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Fig. 3. Thermodynamic limit values for (� s)−1 in the top, bottom and total CO layer

different temperatures, with a regression coefficient 0.99 or better:

�s
i = 1 + aCs

i + b(Cs
i )2 (9)
etween three zones, from 0 to �: first adsorbed layer, � to �: top adsorbed layer,
bove �: gas phase. The bottom layer extends to around 5 Å. The thickness of the
op layer is larger at 350 K than that at 500 K.

n the first layer. The attractive forces of the graphite, not being able
o reach above the layer, seem to be central for this layer. But the
act that the top layer starts to be filled before the bottom layer is
ull, motivates a division of the whole surface into two layers. The
op layer, which extends from � to �, appears also rather different
rom the first. We  see from Figure 2 that the position of the plane �
aries with temperature, unlike the position of plane �. For the sys-
em with 2800 CO2 molecules, � is smaller at 500 K than at 350 K.
he top layer is thus more diffuse. Few attractive forces are able to
eep the molecules within this surface layer, when the molecular
inetic energy becomes larger. The adsorption of CO2 on graphite is
lways higher at low temperature in both layers, meaning that this
ind of trade-off between kinetic and potential energies applies to
oth layers.

We  find that the bottom layer has always more than half of
he total adsorption, independent of temperature (not shown).
he fraction is larger, the lower the temperature is, but does not
xceed 0.9. The fraction decreases with increasing total adsorption,
ecause the bottom layer becomes saturated, while the top layer
eeps growing. Full coverage (maximum adsorption) of the bot-
om layer is obtained at 300 K with C0,s

1 = 12.5 (molecules/nm2).

e therefore chose as standard state, the ideal state with C0,s
1 =

2.5 (molecules/nm2), corresponding to 0.31 CO2 molecule per
urface carbon atom.

.2. The thermodynamic correction factor

Results for the inverse thermodynamic factor (� s)−1 were plot-
ed versus 1/L  for the top and bottom layers separate and for
heir combination (not shown). The curves approached unity as
xpected, when 1/L  was increased. This is the small system limit,
hich has at most one particle in the sampling system. In order to
nd the thermodynamic limit value, we applied linear regression
o points in the interval 0.1 < 1/L  < 0.4 and extrapolated the line to
arge L. The region used for extrapolation coincided with the region
ound earlier [11,13].

The thermodynamic limit value of the inverse thermodynamic
orrection factor (� s)−1 was plotted as a function of the adsorption
n each single layer, and in the combined layers, for all temper-

tures. A typical example is shown in Figure 3 for T = 500 K. The
ottom layer had always the smallest (� s)−1, while the total layer
ad the biggest value of (� s)−1. We found that (� s)−1 decreased
ore or less linearly with the adsorption. The results for the
2

on  graphite at 500 K. A straight line is fitted to the results and forced through 1 on
the y-axis.

bottom layer and the two layers combined (the total layer) fol-
lowed the straight line nicely, while the scatter of results around
the line drawn for the top layer was  larger.

All curves must extrapolate to a thermodynamic correction fac-
tor equal 1, when the adsorption goes to zero. This was found the
relation between (� s)−1 of the total layer and the total adsorption
was quite linear. The observed linear dependencies mean that the
inverse thermodynamic factor of the total layer, can be found by
adding contributions from the bottom and top layers.

4.3. The activity coefficients for carbon dioxide in the surfaces

A set of typical activity coefficients, obtained at 500 K from Eq.
(7), are shown in Figure 4. The coefficients approach 1 as expected
at low density, some with more noise than others. The increase in
the coefficient for the bottom layer is larger than for the top layer
and therefore larger than for the total layer. This reflects that the
molecules are further apart in the top layer than in the first, making
repulsive forces less relevant in the top than in the bottom layer.
The molecules do not adsorb, unless the surface binding energy
can overcome the repulsion, however. The total layer activity coef-
ficient was  expressed as a function of total surface adsorption at
Fig. 4. Activity coefficient of bottom, top and total layer as a function of the layer
adsorption in the respective layer at T = 500 K.
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Table  1
Parameters that describe the total layer activity coefficient in the empirical Eq. (9).
The  regression coefficient was  0.99 or better.

T(K) b a

300 0.0060 0.0005
350  0.0059 0.0054
400 0.0055 0.0066
450  0.0059 0.0233
500 0.0057 0.0320
550  0.0067 0.0216
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for the change in entropy when a top particle moves to the bottom
layer. Such information is invaluable in the modeling and expla-

T
T
C

ig. 5. Chemical potential of CO2 on a graphite surface as a function of ln(� sCs/C0,s)
t  different temperatures. The straight line is fitted to Eq. (4).

Parameters a and b are given in Table 1. These results may  be
seful for thermodynamic modeling of the total CO2 adsorbed on a
raphite surface (Fig. 5).

.4. The chemical potential of the surface adsorbed gas

The chemical potential of the adsorbed state relative to the
hemical potential at the lowest adsorption was found from Eq.
8). The chemical potential difference for the total layer was
lotted vs the right hand side for the different temperatures
sed. Using the relevant activity coefficient and C0,s

1 = C0,s
2 = C0,s =

2.5 molecules/(nm2), we next used Eq. (4) to plot the same
ata. The slope of the linear fit gave RT as expected with good
ccuracy. The standard state value, �0,s, was found for each tem-
erature from this curve setting ln �s

i
(Cs

i
/C0,s

i
) = 0. For the total

ayer, we obtained �0,s(T0) = −7.6 kJ/mol at 298 K. The temperature
ariation of the chemical potential was used to find the standard
ntropy S0,s = 10.6 J(mol K). It was constant in the temperature
nterval used. The standard enthalpy at 298 K was then calculated
o H0,s = −4.4 kJ/mol. Data for the total and separate layers are given
n Table 2.
In order to check that the results for the separate layers were
nternally consistent, we expressed the chemical potentials of the
op and bottom layers of CO2 by Eq. (2). At equilibrium, we have

able 2
hermodynamic data for standard state adsorption of carbon dioxide at a graphite su
orresponding values for graphite and carbon dioxide gas are also given.

T = 298 K Total layer (this work) Bottom layer (this work

�0,s
i

(kJ/mol) −7.6 −9.8 

S0,s
i

(J/mol K) 10.6 4.1 

H0,s
i

(kJ/mol) −4.4 −8.6 

a Values from Ref. [22].
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�s
1 = �s

2, where the subscript denotes layer number. By introducing
expression (2) into this equilibrium condition, we  obtained(

Cs
1

Cs
2

)
=

(
�s

2
�s

1

)
e(�0,s

2
−�0,s

1
)/RT (10)

By plotting the left hand side versus the ratio of activity
coefficients, fitting the plot to a straight line, we calculated �0,s

2 −
�0,s

1 from the slope as a function of temperature. The difference in
the standard chemical potentials was consistent with the difference
obtained from the data in Table 2.

The thermodynamic data that we  have determined for the total
layer of adsorbed gas, are reasonable. The standard chemical poten-
tial and the enthalpy are both negative, indicating that adsorption
is favorable in the standard state, in spite of a large reduction
in the entropy from the gas phase to the surface, a reduction
which is larger than that from the gas to the liquid state. We  have
furthermore seen that we can distinguish between two  separate
thermodynamically defined layers of carbon dioxide within the
whole layer on the graphite surface. Each layer has its own ther-
modynamic properties. We  see from Table 2, that the bottom layer
entropy is relatively small compared to the gas entropy of CO2.
In fact it can compare to the carbon entropy in a graphite lattice.
The negative entropy difference represented by the ordering of CO2
when it is adsorbed must be overcome by a relatively large enthalpy
for adsorption into the layer. The top layer entropy is larger than
the entropy of the bottom layer. It is not gas-like, but four times
higher than that of the bottom layer value. This layer can therefore
be stabilized with a smaller enthalpy. The total layer properties can
be said to mask the properties of the single layers, as the total layer
has standard entropy closer to the top layer, and an enthalpy more
like the bottom layer. Information of the separate layers obtained
from the simulation will therefore add insight to the system. Such
insight cannot be easily obtained by experiments, as it is difficult
to distinguish between the layers in an adsorption experiment. It
is however rather simple to compare an experimentally obtained
adsorption isotherm to the adsorption isotherm derived here for
the total adsorption.

5. Conclusion

We have shown that a recently developed Small System Method
can be used to calculate a consistent set of thermodynamic data for
surfaces from one Molecular Dynamics simulation. For carbon diox-
ide adsorbed to graphite, we determined the chemical potential,
the activity coefficient, the entropy and enthalpy directly. Closer
inspection of density profiles revealed that we  can speak of two,
not one layer of adsorbed gas. The thermodynamic analyses reveal
a distinction between the layers. The gas has larger entropy in the
top than in the bottom layer, is more mobile in this layer. The two
layers are in equilibrium with one another, meaning that a lower-
ing of the entropy can take place, if the enthalpy can compensate
nation of surface processes. Extensions to other surfaces should be
straightforward.

rface at T = 298 K. The uncertainty in the determinations is on the average 3%.

) Top layer (this work) Graphitea CO2 gasa

−5.1 – –
13.7 5.74 213.78
−1.0 1.05 9.36
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