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Abstract 12 

 The deposition of particles in nanoholes is analyzed, taking into account the curvature of their 13 

inner walls. Different lattice-gas models of the nanoholes are considered. These include parallelepiped 14 

geometries, as well as holes shaped taking away from the surface pieces with polyhedral form. Several 15 

deposition stages are identified as a function of the degree of curvature of the inner walls of the 16 

nanoholes. The Monte Carlo technique in the Grand Canonical Ensemble is used to calculate isotherms, 17 

isosteric heats, energies per site and other thermodynamic properties. The study is based on different 18 

magnitudes for the interaction energies between the particles being deposited and those surrounding the 19 

nanohole. 20 

1. Introduction 21 

 In the last few years, new experimental techniques have allowed to build new structures at the 22 

nanoscale, with amazing properties. It is a known fact that the structure (the atomic arrangement) is 23 

critical to define the thermodynamics properties of these nanostructures. In a first approximation, we can 24 

associate the difference of the thermodynamic properties of nanostructure with respect to macroscopic 25 

state (bulk), as a result of the deficiency in coordination which are subject some atoms. A nanostructure is 26 

small enough such that the amount of atoms with different coordination that the bulk are comparable to 27 

the latter. Therefore, it is necessary to consider a distribution of the coordination, instead of the average 28 

coordination. This distribution clearly depends on the size and shape of that nanostructure, and is one of 29 

the reasons why its thermodynamic properties depend on these parameters. As a result, traditional 30 

thermodynamics functions must be analyzed in a different way with respect to that used for bulky 31 

systems. It was originally done by T. Hill [1,2] in the 1960s, describing the thermodynamic properties of 32 

tiny objects, made of a few atoms. This word led to a new area of study, denominated 33 
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nanothermodynamics. One outcome of Hill´s theory is that the thermodynamics properties of 34 

nanomaterials may vary with the size of it, such as melting of small particles [3,4], chemical reactivity 35 

[5], diffusivity [6], sintering [7], and electrodeposition [8,9]. 36 

 We can classify the nanostructures in two categories: those with positive or negative curvatures. 37 

The first include for example the nanoparticles (NPs), nanotubes, and/or supported clusters while the 38 

second include for example the nanocavities, pinholes, and nanoholes (NHs). Nanostructures with 39 

positive curvature are usually defined as polyhedra usually formed by facets type {111} and {100} 40 

connected by border of low coordination. Nanostructures with negative curvature are defined generally 41 

with the same facet types, but connected by border of high coordination. This subtle and delicate 42 

structural difference means that they can have the inverse physical and chemical properties [10]. For 43 

example, the adsorption energy inside of the a negative curvature nanosystems is favored, while that on a 44 

positive curvature nanosystem is weakened [11,12,13]. Recently a special type of nanosystems with 45 

negative curvature, called NPs with open surfaces or faceted high rates (H-NPs) have proved are 46 

important in technological applications such as chemical catalysis [14,15,16,17,18,19]. The H-NPs are 47 

nanosized crystals formed by facets with at least one Miller index {hkl} greater than unity. The surfaces 48 

of the H-NPs are characterized by a high density of steps with low coordination, which give a great 49 

surface energy. This allows them to exhibit a marked increase in the electrocatalytic activity, such as in 50 

the electrooxidation of methanol, ethanol and/or formic acid [20,21]. The latter has led to the increasing 51 

development of this synthetic strategies, handling and methods of integrating these devices at the 52 

nanoscale in order to obtain products with novel physicochemical properties that are difficult to obtain in 53 

bulk materials or positive curvature nanostructures. 54 

 Nanostructuring at the electrochemical interphase has been applied successfully by scanning 55 

tunneling microscope (STM), where the potentials of the tip and of the substrate can be controlled 56 

separately by means of a bipotentiostat, allowing great flexibility to study surfaces under a variety of 57 

polarization conditions. In the case of the electrochemical use of STM, a number of applications have 58 

appeared that allow study and generate nanostructures. For example, NHs have been produced by crash a 59 

tip of the a STM on a metallic surface [22,23,24,25,26,27,28]. This techniques has also been used to 60 

create NHs on the non metallic surface such as graphite, and then filled with Ag stemming from the STM 61 

tip [29]. In other type of approach, NHs were created without contact, it is by the application of short 62 

negative voltage pulses to a STM tip and then filled with Cu clusters [30,31,32]. These defects play an 63 

important role because it can act as nucleation centers and allow further growth of other metal 64 

nanostructures. If the potential applied to the substrate is controlled carefully, it is possible to confine the 65 

deposition from the solution to the volume inside the NH, where the nucleation sites are provided by the 66 

edges or steps inside the NHs. Electrodecoration with other metals were also analyzed such as Bi and Ag, 67 

which were deposited on Au-NHs, using the same technique aforementioned [33,34,35]. 68 

 Thermodynamic and structural properties of the NHs, have been previously studied by Off-69 

lattice Monte Carlo simulations using Embedded Atom Method (EAM) potentials [23,24,25,26]. In the 70 

Cu deposition on Au-NHs case, sites linked with four substrate atoms in the inner wall of the NH were 71 
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identified as the places where growth of Cu begins (an nucleation preferential). When the chemical 72 

potential of Cu was increased the NH was filled up to the surface level, then was detected the formation 73 

of a 3D-cluster on this surface. On the other hand, in Ag electrodeposition on Au-NH case the filling of 74 

the NH was described by a 2D layer-by-layer mechanism and no 3D-cluster formation. While NHs have 75 

been the same in both simulations, it can be inferred that the interaction between species is the cause of 76 

this peculiar behavior. 77 

 Recently, we have analyzed systematically nanoeffects in several thermodynamics properties on 78 

positive curvature, such as NPs [36,37]. There, we employed Grand Canonical Monte Carlo (GCMC) 79 

simulations and/or analytic approaches under lattice gas approach. Size of the nanostructure was used that 80 

a key parameter that allowed the understanding of adsorption properties in the nanoscale. 81 

Particularly, the surface adsorption on several nanoparticle geometries with repulsive interaction has 82 

previously been tackled for us, in Reference [38]. There, we considered interactions between lateral 83 

nearest neighbors and with the substrate itself. In that case the coordination number varied from zero to 84 

nine. These interactions were responsible for the formation of several ordered structures on the surface of 85 

the nanoparticles, which exhibit a positive curvature. In the present work, we extend the analysis to the 86 

deposition on nanoholes, which present a negative curvature. Although a similar simulation scheme is 87 

followed, two important differences can be drawn: 88 

• In the case of surfaces with negative curvatures like the present ones, the coordination number of 89 

the deposited atoms is increased(up to twelve) with respect to the case of adsorption on planar surfaces. 90 

The opposite is the case for atom adsorption on nanoparticles, where the coordination number is 91 

decreased. 92 

• The deposition process can take place on the surface and on the entire volume defining the 93 

nanostructure. 94 

So, the present work is a continuation of these studies. The main objective is the systematic 95 

thermodynamic characterization of deposition in NHs with different size and geometries, within a lattice 96 

gas scheme. Here, the curvature in the inner walls of the NH is taken as a key parameter of the process. 97 

The GCMC method, which involves the creation and annihilation of particles in equilibrium with a 98 

reservoir of particles at a fixed chemical potential is used with this purpose. In principle, the main aim is 99 

the emulation of electrochemical deposition, but the conclusions may be valid for related systems with 100 

control of the chemical potential of adsorbing particles as well. 101 

 102 

2. Models and basic definitions 103 

 As above stated, particle deposition will be simulated by assuming that the chemical potential of 104 

the deposited particles is controlled by equilibration with the chemical potential of particles in an infinite 105 

reservoir. Three lattice gas models will be considered. Model A, represents a tridimensional solid, where 106 
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the NH has a parallelepiped geometry. The solid is formed by four planes of atoms separated by a 107 

distance corresponding to the separation between lattice planes of the single crystal surface exposed by 108 

the metal.  In three of them a square nanohole is created where the inner walls present no curvature. On 109 

the upper surface, atoms can be deposited and form a monolayer. The surface geometry corresponds to 110 

the (100). A NH of this type is illustrated in Figure 1a. The red spheres correspond to the atoms of the 111 

solid and the empty sites are represented as white spheres. The total number of sites on the external 112 

surface is ( )22L l+ , where L is the number of missing atoms in the border of the NH, and l is the number 113 

of atoms in one border of solid. The depth is quantified by the n-index and corresponds to the total 114 

number of planes involved in the NH. Because all planes have the same L, each plane of the NH has 
2L  115 

missing atoms. Then, the volume of the NH, expressed in atomic units, is 
2

NH AV nL− = . In Model A, we 116 

consider 3n = , 30L = , and 5l = . 117 

 118 

  119 

Figure 1: Snapshot of the models. The insets a), b) and c) correspond to models A, B and C respectively. 120 

The blue lines are guide eyes. 121 

 122 

 The second model, called Model B, includes curvature effect in the inner walls. This curvature 123 

effect is modeled considering a one-atom step inwards per each plane in the NH. Thus, the plane 3n =  124 

(considering 1n =  to be the bottom layer) has 
2L  empty sites. The plane with 2n =  has 

2
( 2)L −  sites 125 

and finally for 1n = , the number of empty sites are 
2

( 4)L − . The NH volume for this Model is 126 

n = 1

n = 2

Figure 1

c)

b)

 Atoms of the solid

 Empty sites

n = 3

l
L

l+2

a)

L
l

l+1
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2 2 2( 2) ( 4)NH BV L L L− = + − + − . Figure 1b shows the geometry of the system. The blue lines are a guide 127 

to the eyes to grasp the geometry of the models. 128 

 Finally, the third model, called Model C considers a more realistic type of curvature. The NH is 129 

formed in this case by detaching atoms from the solid which corresponding to the half of a pristine 130 

truncated octahedron (TO) NP, with a facet type {100} directed towards the surface. Thus, the shape of 131 

the cluster that the adsorbate will define upon completion of the NH will be TO. Therefore, NHs are 132 

formed by facets type {111} and {100} connected by border of high coordination. The sites at the center 133 

of the empty NH have twelve nearest neighbors (NN), but this number decreases as we move towards the 134 

border of the NH. In this model we have extended the net for adsorption until two layers above the 135 

surface of the solid. Figure 1c, shows the geometry of this Model. 136 

 We turn now to define the energetic parameters for these models. We consider the solid substrate 137 

to be constituted by particles of type α . Particles of type β  (adsorbate) can be adsorbed on the inside of 138 

NH and on the surface of the solid. From thermodynamic point of view, the deposition conditions are 139 

characterized by the chemical potential µ at temperature T. Only nearest-neighbor interactions are 140 

considered. The adsorbates can thus “feel” two kinds of interactions: an heteroatomic and/or an 141 

homoatomic, that we assign ε  and w  respectively. The Hamiltonian can be written as: 142 

 143 

( ) ( )

,́ ´, ´ ´, ´, ´

, , ´, ´, ´

, , , ´, ´, ´

1 1
 

2 2

i j k i j k

i j k i j k

i j k i j k

c c
c cH w ε

 − +    
= +    

    
∑    (1) 144 

 145 

The indices i, j and k correspond to space coordinates in the solid. , ,i j kc   is zero if site (i, j, k) is empty or 146 

1 if occupied by a β  particle. The sum runs over adsorption sites only and multiple occupations are 147 

forbidden. The adsorption-desorption process is simulated by a standard importance sampling Monte 148 

Carlo method in the Grand Canonical Ensemble [39,40,41]. To satisfy the principle of detailed balance, 149 

we used the Metropolis algorithm [42].A Monte Carlo Step (MCS) corresponds to M attempts to change 150 

the state of the system. Before sampling the quantities of interest, thermodynamic equilibrium was 151 

established, this condition was attained discarding the first 5×106 MCSs. Then, the next 2×106 MCSs 152 

were used to compute averages and the parameters of interest were obtained by simple averages. 153 

 For the two first models considered, partial coverages were defined according to: 154 

 155 

( ) 2
,               with =1, 2 and 3                                          Model A 

n

n

N
T n

L
θ µ =   (2a) 156 
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( ) ( ) ( )1 2 3

1 2 32 2 2
, ,     , ,   ,               Model B

( 2) ( 4)

N N N
T T T

L L L
θ µ θ µ θ µ= = =

− −
  (2b) 157 

 158 

where the indices “n” indicate each lattice plane considered in the NH models (see Figure 1). 
nN  is the 159 

number of particles deposited in each n-plane, and the brackets denote averages taken along the 160 

simulation. The full coverage was computed as: 161 

 162 

( ) ( ), ,i

i

T Tθ µ θ µ=∑   (3a) 163 

 164 

or equivalently 165 

 166 

1
( , ) i

iNH

T c
V

θ µ = ∑   (3b) 167 

 168 

As the total coverage is normalized to volume of the NH, 1θ =  means a full NH. Since the volume is 169 

expressed in atomic units, the energy per particle in the NH is calculated as: 170 

 171 

( )
NH

H
u

V
θ =    (4) 172 

 173 

The differential heat of adsorption is in turn: 174 

 175 

( ) 22d

NH H Nu
q

N N
θ

θ
−∂

= − =
∂ −

  (5) 176 

 177 
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For Model C, Eqns (3b), (4) and (5) can be applied, taking into account that 
NHV  are sites inside of the 178 

NH. 179 

In this statistical assembly it is possible to obtain the quasi-equilibrium voltammograms (current versus 180 

electrode potential plots) associated with the adsorption isotherms. The current may be obtained from the 181 

fluctuations in the number of particles on the surface of the NH, which also corresponds to the 182 

compressibility of the adlayer: 183 

2
2

B B
N Nd N

i
d kTµ

−
∝ =   (6) 184 

The electrode potential is linearly related to the dimensionless quantity βµ , so that a plot of the quantity 185 

on the RHS of Eqn (6) as a function of βµ  resembles the voltammetric curve. For a detailed explanation, 186 

the reader is referred to [Error! Bookmark not defined.]. 187 

 188 

3. Results and discussion 189 

 In this section we describe the thermodynamic behavior of the three models proposed above. 190 

3.1 Model A 191 

 As stated above, this model represents an idealized NH with parallelepiped geometry. The 192 

energies will be expressed in Bk T  units, where Bk  is the Boltzmann constant ( )5 18,6173324 10  eV K− −×  193 

and 0.0258 eVBk T = . We have considered for adsorbate-substrate and adsorbate-adsorbate interaction 194 

as: / 1.0Bw k T = −  and / 0Bk Tε < , respectively. These energetic parameters are usually used for describe 195 

attractive interactions that are typically involved in metallic depositions. The values considered were 196 

/ 0.5,  0.75,  1.0,  2.0,  5.0 kTε = − − − − −  and 7.0 − , corresponding to describe a more favorable 197 

(negative) bond between adsorbates. With these negative interactions, the adsorbate tries to adsorb in sites 198 

with a maximum coordination. For dimensioning the energy values used , we can mention that per bond 199 

energy of the Ag and Pt atoms bulk in Bk T  units are 18.0 −  and 37.0 − , respectively at room 200 

temperature. Figure 2 shows the corresponding adsorption isotherms, 201 

 202 
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 203 

Figure 2: Adsorption isotherms for Model A. The inset shows the partial coverages. 204 

 205 

 The coverage inside of the NH can be calculated from ( ) ( )2 2

max , 1 2 3L l L l Lθ = + + , so that 206 

( )max
30,  5 43 / 27L lθ = = = . For / 5kTε < − , all isotherms saturate at the same value. In the case where 207 

/ / 1.0kT w kTε = = − , the adsorbates have the same probability of sticking at the bottom of the NH as to 208 

adsorb on surface sites. We can consider the bottom of the NH as a simple heterogeneous substrate. For 209 

/ /kT w kTε >  we observe a progressive filling until the formation of the monolayer on surface of the 210 

solid. In the opposite case, when / /kT w kTε < , we observe the occurrence of two broad plateaus 211 

previous to saturation. The first one (marked with an arrow in Figure 2) corresponds to the filling of the 212 

vertices and edges sites of the bottom plane. The inset shows the partial coverage of each plane for c. In 213 

this inset, the isotherm for the bottom plane ( )1
θ , shows a plateau at 1 0.05θ ≈  corresponding to the first 214 

plateau in the total isotherm. It is interesting to observe a simultaneous increase in 
2
θ  and 

3
θ  practically 215 

at the same chemical potential. This corresponds to the filling of the vertices sites at each plane. A green 216 

ellipse is drawn to emphasize the mentioned phenomena in the inset of Figure 2. The third plateau 217 

observed at saturation coverage sat A
θ − , corresponds to complete filling of the adsorption sites. 218 

 When the bottom plane is completely filled, ( )1
0.33θ ≈  the others planes begin to fill until 219 

saturation, reaching 2 3 0.04θ θ= ≈ . This means that the inner walls of the NH are decorated. The second 220 

plateau at 0.67θ ≈  corresponds to the filling of the full inner walls plus the formation of a monolayer on 221 

the solid. At this point, all the surfaces exposed are completely decorated by adsorbate particles. Thus, the 222 

system minimizes its energy by maximizing the number of intra-particle pairs. After this, the NH is 223 

completed by a condensation mechanism, manifested by a prompt jump in the isotherms from the second 224 

plateau until sat A
θ − . This behavior is typical for attractive interactions [36,37]. To clarify the nature of this 225 

stage, Figure 3 shows snapshots of that GCMC simulation. Figure 3a correspond to the first plateau of 226 

the case / 5.0kTε < − , where a “square ring” is observed at the bottom plane and the vertices of the other 227 
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planes are filled. The filling of the entire surface exposed is shown in Figure 3b, in correspondence with 228 

the second plateau occurring at the total isotherms. 229 

 230 

 231 

Figure 3: State of occupation of the systems for Model A: a) first plateau, b) second plateau given in 232 

Figure 2. 233 

 234 

 The energy per site as a function of the coverage degree is shown in Figure 4a. For the 235 

isotherms with a progressive filling (without steps), the energy presents a smooth curve. For the other 236 

case, the energy shows a change in the slope at the coverage where take place the plateaus in the 237 

isotherms. The inset shown a zoom indicate this slope change for the first plateau. A discontinuity is 238 

observed in correspondence with the condensation reported in isotherms. Another interesting 239 

thermodynamic parameter is the differential heat, because it can be measured in experimental setups. This 240 

parameter can be computed from fluctuations, see Eqn. (5). Figure 4b show steps can be identified at the 241 

coverages where the plateaus appear in the isotherm. The steps become more evident as the plateaus are 242 

wide. The black arrow indicates the first step for the case / 7.0kTε = − . 243 

 244 
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 245 

Figure 4: a) Energy per site as a function of the coverage degree. The zoom indicate this slope change for 246 

the first plateau. b)The differential heat as a function of the coverage degree; the black arrow indicates the 247 

first step for / 7.0kTε = − . 248 

 249 

 Now, we analyze the effect of NH size L. With this aim, we consider the isotherms obtained with 250 

2,  5, 10, 20L =  and 30 (l=5 and n=3) for the case of / 5.0kTε = − ,where the plateaus are visible. These 251 

isotherms are shown in Figure 5. All the plateaus described previously are observed at 5L > . It is found 252 

that the saturation of the adsorption isotherm depends on L. At 10L <  the first plateau becomes less 253 

evident. 254 

 255 

 256 
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Figure 5: Adsorption isotherms for l=5, n=3 and / 5.0kTε = −  for several values of L ,  The lines in the 257 

inset are the recurrence relations of saturation coverages, given in Eqns. (7-9). The points were obtained 258 

from the simulations. 259 

 260 

 A question that we want to answer is whether the plateaus are observable for large values of L. 261 

For this purpose, we can write relations for first plateau 1 Aθ − , the second plateau 2 Aθ − , and the saturation 262 

coverage sat Aθ − , respectively as: 263 

 264 

( )1 2

4 4 4 4

3
A

NH

L L
L

V L
θ −

+ +
= =   (7) 265 

 266 

2 2 2

2 2 2 2

5

12 12 4 4 32 88
( )

3 3 3

surfSNH
A

NH NH l

NN L L lL l L L
L

V V L L L
θ −

=

+ − + + +
= + = + =   (8) 267 

 268 

2 2 2 2 2

2 2

5

3 ( 2 ) 3 ( 2 ) 4 20 100
( )

3 3
sat A

NH l

L L l L L l L L
L

V L L
θ −

=

+ + + + + +
= = =   (9) 269 

 270 

where SNHN  is the number of sites on the inner walls of the NH and 
surfN  is the number of sites on the 271 

external surface. These expressions are plotted as a function of L in the inset of Figure 5, while the dots 272 

are obtained from GCMC simulations. We observe a good agreement. If L→∞ , the walls are very far 273 

from each other and we get ( ) 4/3sat A Lθ − → , 
1 ( ) 0A Lθ − →  and 

2 ( ) 1/ 3A Lθ − → . The first plateau disappears as 274 

expected while the others reach a constant value. For the second plateau, in this approach, the area of the 275 

bottom plane is imposed on the other areas involved. 276 

 277 

3.2 Model B 278 

 Now we describe the thermodynamic behavior of Model B, with the idea of analyzing the effect 279 

of small curvatures in the inner walls of the Model A. Figure 6 shows the adsorption isotherms for 280 

several values of reduced energies, / kTε , at 30L = . When the energies / kTε  change to more negative 281 
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values, two broad plateaus are observed. The inset shows partial coverages, for / 10.0kTε = − . At low 282 

chemical potentials, the three variables, 
1θ , 

2θ  and 
3θ , increase simultaneously; this is marked with an 283 

ellipse in the inset of Figure 6, and means that the inner walls are filled at once, remaining the bottom of 284 

the cavity uncovered. This corresponds to the first plateau in the total isotherm at 0.13θ ≈ . The 285 

subsequent partial saturation of 
1θ  corresponds to the filling of the bottom plane. The second plateau on 286 

the total isotherm corresponds to the filling of the surface sites, including the monolayer. At this point, all 287 

exposed surfaces are decorated with β-particles. After this, the NH is filled through a condensation. 288 

Snapshots are shown in the Figure 7 that correspond to a) the first plateau and b) the second plateau. 289 

 290 

 291 

Figure 6: Adsorption isotherms for Model B at 30L = . The inset shows the partial coverages. 292 

 293 

 294 

Figure 7: Snapshots for Model B; (a) for the first plateau and b) for the second given in Figure 6. 295 

 296 
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 297 

Figure 8: Adsorptions isotherms for / 10.0kTε = −  and different values of L for Model B. The inset i) 298 

shows a zoom of the first plateau. The inset ii) shows saturation coverages for the recurrence relations 299 

(lines) given in Eqns. (10-12) and GCMC simulations (points). 300 

 301 

 Figure 8 shows the isotherms for / 10.0kTε = −  and different values of L. The behavior of the 302 

isotherms is similar that of Model A, but a third plateau can be observed at very low coverages. This 303 

plateau becomes visible for strong negative values of the intra-particle energy, and small Ls. It is 304 

important to mention than 5L =  is the minimum size that conserves the characteristic of the NH for the 305 

present model. This first plateau corresponds to adsorption on sites where number of intra-particle links 306 

are maximized. These are the corners of each plane. At these sites each adsorbate is linked with three 307 

particles of the solid. Inset (i) corresponds to a zoom on this first plateau. As in the previous case, a 308 

equation can be obtained relating L with 
1 B
θ − , 

2 B
θ −  and 

sat B
θ − , which correspond to the first plateau, the 309 

second plateau and the full coverage respectively: 310 

 311 

1 2

12 36
( )

3 12 20
B

L
L

L L
θ −

−
=

− +
  (10) 312 

 313 

2

2 2

10 158
( )

3 12 20
B

L L
L

L L
θ −

+ +
=

− +
  (11) 314 

 315 

2

2

10 150
( ) 1

3 12 20
sat B

L L
L

L L
θ −

+ +
= +

− +
  (12) 316 
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 317 

Inset (ii) shows these quantities as a function of L. For the thermodynamic limit ( L→∞ ), we get 318 

( ) 4 / 3sat B Lθ − → , 1 ( ) 0B Lθ − →  and 2 ( ) 1/ 3B Lθ − → . The points in the inset are obtained from GCMC 319 

simulations, and as found above for Model A. Here, there is also a good correspondence with the 320 

analytical relations. The features of the energy per site and the differential heat (not show) are in complete 321 

agreement with behavior of the isotherms. The energy presents a change of slope and the differential heat 322 

a step associated with each deposition regime. In similar way to that of Model A, the first plateau 323 

disappear in the large L limit because the walls are very far from each other. 324 

  325 

3.3 Model C 326 

 To take into account explicitly the effect of curvature in a realistic systems, a NH was build 327 

using {111} and {100} facet, corresponding to the most frequent crystal planes in the experiments. In 328 

Section 2 we explained how were building this structures. Inner walls of the NH are formed by two 329 

different kind of facets, i.e. {100} and {111}. In addition two layers are considered on the (100) surface 330 

of the solid. We considered an size of full layer containing 800 sites and the same parameter of Model A, 331 

/ 1.0w kT = − . 332 

 Figure 9 shows the isotherms from several values of / kTε  for 331NHV =  (in atomic units), this 333 

volume correspond to the half of TO. For / 1.0kTε = − , the sequence of deposition can by resume as 334 

follows: NH is filled in the first place, second the monolayer and finally the bilayer are formed. As we 335 

know at these energies take place a no preference sites, the most coordinated sites are the first to be 336 

occupied; this corresponds with the sites in the inner of the NH. An interesting point to consider, is on 337 

how large must be the temperature of the system so that the energetic landscape is blurred by thermal 338 

effects. This depends in a complex way on ε , w and on the topology of the heterogeneous surface. The 339 

present simulations show that the step associated with the structure illustrated in snapshot 10c becomes 340 

evident for weakly attractive systems, where / 3kTε ≤ − , involving energies interaction of the order of 341 

0.08 eVε ≈ − . On the other hand, the step related to the structure shown in snapshot 10b becomes 342 

evident for interactions where / 5kTε ≤ − . 343 

 344 

Page 14 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
9 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

N
E

W
 O

R
L

E
A

N
S 

on
 0

6/
12

/2
01

6 
07

:5
9:

40
. 

View Article Online
DOI: 10.1039/C6CP05718G

http://dx.doi.org/10.1039/c6cp05718g


15 

15 

 

 345 

Figure 9: Adsorption isotherms for Model C. The arrow marks the  plateaus. The inset shows the 346 

differential heat qd. Steps are indicated with arrows. 347 

 348 

 349 

Figure 10: Adsorption isotherm for Model C at / 7.0kTε < − . The inset shows snapshots of top view for 350 

Model C. The yellow spheres represent the substrate and the greys are adsorbate. 351 

 However, when / 1.0kTε < − , several plateaus are observed. All of them are pointed by black 352 

arrows at the isotherm of / 7.0kTε = − . The insets in Figure 10 shows, the snapshot associated to each 353 

plateau. The inset (a) shows the empty substrate. The second plateau corresponds to the occupancy of the 354 

borders and vertices sites (inset b). The border sites are those that link each facets. The third plateau 355 

correspond to the filled of the {100} facet inside of the NH and on the (100) surface of solid (inset c). The 356 
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fourth plateau corresponds to the occupation of the {111} facets inside the NH (inset d). At this point the 357 

entire surface is decorated by the adsorbate. It is interesting to note that snapshots 10b and 10c exhibit a 358 

complex composition, involving different coordinations of the adsorbate with the substrate. These 359 

structures could not have been inferred on simple coordination considerations. Finally NH is filled and 360 

the second layer is formed (not shown) by a condensed mechanism. Similarly to the previous 361 

observations, the energy per site presents a change of slope at the coverages where the plateaus are 362 

observed. The differential heat qd is shown in the inset of Figure 9. Steps are observed corresponding to 363 

each plateau reported in the isotherms and are marked by arrows. The intensity of the steps depends on 364 

the values of /w kT . 365 

 Figure 11 shows the dependence of the isotherms with NHV  for / 5.0kTε = −  and / 1.0w kT = −366 

. When the size of the NH is decreased, all the previous plateaus are observed but they are shifted toward 367 

high values. The inset shows the differential heat, where the mentioned shift is observed too. 368 

 369 

 370 

Figure 11: Adsorption isotherms with the different quantity of inner sites in Model C, for several values 371 

of VNH. / 5.0kTε = −  and / 1.0w kT = − . The inset shows the differential heat as a function of θ . 372 

 373 

In order to analyze the experimental implications that arise from the present modeling for electrochemical 374 

deposition, we consider in this section the effect of the increase in the curvature of a NH. With this 375 

purpose, the NH was characterized through three variables: M, L and a . The first parameter indicates the 376 

number of lattice planes defining the depth of the NH. The second parameter, L, indicates the size (in 377 

atomic units) of the square base (bottom) of the NH. The third parameter, a , indicates the width (in 378 

atomic units) of the terraces that constitute the walls of the NP (considered all of the same width). The 379 

inset in Figure 12a schematically forms such characterization. Figure 12a shows the adsorption 380 
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isotherms for a NH which is 5 lattice planes deep (M=5), with different terrace sizes, a =2, 4, 6, 8 and 10, 381 

using in all cases / 7.0kTε = −  and / 1.0w kT = − . When a  increases, the curvature of the NP decreases.  382 

In agreement with the three models mentioned above, the present isotherms show 4 stages: 383 

1) Filling of vertices, ( )/ 21.0kTµ ≈ − . 384 

2) Filling of the edges, this corresponds to the formation of “square rings” reported in model B, 385 

( )/ 15.0kTµ ≈ − . 386 

3) Decoration of the steps between the facets, ( )/ 9.0kTµ ≈ − . 387 

4) Complete filling of the NH (bulk-like deposition) ( )/ 3.0kTµ ≈ − . 388 

Adsorption isotherms such as those shown in this paper can be obtained from electrochemical 389 

experiments, from the analysis of charge flow on a conductive surface, as a function on the deposition 390 

potential [43]. The i vs V curves (voltammograms), can be obtained taking the derivative of the coverage 391 

with respect to the potential. Alternatively, statistical mechanics also offers the possibility to compute the 392 

voltammograms from the theory of fluctuations. In fact, it possible to emulate i vs V curves through 393 

computer simulations by the analysis of the root mean square fluctuations ( )22N N−  as a function of 394 

the normalized chemical potential ( )βµ . However, it is necessary to point out that quasi equilibrium 395 

conditions are required to compare experiment with Monte Carlo simulations [38]. 396 

Figure 12b shows the fluctuations (which are proportional to the experimental voltammograms) for 397 

different negative curvatures of the NH. Independently of the size of the terraces, it is found that all 398 

current peaks occur at approximately the same potential. This indicates that the positions of these maxima 399 

only depend on the energetic parameters [36,37,38], so that small changes in the curvature of NH only 400 

modifies the intensities in the voltammograms. Then, we can infer that an analysis of the relative 401 

contributions of these intensities can be used to infer the shape of the NH. This is not a simple task, since 402 

besides the analysis of different shapes of the NH, it is necessary to consider the variation of fluctuations 403 

with size (see inset Figure 12b). In the case of macroscopic systems, the fluctuation of the number of 404 

particles is negligible as compared with system size. However in the nano world this is not necessarily 405 

correct. These studies are in progress and will be subject of subsequent publications. 406 

 407 
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  408 

Figure 12: a) Adsorption isotherms for nanoholes with different negative curvatures, using / 7.0kTε = −  409 

and / 1.0w kT = − . The inset shows the model used to characterize a negative curvature. b) Mean square 410 

fluctuations as a function of the normalized chemical potential for a NH with different curvatures at 300 411 

K. The inset corresponds to a zoom of the initial stage of deposition. 412 

 413 

4. Conclusions 414 

 In this paper we have modeled the deposition on nanoholes (NH) with three different lattice gas 415 

models. Two kinds of energetic interactions were considered: interparticle ε, and intraparticle w. Model A 416 

emulates an idealized nanohole as a solid with vertical walls. The hole was only three atomics planes 417 

deep. Attractive interactions were assumed in all cases, which could be associated with the interaction 418 

arising between metal atoms. The analysis was done as a function of different values of /w kT . The 419 

isotherms show the occurrence of two plateaus, which are related to the different regimes of decoration in 420 

the NH. The surface of NH was considered as a heterogeneous substrate. The first plateau is associated 421 

with deposition on vertices and edges at the bottom plane. The second plateau is associated with the 422 

formation of the monolayer and the decoration of all the inner walls. The differential heat and the energy 423 

per site are in agreement with the results of the isotherms. When the size of the NH is changed, the 424 

isotherms present a different regimen of saturation, which can be recognized as a nanoeffect. Analytical 425 

equations allow to analyze the tendencies found for big size of NH. The first plateau disappears in this 426 

limit (border effects become negligible), and the second one reaches a constant value. In this limit, it is 427 

reasonable to think than at very large distances between the inner walls the system can be considered as a 428 

two dimensional substrate. Another important conclusion reached is that the formation of the monolayer 429 

occurs before the filling of the nanohole, which takes places at last. 430 

 Model B includes a curvature in the inner walls. In this case there are three stages of deposition; 431 

the first corresponds to adsorption on sites where the number of adsorbate-substrate links is maximum. 432 

These are vertices sites, and the nanoeffect only is visible at very low values of L. The second 433 

corresponds to the filling of inner walls only. Finally, the last plateau corresponds to the filling of the 434 

bottom plane and the monolayer. 435 
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 In summary, both models, A and B, present intermediate states before the complete filling of the 436 

NH. The previous states depend on the distribution of lateral links in the models. The curvature allows the 437 

filling of the inner walls before the bottom, as it was the case of Model A. However, in the model B, there 438 

is not preference between facets or bottom. This general behavior does not depend on the quantity of 439 

inner planes considered, even if we consider a solid with geometry (111). 440 

 Model C, considers a more realistic NH with the internal geometry of an truncated octahedron. 441 

This presents a distribution of links that depends on the position in the NH. When the interparticle and 442 

intraparticle interactions are the same values, the NH is filled before the layers. But when / /w kT kTε< , 443 

the situation is opposite. All the surfaces are decorated before the filled of the NH. This is an effect of the 444 

curvature and the kind of interactions analyzed. 445 

 The positions of the current peaks in the simulated voltammograms depend only on the energy 446 

parameters, so that small changes in the curvature modify the relative intensities of the peaks in the 447 

voltamograms. This can be used to infer, through an analysis of the relative contributions of current 448 

intensities, the size and shape of the nanocavity. 449 

 450 
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