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Abstract

Surface stress and energy are basic quantities in the Gibbsian formulation of the
thermodynamic description of surfaces' ™ which is central in the formation and long-

term behaviour of materials at nanoscale. However, their size-dependence is a puzzling

4-6 7,

issue. It is even unclear whether they decrease* % or increase”® with decreasing particle
size. In addition, for a given metal, estimates often span over an order of magnitude,
far apart from bulk data, which, in the absence of any explicit size-dependence rule,
escapes understanding. Here, we combine X-ray absorption and nanoplasmonics data
with atomistic simulation to describe a-AlaO3(0001)-supported silver particles. By
comparison to MgO(001)-supported? and embedded ! silver, we distinguish epitaxial

and surface stress. The latter is shown to dominate above 3 nm in size. Since the ob-

servation mostly relies on surface/bulk ratio, a metal-independent picture emerges that
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is expected to have far-reaching consequences for the understanding of the energetics

of nanoparticles.

Surface energy, which is the reversible work required to create a surface unit area, deter-
mines the orientation of macroscopic surfaces. Surface stress, which is the reversible work per
unit area needed to elastically stretch a pre-existing surface, drives surface reconstruction. !
These two parameters control the basic phenomena, such as growth, epitaxy and adhesion,
which rule the growth of thin films and nanoparticles.?? Their knowledge is a prerequisite
to produce nanostructures with positive/negative curvature for the countless applications
where they are involved.!? Surface energetics controls the synthesis of metal nanoparticles
in catalysts and is pivotal to model their long-term sintering.” It determines the behavior
of nanoparticles in contact with the environment as in the case of biological fluids with for-
mation of biomolecular coronas!® and it provides the driving force for generating templated

arrays of nanoparticles that are used for sensors, growth of nanotubes or nanowires and elec-

trical memory devices.* The increase in surface-to-bulk atom ratio results in size-dependent
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equilibrium shapes, > evaporation and sintering rates, as featured by the well-known
Gibbs-Thompson, Laplace-Young and Kelvin equations, all relying on particle diameter, a
general basis for description of materials at the scale of the nanometer. However, an issue
which is not laid down by those formulae is the size-dependence of the surface energy and
stress themselves. The point is utterly controversial since it still remains unclear in which
sense they vary with decreasing particle size®® and whether the same type of behaviour
applies to all materials.'® In addition, dramatic discrepancies are observed even between
data that show similar trends. For example, values of surface stress determined on the basis
of changes in lattice parameter of nanoparticles vary from 1.18 to 3.08 N.m~! for gold;2%2!
surface stress is found close to zero for copper?? and as high as 6.0 N.m~! for palladium,??
while bulk calculations give 0.86-1.38 N.m™! (ref 24) and 2.21 N.m™! (ref 11), respectively.

As for the much studied silver particles, focus of the present work, experimental values of

the surface energy range from 1.13-1.24 (refs 16,25,26) to 7.2 J.m~2 (ref 17), while surface



stress is found between 1.42 (refs 25,27) and 6.3-6.4 N.m™! (refs 28,29). In contrast, theory
predicts constant surface energy and stress for silver particles down to 2 nm in diameter and
a slight increase of these parameters as a function of size for smaller clusters.®® The huge

discrepancies between the different estimates up to an order of magnitude for both surface
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energy and surface stress of silver are troubling, since they are
pivotal quantities in the basic description of solid materials at the nanoscale. Moreover, while
measurements regarding nanoparticles often strongly depart from bulk results, the absence
of experimental evidence on the size-dependence they obey prevents the understanding of

the physical origin of the observed differences.

The blurred landscape of the size-dependent energetics in nanoparticles points to a lack
of relevant methods to determine morphologies and their links with properties.3? This is
particularly true for supported particles, for which the interaction with the support addi-
tionally modifies the characteristics of surface stress and energy and impacts the size-driven
behaviour. The present work reports on a joint approach by ultra-high vacuum (UHV)
experiments and semi-empirical simulations on structure and morphology characteristics of
a-Aly03(0001)-supported silver nanoparticles as a function of their size. Experiments in-
volve Extended X-ray Absorption Fine Structure (EXAFS) and plasmonics-based Surface
Differential Reflectivity Spectroscopy (SDRS) to determine interatomic distances and par-
ticle morphology, respectively. Simulations rely on first-principles calculations for model
silver /alumina interfaces and on atomistic calculations of supported nanoparticles based on
interatomic potentials. Methods are presented as supplementary information. First, by
confronting measurements of the metal-substrate distance and results of first principles cal-
culations, the structural characteristics of the silver-alumina interface are determined. Based
on this knowledge and on atomistic calculations on supported clusters, the measured size-
dependence of particle morphology and shape is firmly emphasized. Finally, by extending

the analysis to the case of previously studied MgO(001)-supported® and Ar-embedded ' sil-



ver particles, silver surface and epitaxial stresses are unambiguously distinguished.

The close similarity of the EXAFS edge structures with reference spectra of metallic silver
indicates that silver is in its metallic form rather than chemically bound to surface oxygen
atoms, in line with the predicted weak interaction between silver and Al-terminated alumina
surface.3¥34 At normal incidence, the Fourier transform of the fine structure function A%y (k)
(Figure 1-a) shows an unique peak around 2.9 A attributed to the nearest Ag-Ag neighbour
distance. For the thinnest Ag films studied herein, fits of EXAFS spectra recorded at 60° off-
normal to probe the silver-oxide interface reveal an additional component. It demonstrates
the existence of a defined Ag site at the interface and a well defined epitaxy. It is best
accounted for by an Ag-O bond with an estimated da,_0 = 2.65 £ 0.06 A. Consistent with
the often observed fec(111)/a-Aly03(0001) epitaxy,3537 this observation is also of a general
interest since computational results are conflicting. In the case of silver, regardless the com-
putational approach, various hollow surface sites are favoured over atop oxygen ones, but
turn out to produce similar binding energies.3*3%4% The present dispersion-corrected DFT
calculations in the limit of isolated Ag ad-atoms show a well-pronounced preference for the
hollow Al; site (dag—o = 2.59 A), which corresponds to the prolongation of the corundum
lattice (Figure 1-b and c-insets). This site remains favoured (da,_o = 2.67 A) also at the

simulated multilayer coverage (Figure 1-c).

The existence of favoured interface sites suggests a compression of the silver lattice in-
duced by the negative Ag/a-AlyO3 misfit (da,o0, — dag)/da,o, = —5.1 %. To test this
hypothesis, the morphology and structure of the silver particles are now analysed. Series of
SDRS experiments were performed during the growth of the Ag/a—Al,03(0001) films. The
almost isotropic silver clusters*! being represented by truncated spheres, their size and wet-
ting angle (derived from aspect ratios), were determined by fitting the optical data.*? As the

size of silver particles increases, the contact angle 6. increases steeply from 105° to 145° and



passes through a maximum for particles of ~ 5—6 nm in size (Figure 2-a), in agreement with
previous observations.**** The adhesion energy determined by means of the Young-Dupré
formula Eugn = vay(1+cos0.) with y4, = 1.24 J.m ™2 (ref 31) decreases from 0.9 to 0.2 J.m ™2
and passes through a minimum for particles of ~ 5 — 6 nm (Figure 2-a). For larger clusters,
it has been previously shown that the adhesion energy tends toward 0.48 J.m™2 (wetting
angle of 125 — 130°).4* The change in wetting angle is paralleled by a progressive increase
in the Ag-Ag distance d, with increasing size, as evidenced by EXAFS (Figure 2-b). Most
importantly, the Ag-Ag distance is seen to abruptly increase for particles of ~ 5 — 6 nm in
size, in coincidence with the maximum of the wetting angle, prior to reaching the bulk Ag
value (Figure 2- b). The full details of the SDRS measurements are also reported in the
supporting information. The atomistic simulations nicely parallel the experiments. While a
precise quantitative comparison may not be possible due to the semi-empirical character of
interatomic potentials, the overall progressive increase of the Ag-Ag interface distance as a
function of particle size and its sudden increase (Figures 2 -b,d) at the size corresponding
to the minimum of adhesion energy are well reproduced (Figures 2 -a,c). Moreover, through
a mapping of Ag-alumina interaction at atoms in direct contact with the oxide substrate
(Figure 2-inset), simulations give a direct hint on the origin of the observed behaviour. For
small Ag particles, a contracted distance day ~ daj,0,, makes interfacial Ag atoms occupy
favourable Alj sites (Figure 2-inset) giving rise to a well defined Ag-O distance at grazing
incidence. At large sizes, with d4, approaching the bulk Ag value, misfit dislocations appear
and manifest themselves by the appearance of zones of bad coincidence with no Ag in atop
Alj sites (Figure 2-inset). At the critical size, the in-plane compression is released by the
introduction of first misfit dislocations, which produces the minimum of adhesion energy
and the abrupt relaxation of the silver parameter (Figures 2-¢ and -d). The critical size
of ~ 7 nm is somewhat larger compared to the estimation derived from the Vernier rule
dagdan,o,/(dag — daos) = 5.5 nm* due to finite particle size. It is stressed that the be-

haviour described in the present paragraph requires the existence of defined sites for silver,



in agreement with the above discussion on the Ag-oxide interface.

However, the reason of the change in parameter ds, observed during the growth of the
Ag clusters (Figure 2-b) escapes understanding since it combines contributions from both
surface and epitaxial stresses. The surface stress f of an unsupported spherical cluster can
be expressed as a function of the relative change in lattice parameter Ady, by the following

relationship 1'?° that is derived from the expression of the Laplace pressure? for a solid particle

A4f/D :
3 Ady, D

-2 et 1
f 4 dAg(bulk) K ( )

where dagpur) is the bulk parameter, D the particle diameter and K the material compress-
ibility. Thus, if driven by the surface stress alone and considering the latter constant, the
parameter d 4 is expected to vary linearly as a function of the inverse of the diameter, the y-
intercept corresponding to ds4(suk) and the slope giving the value of the surface stress f. As
to identify the surface and epitaxial contributions, the present results for Ag/a-Al,O3(0001)
characterized by a negative misfit have been complemented with data on the previously
studied Ag/MgO(001), with a positive + 3% lattice misfit,” and with EXAFS results on
Ar-embeded Ag clusters.'® As it can be seen in Figure 3, the two data sets recorded on
oxide-supported particles show two regimes, below and above ~ 3 nm particle size. Above
~ 3 nm in size, changes in the d4, parameter can be represented by a straight line with a
slope f = 2.240.4 N.m™ !, which corresponds to the surface stress. Here, the sudden increase
in du, (Figure 2-d) is negligible with respect to the average value of the parameter. This es-
timation nicely agrees with the value of 2.3 N.m~! obtained for Ar-embedded clusters.!® The
overall agreement between the three sets of data clearly demonstrates that the d4, average
distance is only marginally affected by the epitaxy and that the size-dependence of the lattice
parameter of large silver clusters is the same, no matter whether they are unsupported or
supported on one or the other substrate. The dominant effect of the surface stress over the

epitaxy is further evidenced by the isotropic contraction of the Ag/a—Al,03(0001) lattice



that is revealed by the similarity of the out-of-plane and in-plane Ag-Ag distances extracted
from normal and grazing absorption spectra for particles larger than 3 nm (Supporting In-

formation) .

In contrast, values of the silver parameter strongly deviate from the linear behaviour for
clusters smaller than ~ 3 nm (Figure 3). The distance d 4, decreases for particles supported
on a-Aly03(0001), and increases for those on MgO(001), to improve the lattice matching at
the interface. A qualitatively similar behaviour also has been observed for Pt/MgO(001).46
The Ag/MgO(001) system deserves an additional comment. In silver particles of ~ 2 nm

in size, the interface Ag atoms tend to sit atop surface oxygen atoms*"48

and the d44 pa-
rameter almost fits that of MgO, although the Ag/MgO(001) film does not become fully
pseudomorphic.*” However, for clusters smaller than 1.5 nm, d,, steeply decreases to reach
values that lie close to the f = 2.2 N.m~! line. This may suggest that, due to the weak

Ag-MgO bonding, the epitaxial stress gives a significant contribution only when a dominant

proportion of interface Ag atoms are in their favoured atop oxygen sites.?

Within experimental errors, the surface stress value f = 2.2 + 0.4 N.m~! obtained for
particles larger than 3 nm is independent of cluster size and, as shown by the fair comparison
with the analysis of Ar-embedded Ag clusters,!? not affected by the presence of a support.
The result is all the more robust that it is in line with cluster calculations which predict a
constant value of the surface stress as a function of size for particles down to 2 nm in size.3’
As for the value of the surface stress, the present measurement clearly disagrees with data
relying on the (111) diffraction peak positions (4.7-6.4 N.m™! - refs 28,29), which were al-
ready questioned on the basis of the way in which data are analysed.?” In contrast, the value
derived from the (220) diffraction peak (1.42 N.m™! - refs 25,27) is close to the value found

herein, although lower by about 30 %. The observed differences do not seem to stem from

the experimental accuracy since measurements performed by a given method show a fair



reproducibility. A value of 1.42 N.m™! is found via two independent (220) diffraction exper-
iments %7 while EXAFS leads to 2.2-2.3 N.m™! in conditions that strongly differ (present
work and refs 10 and 9). Indeed, EXAFS is a local probe accounting for all interatomic
distances whereas diffraction probes the ordered fraction of clusters along a given crystallo-
graphic direction. Therefore, the discrepancy between EXAFS and diffraction data could be
indicative of the limits of the description of the relative change in lattice parameter in very

small particles.

Regarding silver, it is worth noting that calculated values of surface energy are systemat-
ically lower than calculated values of surface stress.'%?43% On the basis of the Shuttleworth
equation f = v + 67v/d¢,”® where v is the surface energy and e the elastic strain, such trend
means that the surface stress of metals should be tensile® so that dv/de > 0. Therefore,
a likely upper limit for the surface energy of silver nanoparticles deduced from the present
results is ~ 2 J.m 2. This estimate is in qualitative agreement with the experimental (1.13 -
refs 16,25) to 1.24 J.m™? (ref 31) and theoretical (0.62 to 1.6 J.m™? - refs 11,24,26,30) bulk
values. It discards the much higher value of 7.2 J.m~2 found for the surface energy of silver

on the basis of evaporation rates of nanoparticles.!”

To summarise, morphology and structure of alumina-supported silver nanoparticles have
been studied by plasmonics and X-ray absorption edges, with a support from first-principles
and semi-empirical calculations. The size-dependence of the particle lattice parameter and
of its adhesion energy for clusters ranging between 1 and 7 nm has been rationalized and
linked to the existence of a preferential site for Ag atoms at the Ag/alumina interface. By
comparison with Ag/MgO(001) and Ar-embedded Ag clusters, it has been shown that for
particles less than 3 nm in size, the lattice parameter of silver becomes dictated by the
epitaxial stress and either expands or shrinks depending whether the metal-oxide misfit is

positive or negative. In contrast, for diameter larger than 3 nm, no matter whether silver



clusters are supported or unsupported, a robust size-independent value of silver surface stress
f =22N.m ! has been determined. Since the observed properties are primarily dependent
on the atomic surface/bulk ratio and not the nature of the metal under study, it is suggested

that they may be generalized to any metal particles.
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Figure 1: (Color online). EXAFS analysis and first-principle results on Ag/a-Al,O3(0001):
a) Magnitude of the Fourier transform of the fine structure function k*y(k) corresponding
to a 0.24 nm thick deposit of Ag/Al;O3(0001) (green curves) (see supporting information
Figure SI-1-b). At normal incidence (dotted green line), a unique component is evidenced
which corresponds to the Ag-Ag distance. At grazing incidence (green line), an extra com-
ponent appears which is assigned to the Ag-O distance. The analysis of silver oxide (red
line) and bulk silver (blue line) are shown for comparison. b) Binding energy of isolated
atoms of Ag on a-Al;O3(0001) as a function of Ag-oxide distance for different sites of the
alumina surface as defined in the inset. ¢) Average binding energy (per interfacial Ag) of
a multi-layer Ag deposit at different lattice registry with the substrate. The insets show a
representation of the a-Aly03(0001) surface (top : top view; bottom: side view). Various
Al (1,2,3; blue balls) and hollow (h) sites are explicitly indicated; O are represented by red
balls.
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Figure 2: (Color online). Ag clusters on a-Aly03(0001) - Experiments: a) Wetting angle,
as determined by SDRS measurements, and values of adhesion energy calculated by the
Young-Dupré formula; the morphology at a size above 8 nm was extrapolated from previous
measurements? (see supporting information) and shown by filled symbols; b) Ag-Ag dis-
tance determined by EXAFS measurements as a function of the cluster diameter. Numerical
simulations: ¢) adhesion energy as a function of cluster size; The insets shows three represen-
tations of cluster interface correspond to the dotted lines in figure. Colour code corresponds
to Ag-alumina interaction strength: blue-strong (Alj site), green-moderate, red-weak (Al;
site); d) Plot of the behaviour of the average in plane and total Ag-Ag distance versus the
cluster size.
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Figure 3: (Color online). Ag parameter vs the inverse of the particle diameter (D71): Ag/a-
Al;03(0001) (blue circles), Ag/MgO(001) (red squares),” experiment from Montano et al.'”
(green triangles, corrected to account for the difference in temperature with respect to our

data). Ag, MgO, Al,O3 bulk distances are shown by horizontal lines .

The slope of the

dashed black line corresponding to interface stress-free data leads to a value of surface stress
f =22 N.m ! Deviations are due to epitaxial strain as explained in the text.
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