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A system consisting of at least two components was considered. In this system, nanocrystalline material is formed at high
temperature, at which diffusion does not limit the mass transport. The structure results from establishing an equilibrium between
surface and volume of the crystallites and their surroundings in isothermal-adiabatic conditions. The surface of each crystallite is
covered with another substance. On the basis of the performed energy-balance calculations it was concluded that the reduction
in the surface area is associated with a decrease in the surface coverage degree and thus with the necessity to provide energy to
the system in order to remove chemisorbed atoms. An increase in the temperature of a nanocrystalline substance to a temperature
higher than the preparation temperature results in the formation of a new state of equilibrium. At temperatures below the maximum

temperature only the equilibrium between the gas phase and the surface exists.

1. Introduction

There is a common view that substances with a strongly
extended surface are not in a state of chemical equilibrium.
The surface energy, y, of a solid is associated with the presence
of unsaturated bonds to atoms located on a solid surface.
Substances in nature tend to approach an energy minimum,
and this is achieved by decreasing the surface to volume ratio,
S/V [1-4].

Catalysts are examples of materials with a strongly
extended surface. The influence of temperature and a gaseous
atmosphere on the specific surface area and the metal
dispersion on catalyst support has been described in numer-
ous papers [5-7]. The changes in surface area and metal
dispersion during annealing at a given temperature have
been studied. Based on the data from these studies, it can
be concluded that neither the surface area nor the metal
dispersion reaches a zero value, despite prolonged exposure
to a high temperature. One example is the ammonia iron
catalyst, which maintains its nanostructure (mean crystallite
size and porosity) over a period of more than 15 years in
an ammonia synthesis reactor (temperatures up to 500°C).

The ability of the catalyst to maintain its nanostructure at
a relatively high process temperature cannot be explained
by the decay of diffusion effects. It has been observed
[8, 9] that the surface structure of platinum gauze wires
changes during catalytic ammonia oxidation. Consequently,
surface development of the catalyst takes place as a result of
interactions between the platinum and the gas phase.

Classical methods for describing the complex interactions
between gas and solid phases are based on certain simpli-
fications. In Langmuir’s description of adsorption, only the
equilibrium between the gas phase and the solid surface
was considered [10]. He omitted the equilibrium between
the substance adsorbed on the surface and the substance
dissolved in the bulk. In the case of segregation, McLean [11]
considered the equilibrium between the substances dissolved
in the bulk and that segregated on the solid surface. However,
he did not take into consideration the equilibrium between
substances segregated on the solid surface and substances
desorbed into the gas phase. In both studies, the possibilities
of surface area modifications and the change in the coverage
degree were not taken into account.
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2. Results and Discussion

To determine if materials with an extended surface exist in
a state of chemical equilibrium, let us consider a two compo-
nent system in which the surface of each individual crystallite
(substance A) is covered with substance B (chemisorption)
to a given degree, 8 > 0. The coverage degree is defined as a
ratio of number of occupied surface atoms to total number
of adsorption sites. Let us assume that compound A-B is
not formed, but a solution of B dissolved in A is formed.
The equilibrium is not only limited to a balance between the
surface and the volume of the crystallite, but it also includes
the equilibrium of the covered and uncovered surface atoms
and the equilibrium between B present on the crystallite’s
surface and in the gas phase:
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The relationship between occupied free adsorption sites is
determined by the coverage degree. In equilibrium, the cov-
erage degree is unambiguously determined and results from
the conditions that occur in that state. Thus, the equilibrium
between covered and uncovered atoms means that there is a
particular coverage degree observed in the system in question
when the equilibrium state holds.

In the equilibrium expression above, the chemical poten-
tials, y, of substances contained in the system are equal to
one another. These potentials are related to the equilibrium
constants, K, as follows:

XA(B) surf
K, c=—""—, 2a
surf XA,surf ( )
XA bulk
Kok = ———> 2b
bk = (2b)
XB
Ky = —. (2¢)
XA(B),surf

Molar concentration, X, can be calculated assuming that the
total number of moles of atoms, #, is a sum of the moles of
atoms of substance A, n,, and substance B, ny. For a single
crystallite, the surface consisting of , ¢ .f moles of atoms with
unsaturated chemical bonds and 1, g, ., moles of atoms with
saturated bonds was considered separately. The crystallite
bulk contains #, 1, moles of atoms. The number of moles
of B atoms is the sum of the moles of B dissolved in the
crystallite (r1 1,1 ), the moles of B covering its surface, ny .,
and the moles of B in the gas phase, 1y 4,,. The degree of
surface coverage of the crystallites, 0, is defined as the ratio of
the number of moles of 1, ) ;¢ to the total number of moles
of 15 g and 71, (p) ,pp- The molar concentration of substance
B on the surface of the crystallite, X, ) ¢, can be changed
by the simultaneous processes of adsorption and segregation
(Figure 1).
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FIGURE 1: Scheme of the model system.

The specific surface area can be expressed as the ratio of
the molar concentration of surface atoms to the total number
of atoms in the crystallite:

XA,surf + XA(B),surf

§=¢ [m*-g], )

XA,bulk + XA,surf + XA(B),surf

where the constant, { = {(S/V) - 1/p} (p is the density in
g-m_3), is dependent on the substance.

Similar to Langmuir, it was assumed that there are no
interactions between B atoms in the system. The surface
energy corresponding to the clean surface of crystallite A
(0 = 0) is y,, and the surface energy for a surface completely
covered with B atoms (6 = 1) is equal to y,). Atoms
with saturated and unsaturated bonds that are located on the
surface of the crystallite are not energetically equivalent (y, #
Yaw))- The difference between them is equal to the change
in free energy, AG,,s Moreover, different crystallographic
planes (edges, facets etc.), existing within clean and covered
part of surface, have different surface energy values marked
with subscript “4” in equations below. Therefore, the surface
energies associated with a clean surface and a completely
covered surface can be expressed as follows:

Y SpiVas
= A,zVA,z , (4a)
Sa
> SA(B),iYA(B),i
Yam) = g (4b)
A(B)

The faceting process is substantially associated with the pro-
cess of edges formation. However, in the model calculations
the values of surface energy for covered and uncovered
parts of surface were taken as average for the whole part
of surface (covered or uncovered) without specifying energy
ratios associated with particular surface structures (edges,
facets, etc.).

On the surface of a pure crystallite, there are only
uncovered atoms (S = S,), resulting in a crystallite with a
high surface energy. Partial coverage (0 < 6 < 1) of the
crystallite’s surface leads to a reduction of its surface energy
as a result of saturation of a portion of the free bonds on the
surface of the crystallite (y, > y5(p)). Assuming that 6, is less
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than 0,, the reduction of the surface energy can be expressed
as follows:

Ya > ¥a (1=01) + yamf > va (1-6,) + yamby.  (5)

The total value of the surface energy, y, which corresponds to
the energy minimum (at equilibrium state), results from the
tendency of the system to reduce its specific surface area and
to increase the degree of surface coverage:

Y =7Ya(1-0) +ya0- (6)

At the moment of preparation of nanocrystalline substance,
the whole surface of every nanocrystallite is fully covered
by promoters’ atoms, 6 = 1, and crystallites are small
(diameter of tens of nanometer). This is the global minimum
of the energy of system in question. To change (decrease)
the value of the coverage degree one has to add some
energy to the system. This means that we move up from
the point of minimum energy because the system gets some
additional energy. However, at that new situation, a new
state of equilibrium holds, which corresponds to new process
conditions and one deals with new local minimum energy.

From a thermodynamic standpoint, each process reaches
equilibrium in an infinitely long time. As a result of a rise
in temperature, an increase in the diffusion rate is observed,
which can alter the equilibration rate of the system. These
changes allow the system to reach a state of thermody-
namic equilibrium in a realistic experimental time. Therefore,
obtaining a stable nanostructure results from achieving an
energy minimum, that is, a state of equilibrium, rather than
the inhibition of diffusion.

Chemisorption of substances on the surface of the crys-
tallite is associated with a specific energetic effect that can
cause an increase in the energy of the system resulting
in a temperature increase. According to the Le Chatelier-
Braun principle, the higher the temperature of a system is,
the less likely an additional temperature increases. This is
due to consecutive portions of supplied energy. Therefore,
the process can be expected to occur under isothermal-
adiabatic conditions. The energy released during the surface
enrichment of a solid with substance B can be used to change
the crystallites” surface area. The surface coverage degree, 0,
is dependent on enrichment processes (e.g., adsorption or
segregation) and can be calculated using the Langmuir [10]
and McLean [11] equations:
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The energy balance of the system is expressed by the following
equation:

Sa®) Q0 + Sava = Sae) (ya1-0)+ VA(B)Q)

+ (SA(B) = S4) Ya-

The left side of (8) defines the surface energy for a solid
that has a surface consisting only of uncovered atoms and

an energy, Q, that is released during the interactions between
substances A and B. The right side of (8) is the sum of the
surface energy of phase A, which has a surface partly covered
with particles of substance B, and the energy needed to create
a new, additional surface. Based on this balance, the degree of
specific surface development of a nanocrystalline substance is
expressed as the S, /S, ratio, which can be expressed in a
general equation of the following form:
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)
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The specific surface area of nanocrystalline substances may
vary as a result of changes in the size and number of
crystallites and in the surface structure (faceting). The bal-
ance between the above-mentioned factors is determined
by the tendency of the system to achieve an energy mini-
mum. In the process of faceting, new surfaces are formed
on the crystallites by crystallographic planes with different
orientations, although the size and number of crystallites
remain unchanged. The surface energies y, and y, ) change
according to (4a) and (4b). For the sake of clarity, a system
containing substances A and B was studied under isothermal
conditions, and the concentration of Xy, was varied while
taking into account the simultaneously occurring processes
of adsorption and segregation. Regardless of the conditions,
the same crystallographic planes are exhibited on the surface
of crystallites, and the surface energies (y,, V) remain
constant during the process. At a given temperature, devel-
opment of the surface (from S, to S,)) may occur as a
result of an increase in the number of crystallites due to a
reduction in their size (d,p) < d,) during the process of
recrystallisation. All the calculations were carried out on the
basis of (7a), (7b), and (9), and the results obtained are shown
in Figure 2. Modeling shown in the present paper is based
on the laboratory experience concerning iron ammonia
synthesis catalyst [12-16].

For various concentrations of Xy ., the equilibrium
values of the surface coverage degree and gas pressure
were determined. The consequence of increasing the surface
coverage degree is an increase in surface degree development.

Calculations for an isolated system of A and B in which
the equilibrium was achieved at various temperatures were
also carried out. At a given temperature, T}, the effect of
adsorption (assuming no desorption) and segregation on
coverage degree, 0 > 0, was determined for the surface of
crystallite A with a diameter, d, (for simplicity it was assumed
that all crystallites had the same size), a volume, V,, and
a minimum surface area, S,. A change in the surface area
of crystallites calculated using (9) results from an increase
in the surface coverage of the crystallite with substance B.
Substituting the value for the surface area of the crystallite,
Sa)> determined from (9) into (7a) or (7b) allows for a new
surface coverage degree to be calculated. Then, from (9), a
change in the surface area of crystallites was recalculated.
Iterations were performed until the surfaces calculated from
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FIGURE 2: Dependence of surface development degree (Sy)/Sa)
surface coverage degree (0), and pressure (p) of substance B in the
gas phase on bulk concentration of substance B (X3). Calculations
performed for data as follows: AG,, = —180 kJ-mol™!, T = 573K,

K =100, y, = 170kJ-mol ™", y,p = 10kJ-mol .
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FIGURE 3: Dependence of the specific surface area S, on tem-
perature, where AG,,, = —20kJ-mol™", y, = 200kJ-mol™, y,) =
10kJ-mol ™" and X = n,/n = 0.0625 mol-mol .

(7a), (7b), and (9) were equal. The same calculation procedure
was used to determine the specific surface area of crystallites
at temperatures T' > T). The results of these calculations are
shown in Figure 3.

Single component materials tend to achieve an energy
minimum by reducing the specific surface area and thus
reducing the energy of the system. From a thermodynamic
standpoint, only monocrystals can be in equilibrium. The
internal energy of complex systems with at least two sub-
stances depends on the surface energy of covered and uncov-
ered atoms and the energy of bonds between chemisorbed
atoms and surface atoms of the crystallites. The system
reaches its minimum energy as a result of compensating the
surface energy through the creation of bonds between surface
atoms of the two substances. If processes are not limited by
diffusion effects and are connected with a change in the con-
centration of chemisorbed atoms under isothermal-adiabatic
conditions, the energy released during these processes can be
used to change the surface area of crystallites.
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Under real conditions, the size of the surface area is
determined not only by thermodynamic parameters but also
by the kinetic aspects. Nanocrystalline materials with highly
developed, stable surfaces can be obtained only if the growth
of crystallites is the limiting step during the preparation and
the proper conditions are provided for covering the surface of
nanocrystallite A with substance B. As a result of the process
being conducted this way, a nanostructured material with a
minimum energy at a given size of crystallites is obtained.

From a thermodynamic point of view, the reduction of
the surface area is associated with a decrease in the surface
coverage degree and thus with a necessity to provide energy
to the system to remove chemisorbed atoms. An increase
in the temperature of a nanocrystalline substance above the
preparation temperature results in the formation of a new
state of equilibrium defined by larger sizes and a lower
number of crystallites, resulting in a smaller specific surface
area. In practice, the reverse process is not observed despite
the use of a lower temperature. The reduction of the size
of crystallites cannot be achieved due to the slow rate of
this process. Lowering the temperature does not change the
size and number of crystallites, even though an increase
in the degree of fineness is thermodynamically possible. A
system reaches a state of equilibrium at a temperature equal
to or greater than the annealing temperature. At temperatures
below the maximum annealing temperature, one can only
discuss the balance between the gas phase and the surface,
whose structure may change through the faceting processes
due to diffusion of surface atoms. The occurrence of the
phenomenon in glasses, gels, supersaturated solid solutions,
and implanted materials has been previously described [4].

3. Conclusions

The results presented shed new light on the structure of
nanomaterials. According to common opinion, materials
consisting of nanometer-sized crystallites are far away from
thermodynamic equilibrium. Under our defined conditions,
these materials can be in thermodynamic equilibrium. The
stable structure of these materials is the result of maintaining
a state of thermodynamic equilibrium.
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