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Higher Surface Energy of Free Nanoparticles
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We present an accurate online method for the study of size-dependent evaporation of free nano-
particles allowing us to detect a size change of 0.1 nm. This method is applied to Ag nanoparticles. The
linear relation between the onset temperature of evaporation and the inverse of the particle size verifies
the Kelvin effect and predicts a surface energy of 7.2 J/m? for free Ag nanoparticles. The surface
energy of nanoparticles is significantly higher as compared to that of the bulk and is essential for
processes such as melting, coalescence, evaporation, growth, etc., of nanoparticles.
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Based on thermodynamic arguments, Tolman [1]
predicted that the surface energy should decrease with
decreasing particle size. This tendency follows from the
assumption that the Tolman length § is positive. However,
6 is predicted to be negative by a rigorous thermody-
namic derivation [2], which would lead to an increase of
the surface energy with decreasing size. In addition to the
uncertainty in the sign of 8, the validity of the Tolman
equation is questionable for very small particles [3].
Further, the absolute value [1] of § is in the subnanometer
(107'° m) range; the effect of size on the surface energy is
important when the size is comparable with that of an
atom. For nanoparticles, larger values of surface energy
as compared to the bulk material have been reported
from the size-dependent lattice parameter (SDLP) [4—-12].
For example, the surface energy of Pd nanoparticles in a
polymer matrix [10] has been found to be 6.0 = 0.9 J/m?,
whereas that of the bulk is 1.808 J/m?. Similarly, the
surface energy of capped and bare CdS nanoparticles
[11] has been found to be 1.74 and 2.50 J/m?, respectively,
whereas that of bulk CdS is 0.75 J/m?2. In some cases, the
compressibility (k) increases with decreasing particle
size as observed for PbS nanoparticles [13]. If this is
the case, one would obviously end up with a higher value
of surface energy as the compressibility is assumed to be
constant when it is estimated from SDLP of nanopar-
ticles. In case of CdS, a higher value has been obtained
although the compressibility of CdS nanoparticles is the
same as that of the bulk [11].

In a recent Letter [14], a linear relation has been
obtained between the evaporation temperature and the
inverse of the particle size for free PbS nanoparticles
that verifies the Kelvin effect [15] and allows us to
estimate the surface energy of nanoparticles. A constant
value of 2.45 J/m? is found for the surface energy of PbS
nanoparticles [14]. The only report on the surface energy
of bulk PbS delivers a value of 0.0383 J/m? [16], which is
much smaller when compared with that of PbS nano-
particles (2.45 J/m?) and other ionic semiconductors
(~ 1 J/m?). On the other hand, a value of 1.4 J/m? has

106102-1 0031-9007/03/91(10)/106102(4)$20.00

PACS numbers: 68.60.Dv, 68.35.Md

been calculated for bulk PbS by using the empirical
equation [17]. Since the data on the surface energy of
bulk PbS seem to be ambiguous, the higher surface energy
of nanoparticles should be verified for other systems.
Silver is one of the most widely studied materials, and
there is a wide range of values reported for the surface
energy. The value obtained from SDLP of nearly free Ag
nanoparticles is ~6.4 J/m? [4—6], that of embedded Ag
nanoparticles is in the range 1.3-5.9 J/m? [6—-9], whereas
that of bulk is in the range 1.065-1.54 J/m?. The different
values of surface energy clearly indicate its dependency
on the surrounding matrix as well as on the particle-
substrate interaction. Furthermore, it has been reported
that the surface energy of Ag deduced from the size
dependency of a;;; and a,y, lattice constants is 6.405
and 1.415 J/m?, respectively [5]. Hofmeister et al. [6]
have also obtained a surface energy of 6.3 J/m? from
the size dependency of a;;;. However, the highest [18]
value of the surface energy of Ag in (111) and (110)
directions as predicted by a ““universal bonding relation”
[19]is 1.27 and 1.54 J/m?, respectively. This suggests that
the discrepancy between the surface energies as deter-
mined from different lattice constants [5] may be due to
the anisotropy in «. The surface energy is the only free
parameter in the Kelvin equation [14] and there is no such
ambiguity in evaluating the surface energy from the size-
dependent evaporation of nanoparticles. Blackman et al.
[20] studied the time taken for the complete evaporation
of Ag nanoparticles on a carbon substrate by maintaining
a constant sample temperature and obtained a surface
energy of 1.13 J/m? by comparing the data with the
Kelvin equation. This value of the surface energy is in
excellent agreement with that of bulk Ag but lower as
compared to that obtained for nearly free Ag nanopar-
ticles. The above discussions indicate that Ag is an ideal
material for the study of size-dependent evaporation so
that the validity of the Kelvin equation can be tested and
the surface energy obtained from this method can be
compared. In this Letter, the size-dependent evaporation
of free Ag nanoparticles is investigated by online heat
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treatment of size-classified aerosols at different tempera-
tures for a particular time period. The linear relation
between the evaporation temperature and the inverse of
the particle size verifies the Kelvin effect as is the case of
PbS [14]. From the slope, a constant value of 7.2 J/m? is
obtained for the surface energy of free Ag nanoparticles
which is in excellent agreement with that obtained from
SDLP but higher as compared to that of bulk. It is one of
the important physical quantities that controls the growth
of a material on a substrate as well as different phenom-
ena such as melting, coalescence, evaporation, phase
transition, growth, etc., of nanoparticles and is essential
to be known.

The experimental setup is similar to that employed in
Ref. [14]. In brief, a Ag aerosol is formed by evaporating
Ag flakes in a tube furnace at a temperature of 1398 K
under nitrogen atmosphere and subsequent cooling down
of the vapor. In order to size classify the agglomerates/
particles, they are charged by a radioactive 8 source
(®Kr), and flown into a differential mobility analyzer
(DMA). A DMA selects particles on the basis of their
electrical mobility which is a function of their size,
charge level, and shape. The mobility-equivalent diame-
ter d), is equal to the geometric diameter for spherical,
singly charged particles. After size classification, a sec-
ond tube furnace is used to investigate the evaporation of
Ag nanoparticles. The residence time of the agglomerates/
nanoparticles in this furnace is ~35 s when the flow of
the carrier gas is 1.0 standard liters per minute (slm). In
Ref. [14], the particle sizes at different sintering tempera-
tures have been determined by a transmission electron
microscope (TEM) and a fitting procedure has been em-
ployed to determine the onset temperature of evaporation.
In this study, a tandem DMA technique [21,22], i.e., a
second DMA is used after the sintering furnace to detect
the change in the mobility-equivalent diameter. The
DMA can detect a change of 0.1 nm in the mobility-
equivalent diameter, whereas it is very difficult to detect
such a small change by TEM. The method employed here
is more effective, fast and accurate as compared to the
method described in Ref. [14].

Figure 1(a) shows the change in the particle size dis-
tributions at the outlet of the sintering furnace against the
mobility-equivalent diameter. The mobility-equivalent
diameter of the maximum of the particle concentration
is considered as the representative particle size at the
outlet of the sintering furnace. The mobility-equivalent
diameter d); of Ag nanoparticles with different initial
mobility diameters d,,q as a function of the sintering tem-
perature is shown in Fig. 1(b). It can be noted that the
mobility diameter first decreases with increasing sinter-
ing temperature, enters a flat regime, and then decreases
when the sintering temperature is increased further. The
first decrease in the mobility-equivalent diameter is asso-
ciated with the compaction of the agglomerates/particles.
This compaction occurs at a temperature of 423 = 20 K
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FIG. 1. (a) Size distributions of Ag nanoparticles as mea-

sured by a DMA at the outlet of the sintering furnace. The
initial mobility-equivalent diameter dy, as selected by a DMA
is 24.0 nm. (b) d,, as a function of the sintering temperature for
different values of dyy.

which is lower than the temperature predicted for the
coalescence of three Ag clusters of 309 atoms each by
molecular dynamic (MD) simulations [23]. The dis-
crepancy between the experiments and the MD simula-
tions may be due to the difference in the time scale [24].
As a consequence of the compaction, the surface area
and, hence, the mobility-equivalent diameter decrease
until the agglomerates are fully sintered to yield com-
pact particles, and one obtains the flat regime. When
the sintering temperature is increased further, the par-
ticle size decreases due to partial evaporation and, hence,
the mobility-equivalent diameter decreases. Figure 1(b)
clearly indicates that the temperature at which the par-
ticle size decreases due to evaporation of Ag nanopar-
ticles depends on the initial mobility diameter.

Before we evaluate the size-dependent evaporation of
Ag nanoparticles from Fig. 1, it is essential to compare
the mobility-equivalent diameter with the geometric di-
ameter for spherical particles. TEM micrographs (taken
on a Philips CM12 twin microscope, 120 keV, LaB6
cathode) for particles with initial mobility-equivalent
diameter of 16.0 nm sintered at 913, 933, 1023, and
1043 K are presented in Fig. 2. It can be noted that the
mobility-equivalent diameter is consistent with the size
determined from the TEM for a sintering temperature of
1023 and 1043 K. As the mobility-equivalent diameter is
equal to the geometric diameter of the spherical particle,
it is concluded that the particles sintered at 1023 and
1043 K are spherical and the particle size measured by
the DMA is sufficiently precise for the analysis. The
deviation of about 1.0 nm between d,, and particle di-
ameters according to TEM for sintering temperatures of
913 and 933 K is due to the particle nonsphericity.
Here, the particle geometry is expected to be an ellipsoid
(aspect ratio less than but close to unity) as predicted by
the MD simulations of coalesced particles [23].

To determine the onset temperature of evaporation,
the data of Fig. 1 are plotted as the reduced mobility-
equivalent diameter d,;/dy versus the sintering tem-
perature as shown in Fig. 3(a). An interpolation procedure
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(c) dy=14.4 nm, den=14.3 nm

(d) du=14.0 nm, drgy=14.0 nm

FIG. 2. TEM micrographs of Ag agglomerates/nanoparticles
sintered at different temperatures (d;y = 16.0 nm). The micro-
graphs (a)—(d) correspond to sintering temperatures of 913,
933, 1023, and 1043 K.

is adopted to obtain the particle size and the onset tem-
perature of evaporation (7,.), as demonstrated in the
figure. Then, T, is plotted against the inverse of the
particle size as shown in Fig. 3(b) indicating a linear
relation between them which verifies the Kelvin effect.
The solid line is a least-squares fit to the experimental
data yielding a slope of 1158 = 55 nm K and an intercept
of 1097 £4 K, the latter representing a temperature
where large particles evaporate. Data extracted from the
measurements of Shimada et al. [22] are also plotted for
comparison. The higher evaporation temperature with
nearly the same slope may be due to a different residence
time [14].

To extract the surface energy of free Ag nanoparticles,
the size-dependent evaporation data are analyzed based
on the Kelvin equation. The vapor pressure (p,) of nano-
particles is related to that of a flat surface (py) as [15]

—— =exp R (D)
Pso ppRTd

where vy is the surface energy, M is the molecular weight,
pp 1s the density of the particle, R is the gas constant, T is
the temperature, and d is the particle size. For the bulk
vapor pressure (p,) of Ag, we use the expression

1
logp,o(Torr) = — 1.526 X 104@ — 6.649

X 1074T(K) + 10.62, 2)

which is obtained by fitting the vapor pressure data in the
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FIG. 3. (a) The reduced mobility-equivalent diameter as a

function of the sintering temperature. The particle size and the
onset temperature of evaporation are obtained by an interpo-
lation technique shown in the figure. (b) The onset temperature
of evaporation versus the inverse of particle size.

temperature range of 895-1100 K [25]. As the evaporation
of large particles is expected to take place at 1097 K and
the influence of the Kelvin effect can easily be neglected
for large particles, the vapor pressure of Ag at this tem-
perature is calculated to be 9.59 X 107> Torr. Using the
procedure as described in Ref. [14], a surface energy of
7.20 and 6.82 J/m? is found from our experimental data
and the data of Shimada et al [22] for free Ag nano-
particles. These values are consistent and in excellent
agreement with that obtained for nearly free Ag particles
from SDLP [6-9]. In contrast, a surface energy of
1.13 J/m? has been obtained by Blackman et al. [20] for
Ag nanoparticles on a carbon substrate. Assuming a
surface energy of 1.13 J/m? for Ag nanoparticles [20],
the size-dependent evaporation temperature is evaluated
and presented in Fig. 3(b) as a dashed line for comparison.
A stronger size dependency of the evaporation tempera-
ture for free nanoparticles is noteworthy and yields a
higher surface energy. In this context, it may be noted
that the Tolman equation cannot explain the high value of
the surface energy for Ag nanoparticles as the particle
size has only a weak influence on the surface energy in the
size range studied.

In the bulk, atoms are evenly surrounded and the
cohesive forces between the atoms tend to balance.
However, there are atoms on only one side of the free
nanoparticle surface, and there is a net inward cohesive
force. As the particle size decreases, the net inward
cohesive force increases, and as a consequence the surface
energy that depends on the net inward cohesive force
should increase with decreasing particle size. If the nano-
particles are capped or embedded in a matrix, the net
inward force reduces, thereby reducing the surface en-
ergy. The size dependency of the cohesive energy is also
expected to influence the evaporation temperature. The
activation energy E4 (N) needed to remove one atom from
a nanoparticle is related to bulk cohesive energy per atom
(Ep) as [26]
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87 _
E4(N) = Ep — Tﬂfw 173, 3)

where 7, is the radius of a sphere corresponding to the
volume of one atom in bulk and N is the number of atoms
in the nanoparticles related to the particle radius as R =
rsN'/3. By scaling the activation energy to the onset
temperature of evaporation, Eq. (4) can be expressed as

_ 167yr?
3Egd ’

Tonset _

Tonset,b (4)
where T, represents the evaporation temperature of
the bulk. Equation (4) also predicts a linear relation
between T, and the inverse of the particle size, and
the slope depends on the surface energy of the nano-
particles. Using Ep =2.95eV and r, = 0.158 nm in
Eq. (4), a surface energy of 7.37 J/m? is obtained by
analyzing our experimental data of Ag. It is possible
that both the Kelvin equation and Eq. (4) contribute to
the stronger size-dependent evaporation of free nano-
particles and a higher surface energy is obtained when
the experimental data are compared with one of the
theoretical predictions. As the Kelvin effect and Eq. (4)
contribute equally to the size-dependent evaporation of
nanoparticles, the surface energy of nanoparticles were
expected to be twice that of the bulk. However, the
surface energy of Ag nanoparticles is 5—-6 times higher
than that of the bulk, which infers that the higher surface
energy is an intrinsic property of nanoparticles. This
observation is well supported by the MD simulations of
Rytkonen et al [26]. They obtained a surface energy of
41.6 mJ/m? from the binding energies of icosahedral
argon clusters, whereas that of the bulk is 23 mJ/m?.
Although the interaction potential of Ag atoms is not
that of Ar atoms, one may expect that the MD simulations
can shed some light on the higher surface energy of Ag
nanoparticles. The similarity of variations of the size-
dependent melting temperature calculated by MD simu-
lations for Ar [26] and Ag [23] clusters justifies this
expectation.

In summary, an accurate and fast method to study the
size-dependent evaporation of nanoparticles has been
reported. This method is applied to Ag nanoparticles
that verifies the Kelvin effect and allows one to determine
the surface energy. A constant surface energy of 7.2 J/m?
has been obtained for Ag nanoparticles in the size range
studied, which is in excellent agreement with that ob-
tained from the SDLP of nearly free Ag nanoparticles but
higher as compared to that of bulk. This also demon-
strates that the surface energy of free nanoparticles is
higher as compared to that of embedded nanoparticles.
The surface energy is expected to be higher for all sys-
tems which is in contrast with Tolman’s prediction and
poses a challenge to understand it. All the physical pro-
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cesses as well as the physical parameters of nanoparticles
that depend on the surface energy will be modified.
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