
This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys.

Cite this:DOI: 10.1039/c4cp04428b

The adsorption of a mixture of particles with
non-additive interactions: a Monte Carlo study

O. A. Pinto,*a P. M. Pasinetti,b A. J. Ramirez-Pastorb and F. D. Nietob

The adsorption of binary mixtures with non-additive lateral interactions has been studied through grand

canonical Monte Carlo simulations in the framework of the lattice-gas model. The traditional assumption

of additive lateral interactions is replaced with a more general one including non-pairwise interactions. It is

assumed that the energy linking a certain atom with any of its nearest neighbors strongly depends on the

state of occupancy in the first coordination sphere of such an adatom. The process has been monitored

through the adsorption isotherms and the differential heats of adsorption. Different combinations of both

inter- and intra-species interactions have been considered in the analysis. Interesting behaviors were

observed and discussed in terms of the low temperature phases formed in the system.

I. Introduction

The adsorption process of a mixture of gases on solid surfaces
is a topic of great interest mainly from the technological point
of view, due to its importance in new developments in fields
like gas separation and purification.1–4 This problem has been
theoretically5–12 and experimentally11–15 studied for many years,
however some aspects of the problem remain unexplored.

As in any adsorption process, a complete analysis of the
behavior of gas molecules under the influence of an adsorbent
requires taking into account the effect of the lateral interactions
between each species of the mixture.1,16–18 An exact treatment
of this problem, including adsorbate–adsorbate interactions, is
unfortunately not yet available and, therefore, the theoretical
description of mixture adsorption relies on simplified models.4

Valuable contributions have been made in this direction by the
group of Y. K. Tovbin and co-workers, who studied pure and
mixed adsorption in the presence of lateral interactions and
surface heterogeneity.19–22 On the basis of a new theoretical
method (the so-called fragment cluster method) and by using
different approximations in the context of the lattice-gas theory, the
authors investigated the main adsorption functions (isotherms
and heats of adsorption) and the effects of the phase transitions
occurring in the system.

In the case of mixtures, the experimental approach is a much
more demanding problem. While for pure components the

number of adsorbed molecules can be determined accurately
by simply weighing the sample, for mixtures one has to carry
out additional experiments to determine the composition of
the sample. This is one of the reasons for the lack of mixture
adsorption data.

In this framework, the Monte Carlo (MC) simulation method23–27

is a way of overcoming these experimental and theoretical complica-
tions. The MC technique is a valuable tool for studying surface
molecular processes, which has been extensively used to
simulate many surface phenomena including adsorption,28

diffusion,29 reactions, phase transitions,30 etc. Here we will
try to demonstrate that numerical simulations, combined with
a correct theoretical interpretation of the results, can be very
useful to obtain a very reasonable description of the adsorption
of interacting binary mixtures on 2D square lattices.

One way of introducing more complex adsorbate–adsorbate
interactions is by considering non-pairwise interactions in terms
of non-additivity. In fact, the deviation in the additive behavior
appears to be especially significant in the case of chemisorption
where the valence electrons are either concentrated to form a
single bond between two isolated atoms or shared among all
neighbors which are occasionally occupying sites in the first
coordination shell of the central atom.31–35

Among the effects caused by non-additive interactions, it is
possible to mention:34,35 (i) the particle-vacancy symmetry
(valid for additive interactions) is broken and, consequently,
the adsorption thermodynamic quantities (adsorption iso-
therms, configurational entropy, differential heat of adsorp-
tion, etc.) are asymmetric with respect to half coverage; (ii) a
rich variety of ordered structures are observed in the adlayer;
(iii) an ordered structure consisting of groups of particles
adsorbed along k adjacent sites (called k-mers) is observed
at high coverage; and (iv) for repulsive coupling, first- and
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CONICET, Ejército de Los Andes 950, D5700HHW San Luis, Argentina

Received 30th September 2014,
Accepted 1st December 2014

DOI: 10.1039/c4cp04428b

www.rsc.org/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

16
/1

2/
20

14
 1

5:
57

:1
2.

 

View Article Online
View Journal

http://crossmark.crossref.org/dialog/?doi=10.1039/c4cp04428b&domain=pdf&date_stamp=2014-12-12
http://dx.doi.org/10.1039/c4cp04428b
http://pubs.rsc.org/en/journals/journal/CP


Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2014

second-order phase transitions occur in the adsorbate at dif-
ferent concentrations.

Non-additive adsorbate–adsorbate interactions have been
recognized in several experimental systems, such as H on Pd(100),
O on W(110), and H on Fe(110), just to name a few of them.36–42

Another evidence of non-additivity is the tendency to dimer
formation as observed, for example, in the adsorption of Cu
and Ni on W(110) for particular coverage values according to
thermal desorption spectroscopy analysis.43 The adsorption of
H on graphene (by STM studies) is another example of dimer
formation associated with surface restructuring.44

The consequences of considering non-pairwise (non-additive)
interactions in the adsorption thermodynamics have been studied
for long time. In fact, statistical mechanics of adsorbed mono-
layers has been a subject of analytical treatment by means of mean
field32,33 and quasichemical31 approximations. In most of the
cited papers, the study has been restricted to some special cases
mainly including attractive interactions. However, the case of
repulsive interactions is also of interest mainly because (a)
experimental phase diagrams corresponding to many systems
in the presence of surface restructuring are explained in terms
of those interactions;45–47 (b) the tendency to dimer formation,
which seems to be relevant in several systems mentioned
above, can be predicted on the basis of such kind of coupling;
and (c) a rich variety of non-symmetrical phase diagrams
(around half coverage) can be described. Some efforts in this
direction include the study of adsorption of monomers34–35,48 and
linear k-mers49 with repulsive non-additive lateral interactions
on substrates of different connectivity.

In the specific case of adsorption of a single monomeric
species on square lattices, the most relevant results can be
summarized as follows: (i) the occurrence of experimentally
observed structures43 formed by clusters of two or four particles
(called dimeric and tetrameric phases) can be corroborated by
simulation in a certain range of coverage and interaction
parameters; and (ii) a change in the stability (weakening or
reinforcement) of the c(2 � 2) structure is observed depending
on the parameter of non-additivity. This is evidenced by the
behavior of the different thermodynamic functions, for exam-
ple, by a narrowing (or widening) of the half coverage plateau in
the adsorption isotherms. Similar results have been found in
adsorption studies on nanotube bundles.48

In this context, the main aim of this manuscript is to extend
earlier work on adsorption with non-additive interactions to
include more than one adsorbed species. The present paper is a
natural extension of previous studies in which non-additive
interactions have been included in the context of the lattice
theory.31–35,48,49 The observed occupation by adsorbed particles
of preferred sites of a lattice, commensurate with the substrate
surface, is a justification for the use of the lattice theory.33

It is clear that a complete analysis of this field is a quiet
difficult subject. For this reason, the understanding of simple
models with increasing complexity might be a help and a guide
to establish a general framework for the study of this kind of
systems. In this line, our objectives are (i) to identify and characterize
the most prominent features of the effect of non-additive

interactions on the thermodynamic quantities describing the
adsorption of binary mixtures; (ii) to draw general conclusions
on the effect of non-additive interactions on adsorption and
competition; and (iii) to provide the basis for the evaluation
of experimental findings in the presence of mixtures with non-
additive lateral interactions.

The paper is organized as follows. In Section II, the lattice-gas
model including non-additive interactions between adatoms is
described. Section III presents the basis of the MC simulations.
Section IV shows the results for the adsorption thermodynamics
from MC simulations. Finally, in Section V the conclusions and
future perspectives are given.

II. The non-additive model

In the context of the lattice-gas model, the adsorption of two
different species, A and B, on a homogeneous surface with a
square geometry consisting of M (=L � L) sites has been studied.
Periodic boundary conditions have been considered and multi-
deposition is prohibited. There are two kinds of energies involved:
adsorbate–adsorbent interaction, e, and lateral nearest-neighbor
(NN) interactions, which can be separated in inter-species, wAB,
and intra-species, wAA and wBB. The substrate is exposed to a
mixed gas of A and B particles, whose state is characterized by the
chemical potentials mA and mB and temperature T. The occupation
variable ci is equal to zero if site i is empty, and is equal to +1 (�1)
if it is occupied with species A (B). Thus, the Hamiltonian of the
system can be written as

H ¼
XM

i

X

l2ðNN;iÞ
wAAdci ;cl ;1 þ wBBdci ;cl ;�1
�

þ wAB dci ;1dcl ;�1 þ dci ;�1dcl ;1
� ��

þ e
XM

i

dci ;1 þ dci ;�1
� �

�
XM

i

mAdci ;1 þ mBdcl ;�1
� �

;

(1)

where l A (NN,i) run on all NN sites of site i and d is the
Kronecker function.

As discussed in the previous section, the term non-additive
refers here to a binding energy between two atoms depending
on the surrounding where those two atoms are immersed. In
this sense, there are twelve possible lateral energies, w1

AA. . .wz
AA,

w1
AB. . .wz

AB and w1
BB. . .wz

BB, which could be present (taking z = 4,
the coordination number for the square lattice). As an example,
Fig. 1(a) shows a possible configuration of particles A and B and
their contribution to the configurational energy of the system.

In general, the dependence of the lateral interaction on the
number of neighbours is usually not known and is expected
to be different in specific cases. A commonly adopted rule to
consider non-additivity consists of a coupling energy depend-
ing linearly on the number of NN particles. Although physically
reasonable, it might not be the most general way to express the
dependence of the coupling energies. Moreover, the number of
unknown parameters, wm

xx, is thus drastically reduced and the
study can be carried out in a simple manner.
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To quantify this, a non-additive parameter is defined,

pxx ¼
w1
xx

wz
xx

,31–33 as a measure for the ratio of the strongest to

the weakest possible coupling in the system (where xx stands
for AA, BB or AB). For m NN particles, the linear non-additive
expression is:

wm
xx

wxx
¼ pxxz� 1

z� 1
�m

pxx � 1

z� 1
(2)

where wxx becomes the energy parameter for the xx combi-
nation. For clarity, Fig. 1(b) shows, for z = 4, the dependence of
the coupling on the non-additive parameter. When pAA = pAB =
pBB = 1 the system recovers the additive form, in accordance
with previous results.50 In the case wAB = wBB = 0, the model
reproduces the adsorption results of just one species.34

III. Monte Carlo simulation method

The adsorption process is simulated through MC simulations in
the grand canonical ensemble.28 As mentioned above, the sub-
strate is exposed, at temperature T, to an ideal gas phase consist-
ing of a binary mixture of particles A and B, with chemical
potentials mA and mB, lateral interaction energies wAA, wAB and
wBB, and non-additive parameters pAA, pAB and pBB. The adsorp-
tion–desorption process starts when a site is chosen at random
and an attempt is made to change its occupancy state with a
probability given by the Metropolis rule.51,52 A Monte Carlo step
(MCs) is achieved when M sites (being M = L� L, the total number
of lattice sites) have been tested to change their occupancy state.
The equilibrium state is reached after discarding 105 MCs, and
averages are taken over the next 105 MCs. At low temperatures,
up to 106 MCs had to be used in order to let the system relax
from metastable states.

The partial and total adsorption isotherms are obtained as

yA mA; mBð Þ ¼ NAh i
M

; yB mAmBð Þ ¼ NBh i
M

; (3)

and

y mA; mBð Þ ¼ NA þNBh i
M

¼ Nh i
M

; (4)

where the brackets denote the time average over the MC
simulation runs. NA [NB] and N denote the number of adsorbed
A [B] molecules and the total number of adsorbed particles,
respectively. Accordingly, yA [yB] and y represent the partial surface
coverage of the A [B] species and the total surface coverage,
respectively. Other interesting quantity is the differential heat
of adsorption qx for the species x, defined as53–55

qx ¼ �
@u

@ Nxh i (5)

where u is the energy of the adsorbed phase. Using basic
relationships from the thermodynamics of adsorption and
expressing the derivatives as fluctuations in the grand canonical
ensemble, the following forms for the differential heats of adsorp-
tion can be obtained:27,28

qA ¼ �
FASB � FB NANBh i � NAh i NBh i½ �
SASB � NANBh i � NAh i NBh i½ �2

; (6)

qB ¼ �
FBSA � FA NANBh i � NAh i NBh i½ �
SASB � NANBh i � NAh i NBh i½ �2

; (7)

where FA[B] = hUNA[B]i � hUihNA[B]i and SA[B] = hNA[B]
2i � hNA[B]i2.

IV. Results

The study will be centered on the case of repulsive lateral
interactions where a rich variety of phases occur in the system.
The computational simulations have been developed for square
L � L lattices with L = 128 and periodic boundary conditions.
In addition, the interaction energy of the substrate will be
neglected (e = 0) without any loss of generality, given that the
surface considered is homogeneous. The finite-size effects on
the adsorption properties were investigated by considering systems
of increasing sizes (ranging between L = 60 and L = 256).

Fig. 1 (a) A possible local configuration of A particles (red), B particles (blue) and empty sites, with a red particle in the center (left) and the same
configuration with the center empty (right). In the expressions, each term corresponds to the coupling energy of one of the particles, as indicated
(the factor 1/2 is to prevent the double counting in the total energy). (b) Dependence of the coupling energies on the non-additive parameter.
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As an example of such studies, Fig. 2 shows, for a typical case
(mB = mA = 44.0, wAA = wAB = wBB = 15, pAB = pBB = 1 and pAA = 0.2),
how the partial and total coverage varies with the lattice size. As
can be observed, finite-size effects are negligible from a system
size of L = 128. In order to simplify the analysis of the whole
phase space, which includes a wide range of values of wxx and
pxx, the study is divided into three cases:

Case I: mB = 0, wAA 4 0, wAB = wBB = 0, pAB = pBB = 1 and
pAA a 1.

Case II: mB = mA, wAA = wAB = wBB 4 0, pAB = pBB = 1 and
pAA a 1.

Case III: mB = mA, wAA = wBB 4 0, wAB o 0, pAA = pBB = 1 and
pAB a 1.

To start describing Case I, the chemical potential of one of
the components is held fixed throughout the adsorption process,
mB/kBT = 0, while mA/kBT is changed, as is usually assumed in the
studies of gas mixture adsorption.20–22

Fig. 3 shows the adsorption isotherms for both species, as
indicated. The additive situation (pAA = 1) is considered in the
first place. As mA/kBT - �N, A particles are no longer present
(yA = 0), whereas B particles are randomly deposited at yB = 1/2
as can be expected from the Langmuir isotherm (wBB/kBT = 0) at
mB/kBT = 0.52 As the surface coverage of the A species increases,
the B particles are expelled out of the surface. A broad plateau
appears at yA = 1/2 corresponding to the formation of a c(2 � 2)
ordered structure as is expected for repulsive monomers. How-
ever, in this structure each A particle can have any of its NN sites
either empty or occupied by a B particle. The coverage of the B
species decreases to a plateau at yB = 1/4, as the available space for
this species has been reduced to half of the total. As the chemical
potential mA/kBT continues increasing, the A particles end up
filling the lattice expelling completely the B particles.

Considering now the effects of non-additivity ( pAA a 1), the
first part of the isotherms have the same general behavior,
except for a narrowing of the plateaus at half coverage for
values of pAA o 1, which can be explained because the lateral
interactions are weaker and the order is easily broken. At values
of pAA near 0.2, a new plateau is formed at yA = 2/3, which
corresponds to a zig–zag structure of A particles, also referred

as a dimer-like or a dimeric structure from its similarity to
structures observed in the adsorption of dimers. This structure
becomes more stable as pAA tends to zero, and is a purely non-
additive effect. In the same direction, the isotherms of the B
species present plateaus at yB = 1/4 and yB = 1/6, occupying in
both cases the half of the vacant sites.

For pAA 4 1, a broadening of the plateaus, with respect to the
additive case, is observed in the adsorption isotherms at the partial
coverage yA = 1/2 (yB = 1/4). Then, the curves present a discontinuity
from yA = 1/2 to full coverage, as an evidence of a condensation
process. This condensation can be explained because the system
minimizes its free energy when A particles fill the surface. To
conclude the analysis of Fig. 3, the inset shows the total adsorption
isotherm. In the description made so far, B particles are confined to
occupy half of the sites not occupied by the A particles.

Fig. 4 shows the extreme case of pAA = 0.2 and wAA/kBT = 20.0.
Total and partial adsorption isotherms are plotted in part (a).

Fig. 2 Surface coverage (yA, yB and y), as a function of the lattice side L,
for mB = mA = 44.0, wAA = wAB = wBB = 15, pAB = pBB = 1 and pAA = 0.2 (Case
II). As can be observed, finite-size effects are negligible for L = 128.

Fig. 3 Total (inset) and partial adsorption isotherms for Case I. The partial
isotherms are labeled by A and B.

Fig. 4 (a) Total and partial isotherms for pAA = 0.2. (b)–(d) are snapshots
of the ordered structures corresponding to each plateaus of the total
isotherm. Red circles represent A particles, blue circles correspond to B
particles and white circles represent empty sites. The ellipses indicate the
dimer and tetramer associations.

Paper PCCP

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

16
/1

2/
20

14
 1

5:
57

:1
2.

 
View Article Online

http://dx.doi.org/10.1039/c4cp04428b


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys.

Besides the plateaus previously described, a new plateau appears
at the coverage yA = 4/5, which was previously reported in the
case of the adsorption of a single monomeric species in ref. 34.
In the same figure, the plateaus are leveled from (i) to (iii),
showing on the right side a snapshot of the structures appearing
in the adlayer in each case. For the first plateau, y = 3/4, red
circles represent A particles, blue circles correspond to B parti-
cles and white circles represent the empty sites [see Fig. 4(b)]. As
can be observed, A particles are ordered, forming a c(2 � 2)
structure, whereas B particles fill half of the empty sites. Fig. 4(c)
shows the structure corresponding to the second plateau, y = 5/6,
consisting of the zig–zag ordering previously described: each A
particle has two nearest neighbors of the same species (the
ellipses mark a possible dimer association). The adsorption of
B particles perturbs the complete formation of the A structure.

Finally, the snapshot of the last plateau (y = 11/12) is shown in
Fig. 4(d), where A particles are bonded to three nearest neighbor
particles of the same species. The resulting structure resembles
that observed in the adsorption of tetramers (the so-called tetra-
mers are indicated by ellipses). In all structures, B particles occupy
the half of the available sites and, due to steric interactions, induce
imperfections in the formation of the structures.

Another important quantity, which can also be measured in
experiments, is the differential heat of adsorption, obtained
here from eqn (5) and (6). Fig. 5(a) shows the differential heat of
adsorption corresponding to the A species versus the total
coverage, for the same conditions of Fig. 3. Since B particles
have no interactions, qB is zero in all the range of coverage.

In the case of the A particles, a more complex behavior is
observed. Namely, for pAA o 1.0, marked steps appear at
coverage values in which the structures are formed. For the
additive case ( pAA = 1.0), the step is formed at qA = �20.0. These
singularities show a dependence on pAA. For pAA = 0.2 the last
step is not observed at this value of energy, but it is visible at
stronger lateral energies like wAA/kBT Z 10.0. For pAA 4 1 a
discontinuity from y = 3/4 to y = 1 is observed, in correspon-
dence with the condensation discussed in the isotherms.

In Fig. 5(b), the differential heat of adsorption for pAA = 0.6
and several values of wAA/kBT are presented. The figure shows

that the step at 3/4 is more marked as the lateral energy is
increased. In addition, an incipient step corresponding to the
tetrameric structure is observed around y = 0.8 for wAA/kBT =
10.0 (black arrow marks this).

Considering now Case II, the chemical potentials of both
components are driven together. Fig. 6(a) shows the partial
adsorption isotherm of the A species for wAA = wAB = wBB = 5.0
kBT and several values of pAA. For the additive case, A and B
species are energetically indistinguishable, and the system
behaves as a single component. In fact, a c(2 � 2) structure is
formed with a mixture of both species with yA = yB = 1/4, and
the total isotherm shows a plateau at half coverage (not shown
here for simplicity). Values of pAA less than unity lead to a
narrow first plateau, indicating a weakening of that structure.

As the coverage of the A species increases, a zig–zag struc-
ture is formed in the adsorbate, causing the expulsion of the B
particles. This process has a limit recognized by a minimum
in the isotherm of the B species, as can be seen in the inset
of Fig. 6(a). Both the expulsion of the B particles and the
maximum coverage achieved by the A particles depend on
how much the dimeric structure has been reinforced (i.e. on
the value of pAA). For increasing the values of the chemical
potential, the reinsertion of B particles, rather than having only
A particles adsorbed on the substrate, is more convenient. On
the other hand, as pAA tends to zero, the coverage of the zig–zag
structure tends to 2/3 as would be expected in the adsorption
of a single non-additive species.

In the analysis of the differential heat of adsorption
[Fig. 6(b)], only the A species is considered, since both species
have a similar behavior. In all cases, a marked step appears at
half coverage. For pAA o 1.0, a second step is observed, in
concordance with the adsorption isotherms. The situation
for pAA 4 1 is different. Once the structure c(2 � 2) is formed,
the insertion of B particles is preferred due to the energies
involved [wAB o w1

AA( pAA)]. Note that the AB interactions are
additives.

To clarify the previous discussion, Fig. 7(a) shows the
adsorption isotherms for pAA = 0.2 and wAA = wBB = wAB =
15.0 kBT. In this figure it can be observed that both species are

Fig. 5 Differential heat of adsorption for the A species. (a) As a function of pAA. (b) For pAA = 0.6 and different values of wAA/kBT.

PCCP Paper

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

16
/1

2/
20

14
 1

5:
57

:1
2.

 
View Article Online

http://dx.doi.org/10.1039/c4cp04428b


Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2014

deposited randomly forming a c(2 � 2) structure at y = 1/2. The
dimeric structure is formed at y E 2/3 and practically all the B
particles are expelled at m/kBT E 55.0. As m/kBT increases, the B
particles complete the empty sites in the zig–zag structure.
Fig. 7(b)–(d) show snapshots at y = 1/2, 2/3 and 1.0, respectively.

Finally, the condition wAA/kBT = wBB/kBT = 1.0 and a non-
additive interspecies interaction are considered in Case III. The
corresponding results for the total adsorption isotherm are
presented in Fig. 8. From an energetic point of view, it is easy
to understand the situation at full coverage, where a dimer
association of A and B species (formation of an AB heterodimer)
occurs in the adlayer. Accordingly, a c(2 � 2) ordered structure
is formed by particles of one species surrounded by particles of
the other species [see a snapshot in the inset].

For pAB o 1.0, discontinuities associated with condensation
are observed. The transition temperature from the inflexion
point of the isotherm is a function of the non-additive para-
meter pAB. For pAB 4 1.0, the curves look like a sigmoid. It is
worth mentioning that, for wAB/kBT o �1.0 and pAB 4 1.0, a

jump associated with a condensation process is also observed
(not shown here for simplicity). The differential heat of the A
species is shown in the inset of Fig. 8 (B species presents the
same behavior). The curves for pAB o 1.0 have discontinuities
in correspondence with the isotherms (as indicated by black
circles), whereas for pAB 4 1.0 the curves are continuous. In
this case, and even though two different classes of monomers
are deposited, the mixture has a similar behavior to the adsorp-
tion of heterodimers with attractive interactions.

Finally, it is interesting to discuss the behavior of mixtures
in a one-dimensional system. For this purpose, the substrate
has been modeled as a chain of L sites (L = 1000) under periodic
boundary conditions. This can be a good approximation for
adsorption on low-dimensional systems, such as nanotube
bundles.56–58 For Case I, Fig. 9(a) shows the adsorption iso-
therms of both species, as is indicated. Interestingly, the
isotherm behavior is rather the same as in the two dimensional
system. The first plateau of the A species corresponds to a filling
where each particle is separated from each other, corresponding

Fig. 6 (a) Partial adsorption isotherms for the A species and different values of the non-additive parameter for Case II. Inset: partial adsorption isotherms
for the B species. (b) Differential heat of adsorption for the A species.

Fig. 7 (a) Total and partial adsorption isotherms for pAA = 0.2. (b)–(d) are
snapshots of the ordered structures corresponding to y = 1/2, 2/3 and 1.0,
respectively. Red circles represent A particles, blue circles correspond to B
particles and white circles represent empty sites.

Fig. 8 Total adsorption isotherms at different values of pAB for Case III.
Inset: differential heat of adsorption for the A species (the ellipses indicate
the presence of jumps in the curves).
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to zero energy, whereas B particles randomly occupy the rest of
the sites. For values of pAA o 1 the plateau becomes narrower,
disappearing completely for pAA = 0.2. A second plateau at
y = 2/3, corresponding to a dimer-like structure, is observed for
values of pAA o 0.6. As in the two-dimensional case, a jump is
observed in the adsorption isotherm for pAA 4 1.0. It is impor-
tant to note that although a jump in the adsorption isotherm
may be indicative of a condensation transition, it may not be the
case in a one-dimensional confined fluid. It is well-known that
no phase transition develops in a one-dimensional lattice when
weak coupling between neighboring particles exists.53 The full
isotherm is shown in the inset of Fig. 9(a).

Fig. 9(b) corresponds to Case II, for wAA = wAB = wBB =
10.0 kBT and different values of pAA. At these energies both the
adsorption isotherms and the differential heat and the energy
per site (not shown here for brevity) are in perfect agreement
with the description of the two-dimensional case.

V. Conclusions

In this work, a lattice-gas model to study the adsorption of a
mixture of particles with non-additive lateral interactions was
presented. The traditional and widely used assumption of
additivity in the lateral interaction energies between adatoms
was replaced with a more realistic one, where the energy linking
an atom with any of its nearest neighbors strongly depends on
the state of occupancy in the first coordination sphere of that
adatom, regardless of the species involved. The main objective
was to analyze the effects of non-additive lateral interactions on
the adsorption of a mixture and the competition between the
adsorbed species. By using grand canonical MC simulation, the
most relevant thermodynamic functions of adsorption (adsorp-
tion isotherms and differential heat of adsorption) were calcu-
lated. Three different cases were considered.

Case I: The competition of a species with non-additive
interactions (pAA a 1) and a non-interacting one (wBB = 0)
was analyzed. The chemical potential of the non-interacting
species is held fixed throughout the adsorption process. For pAA

less than one, structures are formed on the surface and the
non-interacting species only occupies a half of the empty sites.
However, for pAA greater than one, the additive species is
eventually expelled from the system due to the condensation
of the other species. Thus, the non-additive species is imposed
on the additive one.

Case II: The non-additive interaction is considered only
between one of the species (pAA a 1), with the rest of lateral
interactions being additive (pAB = pBB = 1). Both species coexist
at low coverage until a c(2 � 2) structure is formed by a mixture
of both species. For pAA o 1.0, as the chemical potential
is increased, the additive species is initially expelled and a
dimeric structure is formed by the non-additive one. For pAA 4
1.0 there is a partial expulsion of the non-additive particles
from the c(2 � 2) structure coinciding with a strong increase of
the additive species.

Case III: In this scheme, interspecies attractive and non-
additive interactions are considered (pAB a 1, wAB o 0),
keeping the rest of interactions additive (pAA = pBB = 1). The
interspecies association is favored. The system presents con-
densation. As the coverage is increased, both species tend to be
associated with them.

All the previous cases were also studied in one dimension.
The features observed in the adsorption isotherms were similar
to the cases reported here; however, they may not be associated
with any phase transition as is expected of one-dimensional
systems. In the case of honeycomb and triangular two-
dimensional lattices, it is expected, when compared with a
square geometry, the occurrence of different low temperature
ordered phases in the adlayer. In fact, for square substrates and
low temperatures, the adsorbate forms a c(2 � 2) phase at half
coverage and this structure guides the formation of secondary
phases for high values of the density (dimeric and tetrameric
phases). In the case of honeycomb lattices, the adsorbate
also exhibits a c(2 � 2) type of ordered structure at y = 0.5,
and the behavior of the adsorption quantities is expected to
be similar to the one corresponding to the square lattice.
The situation is different for triangular lattices, where two
structures are formed on the surface on the basis of the

Fig. 9 One-dimensional mixture adsorption. (a) Partial and total (inset) adsorption isotherms for Case I. (b) Adsorption isotherms for the A and B (inset)
species for Case II.

PCCP Paper

Pu
bl

is
he

d 
on

 1
6 

D
ec

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

16
/1

2/
20

14
 1

5:
57

:1
2.

 
View Article Online

http://dx.doi.org/10.1039/c4cp04428b


Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2014

well-known
ffiffiffi
3
p
�

ffiffiffi
3
p� �

phase and its complementary
ffiffiffi
3
p
�

ffiffiffi
3
p� ��

.
Accordingly, a rich phase behaviour is expected of non-additive
binary mixtures adsorbed on triangular lattices. Work in this
line is in progress.

In summary, we found that the critical behavior of the
system is strongly affected by the non-additivity. A more exact
determination of the critical properties of the model (critical
temperature and nature of the phase transition), based on an
exhaustive analysis of finite-size scaling, will be the subject of
future studies.
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