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Abstract

The surfactant used during a colloidal synthesis is known to control the size and
shape of metallic nanoparticles. However, its influence on the nanoparticle (NP) struc-
ture is still not well understood. In this study, we show that the surfactant can sig-
nificantly modify the lattice parameter of a crystalline particle. First, our electron
diffraction measurements reveals that NiPt nanoparticles around 4 nm in diameter
covered by a mixture of oleylamine and oleic acid (50:50) display a lattice parameter

expansion around 2 % when compared to the same particles without surfactant. Using
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high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX) techniques, we show
that this expansion can not be explained by crystal defects, twinning, oxydation or
atoms insertion. Then, using covered NPs in the 4 - 22 nm size range, we show that the
lattice parameter evolves linearly with the inverse of the NP size, as it is expected when a
surface stress is present. Finally, the study is extended to pure nickel and pure platinum
NPs, with different sizes, coated by different surfactants (oleylamine, trioctylphosphine,
polyvinylpyrrolidone). The surfactants induce lattice parameter variations, whose mag-
nitude could be related to the charge transfert between the surfactant and the particle

surface.

KEYWORDS: Lattice parameters, nanoparticle, surfactants, colloidal synthesis, transmis-

sion electron microscopy, surface stress

Metallic nanoparticles are now widely used, in various fields."™ Their nanometric size gives
them an important surface/volume ratio, allowing their use in catalysis (among others).
These nanoobjects can be made in different ways, using the so-called physical route (ion
sputtering, molecular beam epitaxy, pulsed laser deposition etc.) or chemical route (solution-
phase processes, etc.). This paper focuses on NPs produced by the chemical route that re-
quires few specific equipment and is usually easy to manage. This route is often based on
the use of surfactants. These chemical species are amphiphilic compounds, with a chemical
group ensuring compatibility with the solvent (generally made up of a long carbon chain)
and an another one the adhesion to the NP surface. The bonding group can be of differ-
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ent types according to the NPs nature: cationic,®® anionic,™

910/ (-

amphoteric zwitterionic,
nonionic.*+*2 They adsorb on NPs surface allowing for size and shape control and system sta-
bilisation by bonds formation, reducing their surface energy (protection against ripening and

oxidation). Surfactants can bind to particular atomic sites, with different affinities depend-

ing on the nanocrystal face to which they bind. It is also possible to control the nanocrystals



morphology by choosing surfactants that selectively bind to particular surfaces.t348

A large number of publications deals with the influence of these molecules on NPs’ mor-

202U ete. properties. However, information

phology as well as on the catalytic,'® magnetic,
about their influence on the lattice parameter of NPs is still lacking. This information is
clearly desirable because a variation of the lattice parameters can change the chemical and
physical properties mentioned above. Most theoretical or experimental studies in the lit-
erature dealing with the lattice parameter of nanoparticles only consider particles without
chemical environment??; A lattice parameter contraction is reported as metallic nanoobjects
size decreases due to surface stress effect.?3"2T The few studies reporting lattice parameters
measurements of covered nanoparticles use X-ray diffraction (XRD) powder analysis where
particles are ground with a mortar, in air.“® This can degrade and detach the surfactants
so that this approach can not be used to accurately analyse the influence of surfactants on
the lattice parameter. To avoid these phenomena, we use transmission electron microscopy
(TEM) in diffraction and high resolution imaging mode to characterize the structure and in
energy-dispersive X-ray spectroscopy (EDX) mapping mode to characterize the composition.
The paper is organized as follows. In a first part, we consider nickel-platinum Ni-Pt alloy
nanoparticles and we analyze, for different NPs sizes, the variation of the lattice parameter
when the particle is covered by a mixture of oleylamine and oleic acid (50:50). In a second
part, we use monometallic Ni or Pt nanoparticles to study how different types of surfactants
with different bonding groups (oleylamine, trioctylphosphine and polyvinylpyrrolidone) mod-
ify the lattice parameters. Finally, we discuss the importance of the charge transfer between

the surfactant and the particle.



Results

Size dependence of lattice parameters in capped NPs

In a previous work?” we analyzed alloyed nanoparticles obtained by hot injection colloidal
synthesis with a mixture of oleylamine (OAm) and oleic acid (OAc) as surfactants. The
nanoobjects were studied by electron diffraction revealing an unexpected lattice parameter
expansion, whatever NPs composition. To explain this expansion, four hypotheses were pro-
posed: (i) presence of defects or crystal twinning into NPs; (4i) atoms incorporation into
crystal lattice due to the high temperature synthesis, (77) NPs oxidation or (iv) presence of
organic molecules on NPs surface which induces a lattice parameter variation.

In the present work, we first present a comprehensive study to assess these different possibil-
ities. Several analyses were carried out on the same solid solution alloy nanoparticles with
d = (4.1 £0.7) nm in diameter. The composition of the particules, measured by EDX] is
NisgPtyy. For simplicity, we will refer to these nanoparticles as NiPt particles in the following.
As in our previous work, we measure by electron diffraction a lattice parameter expansion
a = (0.373 + 0.003) nm which is significantly larger (about 2 %) than the lattice parameter
of the corresponding bulk alloy, and thus larger than the expected lattice parameter of un-
covered NPs. Before discussion the value of the lattice parameter, we present structural and
chemical characterisations to assess the homogeneity of our particle. First, HRTEM analyses
were performed on a large number of particles. Images in figure [1| show that all NPs have
regular crystallographic planes, without defects or crystal twinning.

XPS analyses were then carried out on the same sample, in order to detect possible atoms
insertion into the lattice. Figure [2]displays XPS signals obtained for each element composing
the nanoparticle-surfactant system. The Cy5 core-level spectrum (Fig. [2| a.) shows peaks at
285 eV, 286.4 €V and 288.4 eV characteristic of C-C, C-O and COO bonds, confirming the
presence of carbon atoms from the carbon chains of OAc and OAm and the OAc carboxyl

function. It is important to note the absence of signals in the 280.5 - 283 eV energy window,



Figure 1: (a), (b), (c¢) HRTEM micrographies of solid solution NiPt nanoparticles.
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Figure 2: XPS spectra of a drop of NizgPtys colloidal solution deposited on SiO, wafer. With
the signals of : (a) carbon, (b) nitrogen, (c) carbon, (d) platinum (in green) and nickel 3p
(in orange) and (e) nickel 2p. In blue : raw signal, in orange : deconvolution of the different
peaks and in red : curve obtained by the sum of the deconvolutions of the different peaks.
XPS survey in Fig. S1 of Supporting Information (SI) file.

characteristic of carbide compounds.?? The hypothesis of the insertion of carbon atoms in
the crystal lattice is thus ruled out. The figure [2| b. shows a peak at 400 eV, corresponding

to N-C bond from the OAm surfactant. In figure [2| c. two peaks are observed. The first



one, very intense at 533 eV, feature of Si-O bonds, attribued to the substrate (silicon wafer
coated with a 100 nm layer of silica). The second one, much lower, at 531.3 eV corresponds
to the signal of Ni-OH bond, wich is explained by the bond between surface nickel and the
OAc carboxyl function. The absence of metal oxide signal in the 528 - 531 eV*® range is
noted, but can also be explained by the predominance of the Si-O peak which can mask it.
In figure [2, d. the two main peaks at 71.3 eV and 74.6 eV correspond to the signals of pure
Pt, the shoulder observed at 75.6 €V can be attributed to Pt-O bonding signal (PtO,).303!
Low intensity signals at 68.76 ¢V and 72.8 eV are attributed to Ni bound to O (Ni-O). The
last one, at 63.6 eV, corresponds to Na2s. The shifts of Ni3p and Pt4f°/? signals (Fig. [2} d.)
observed are due to the bonding between metal atoms and oxygen atoms present in the OAc
carboxyl function. In figure [2| e., observed signal shows that nickel is on several forms: Ni°,
Ni-OH and Ni-O (as can be seen from the different signals compaison in Fig. S2 of SI), which
is expected for a sample dried in air for XPS measurement.

To highlight the homogeneity of the NPs and the absence of an oxide layer on the NPs sur-
face we chose EDX analyses in mapping mode coupled with high-angular dark field scanning
TEM (STEM-HAADF). Using artificially oxidized transition metal NPs, we have verified
that this technique is able to image an oxide layer around a particle (Fig. S3 of SI). Figure
compares oxygen (Fig. |3} b.) and nitrogen (Fig. 3| c.) signals. Oxygen signal has the same
pattern as that of nitrogen, showing that oxygen is brought by the surfactant (OAc), as is
nitrogen (OAm). It also and shows at the same time the absence of an oxide layer around
NPs’ surface.

From our structural and chemical analysis, we conclude that the particles do not contain
crystalline defects and are homogeneous. The lattice parameter expansion is thus necessarily
related to the organic molecules grafted on the NPs surface. This point can be confirmed by
a simple heating experiment in a TEM. More precisely, the lattice parameters of particles
surrounded by surface agents are monitored (by electronic diffraction) at different temper-

atures, until complete desorption/degradation of these organic molecules. Note that the



Figure 3: Transmission electron micrographs of alloyed NiPt NPs obtained in STEM-EDX
mapping mode (a) with platinum (L, line) in green and nickel (K, line) in red signals (b)
oxygen (K, line) signal and (c) nitrogen (K, line) signal.

boiling point of OAm and OAc are 364 °C and 360 °C, respectivly at atmospheric pressure.
It can thus be safely assessed that at the working temperature and under UHV conditions,
these surfactants will be completely removed from the surface. For this purpose, NPs are
deposited on multi-walled carbon nanotubes (MWCNT). MWCNTs supports were used for
a better thermal distribution over the whole TEM grid and to avoid graphitisation of the
surfactants on the particles.?? Once deposited, the NPs are heated up to 800 °C rapidly
(~ 62 ° C/min) (a temperature flash allowing for a fast surfactants degradation) and rapidly
cooled down to room temperature (~ 40 ° C/min until ~ 40 ° C and ~ 0.5 ° C/min to
~ 23 ° C) before performing new electron diffractions, in order to avoid the contribution
of thermal expansion on the lattice parameter value. Three regions are monitored : an ex-
tended zone containing a large and dense assembly of particles (Fig. 4} a.), a smaller and
less dense assembly (Fig. 4} b.) and a third one containing only 5 particles (Fig. |4} c.).

For the large assembly, we observe after the heating procedure many coalesced particles,
and the lattice parameter deduced from the electron diffraction is a = (0.362 & 0.002) nm.
For the smaller assembly, only a limited number of coalescence events can be seen and the
measured lattice parameter is a = (0.364 £ 0.003) nm. For the 5 isolated NPs, we measure a
lattice parameter a = (0.363 4= 0.005) nm. Thus, whatever the final appearance of the NPs

after the heat treatment, we find a contraction of the order of 2.7 %. This result further
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Figure 4: Electron micrographies of NisgPtyy after heating at 800 °C (a) 15" area in HAADF-
STEM mode, (b) 2"¢ area with less coalesced particles and (c) 3" area of isolated NPs
without coalescence.(d), (d) and (f) images are the superposition of the diffraction images
at room temperature (green) and the diffraction images after heating (in pink) and the (g),

(h), (i) rotational average in function of g (scattering vector) of the (d), (e) and (f) zones
respectively.

evidences that the presence and/or absence of surfactants has a significant influence on the
lattice parameter of the NPs. Because the organic molecules are attached to the NP surface,

we expect that their influence will scale with the surface area. As it is well known in the



context of NPs, the competition between surface and bulk effects leads to size dependance.
In particular, the surface stress is known to induce a lattice parameter variation inversely
proportional to the NPs diameter. With this in mind, four samples of Ni-Pt NPs (with
a composition close to equimolarity), with different sizes (4.1 nm, 4.7 nm, 7 nm, 22 nm),
were synthesized and observed by TEM (bright field and electron diffraction mode). The
measures, presented in Fig. |5l reveal a linear correlation between the relative variation of the
lattice parameter and the inverse of the NPs’ size. This size effect can be explained within
a simple mechanical model which includes the elastic behavior of interfaces. Because atoms
close to the surface differ in local environment from the atom in the bulk material, even when
there is no stress in the bulk (i.e. the lattice parameter is the equilibrium lattice parameter
apur of the bulk), it remains a surface stress.?* More precisely, the surface stress is, like
the surface energy, an excess quantity and is expressed in N/m. Based on this concept, the
evolution of the lattice parameter as a function of its size can be explained using a simple
isotropic mechanical model for a spherical NP.2334 The equilibrium lattice parameter a of a

NP is related to its diameter D by:

a—apur _ —4f 1
Abulk 3B D

where f is the surface stress and B the bulk modulus. If we assume that the influence of the
surfactant is limited to a modification of the surface of the NP, this model predicts a linear
relationship between the lattice parameter and the inverse of the NP size. The results pre-
sented in Fig. |5/ are consistent with this behavior. Indeed, even if the line does not exactly
go through 0, this can be explained by a small error on lattice parameters deduced from
electron diffraction patterns (~ 0.0018 nm), or a small error on the value used for the bulk
compound.

The slope of the line in Fig. 5| can then be interpreted as an effective surface stress (for



the surface with surfactants) equal to ferf = —29 N/m (the value of the bulk modulus
Byips = 234.5 GPa is obtained by interpolating the values of By;,%® Bp:,*® By, pi,°°
Bynipt, 37 at 300 K). In absolute value, this value is one order of magnitude higher than
the surface stress of free surfaces.** But, more important than the value of f.f, is its sign.
This negative stress implies a tensile force on the NP, in line with the observed lattice param-
eter expansion. This result is surprising because, for metallic NPs, the many body character
of the metal bonding is known to cause positive surface stress and thus a contraction of the
lattice parameter.2

Note that the mechanical model presented above is based on a continuous formalism and
therefore does not require an atomic description of the interface: only the elastic behavior
of the interface is of importance. The model also assumes that the mechanical equilibrium
is always reached, an assumption that is clearly fulfilled at the time scale of the experi-
ment.?® Finally, we stress that the model shows that the lattice parameter is homogeneous
within the NP, but its application to the description of the outer interplane distance could
be questionable due to the continuous character of the approach. The model is thus unable
to describe the anisotropic and inhomogeneous strains that may appear at the NP surface,
which can be related to the coordination-number/bond-length at the surface or to geometri-
cal effects.?? These local strains have been recently revealed using experimental techniques
such as Peak Finding (PF)“? or Geometric Phase Analysis (GPA)5Y which are digital signal
processing techniques enabling local measurements of atomic displacements. However, these
techniques are difficult to apply to small particles surrounded by an organic layer because
this layer causes electron diffusion (HRTEM) or electron-beam-induced carbon contamina-
tion (STEM)®Y phenomenon, that affect the quality of the images. How the presence of
a surfactant modifies these local strains is out of the scope of the present paper, which is

focused on the average strain in the NP.
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Figure 5: Relative variation of the lattice parameter (a — apur)/apur (%) as a function
of the inverse diameter (100/D) of NiPt NPs. The bulk lattice parameter is apuk Nipt =
0.3750 nm.3?

Influence of surfactants’ nature on nanoparticles

To further understand the surfactants influence on NPs lattice parameters, monometallic
NPs (in which surface segregation can not occur®) were then studied. Three different linear
and monodentate surfactants widely used in solution synthesis are considered: oleylamine

(OAm), trioctylphosphine (TOP) and polyvinylpyrrolidone (PVP) (Fig. [6).

Figure 6: Chemical structure of (a) oleylamine Ci3H35NHs, (b) trioctylphospine CoyHs P
and (c) polyvinylpyrrolidone (C¢HgNO),, with their particule attachment group coloured.

First, various monometallic nickel NPs, with different sizes are synthesized, using two surfac-
tants : OAm and TOP (see Fig. S4 and S5 of SI). PVP has not been used here because this
surfactant is used in aqueous media, where nickel NPs are likely to be oxidized, rendering
them unusable for this study. As previously, the relative variation of the lattice parameter
Aa/ayy, (%) is plotted versus 100/D (see Fig. [7).

Figure [7| a. shows a linear correlation between Aa/ay,, and 1/D for Ni-OAm particles.
Here, the value f.;; = —68 N.m™' can be deduced from the slope. It is observed, at small

sizes ~ 2.5 nm, a lattice parameter expansion around 20 %. Because this value is huge,
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Figure 7: Relative variation of the lattice parameter Aa/apr (%) as a function of 100/D of
(a) Ni-OAm NPs and (b) Ni-TOP NPs.

HRTEM analyses were carried out to investigate if the NPs remain crystalline and homoge-
neous. Even if the presence of the surfactants impacts the images, we were able to conclude
that all the observed NPs are consistent with a homogeneous defect-free FCC structure: no
dislocation, planar defects or crystal twinning could be observed (Fig. [8] a.). Note that, due
to the presence of the surfactant, our HRTEM images are not able to reveal an eventual
reconstruction of the NP surface. The NPs in situ monitoring by electron diffraction (ac-
cording to the same protocol used above for NisgPty4 particles) during surfactant degradation
shows that the NP remains FCC and that the lattice parameter decreases. This contraction
is nearly 18 %, so that the lattice parameter reaches value close to the bulk nickel lattice
parameter (Fig. |8 b.). It can thus be concluded that the observed expansion of the lattice

prameter is, also here, directly related to the presence of organic species on the NPs’ surface.

A similar increase of the lattice parameter when decreasing the NP size is observed for Ni-
TOP system (Fig. [7} b). However, HRTEM images show that these particles are crystalline
but contain defects (stacking defects, twin planes, ...), especially for small sizes (Fig. [J).
This shows a strong influence of TOP on the structure of the nickel NPs, but the description
of an homogeneous NP with a surface modified by the surfactant used in Eq. |1| cannot be
applied here.

The same study was then realized using platinum particles with OAm, TOP and PVP as

12



Figure 8: (a) HRTEM image of Ni-OAm NPs (highlighted in red) deposited on MWCNTs
before heating treatment, showing regular crystal planes without deformation (in inset) and
(b) at the left : electron diffraction pattern before heating at 800 °C corresponding to a
lattice parameter a = (0.428 & 0.003) nm. Note that diffuse lines are observed. This effect
is due to the low ratio of metal atoms vs. surfactants (see SI for details). At the right :
the same area after heating. The measured lattice parameter (a = (0.362 & 0.003) nm) has
significantly decreased and is still above bulk value, but nickel is known to solubilize carbon
atoms at high temperatures,*? which may explain this residual expansion. Note that the
diffraction lines are less diffuse, due to the removal of organic matter.

Figure 9: (a) HR-STEM images of Ni-TOP NPs and (b),(c) zoom on isolated NPs showing
stacking defects.

surfactants. We have verified that, for all sizes, the NPs are monodisperse and crystalline
(see Fig. S6, S7, S8 of SI). Figure [10| gathers the measurements of the lattice parameters for
all the Pt particles. As for the nickel particles, all measurements are consistent with linear

correlations between Aa/ap,, and 1/D. However, the observed lattice parameter variations

are smaller and do not exceed 4 %. In the cases of Pt-OAm and Pt-TOP, the slopes are of

13
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Figure 10: Relative variation of the lattice parameter Aa/apur (%) as a function of the
diameter (100/D) of (a) Pt-OAm NPs, (b) Pt-TOP NPs and (c) Pt-PVP NPs.

same sign as those of Ni-OAm and Ni-TOP, implying a negative effective surface stress. On
the contrary, for Pt-PVP (Fig. c.), the surface stress f.sf is positive, i.e. of the same
sign as for a free surface. All the effective surface stresses obtained for capped Ni and Pt

particles are gathered in Table

Table 1: Summary table of effective surface stresses obtained in Fig. and

’ System \feff (N.m™1) ‘

Ni-OAm - 68
Pt-OAm - 18
Pt-TOP -20
Pt-PVP + 6

Discussion

It was shown, in both pure and alloy NPs, that the lattice parameter varies approximately
linearly with the inverse of the NPs size and that the slope depends on the surfactant present
on the surface of the particles. In almost all considered cases, the NPs are crystalline and no
defect or inhomogeneity could be observed. Therefore, the lattice parameter variation could
be explained by a simple isotropic mechanical model, in which the elastic behavior of the

interface is dependant on the surfactant. However, when compared to the case of uncapped

14



NPs, the measured surface stress can be one order of magnitude higher, and with a different
sign. In this part, we discuss the origin of the surface stress in capped particles and how its
value is related to the choice of the surfactant. Several experimental reports, including in
situ. TEM observations, show that the lattice parameter depends significantly on environ-
mental conditions.2748 Diehm et al. have detailed the possible origins of lattice parameter
variations. For purely metallic materials, a lattice parameter contraction is observed (posi-
tive surface stress) due to the resistance of metallic bonds which increases continuously with
the decreasing number of coordination.?” In most cases, as a bond strength increases, its
length decreases.*” The less coordinated surface atoms are in tensile state, which increases
the reactivity of the surface and makes the NPs prone to chemical reactions and/or coales-
cence events. In the presence of surfactants, sub-coordinated surface atoms bind with this
organic molecules to gain in stability. This new bond between the surfactant and the surface
makes the surface atoms an inorganic complex-like specie, becoming more pronounced with
decreasing NPs size, due to the increasing predominance of surface over volume. Dassenoy et
al*® and Chakroune et al.?’ demonstrated this phenomenon by comparing NPs with differ-
ent sizes of Pt coated by polymers vs. octanethiol as surfactants and Ru coated by acetate
vs. dodecanethiol. They observed that, in the case of particles coated by thiol surfactants
(which contain a highly coordinating sulphur atom), the formation of strong bonds between
the surfactant and the NP surface atoms leads to a NPs structure with a well crystallized
core and a disorganized outer layer, in contrast to particles coated with other surfactants.
They attribute this difference in behaviour to the very high charge transfer in the case of
thiols via the sulphur atom, including the creation of sulphide compounds at NPs surfaces.
The very strong influence of TOP as a surfactant on the NP structure was also observed in
our work. Indeed, HRTEM images have revealed that Ni-TOP particles contains crystalline
defects (Fig. [9), unlike NPs coated by OAm/OAc (Fig. [I) and OAm (Fig. [8). Several ex-
perimental and theoretical studies have demonstrated that the absorption of absorbates on

surface can lead to distortions of the outermost one, or more layers or even reconstruction of

15



the surface, by electronic structure effects."24 Ibach et al. showed that the charge transfer
direction of absorbates-surface atoms bonds controls the sign of the surface stress.®® For
OAm and TOP surfactants, anchor atoms are nitrogen and phosphorus, both are ¢ donors

t,56

due to their free electron double and we observe that both generate negative values of

27159 only Van der Waals interactions are involved,

fers- PVP is physisorbed on NPs surface,
so there is no charge transfert, which is consistent with the small and positive values of f.ss
(see Tab. , which are close to that found for nanoparticles without a chemical environ-
ment.?32% The charge transfer derives from electron coupling between d orbitals of metal
and ligands energy levels. The strength of this interaction depends on the relative position
of HOMO and LUMO orbitals of the ligand, with respect to the metal Fermi level and can
be interpreted invoking the Hard-Soft Acid-Base (HSAB) theory."® According to this theory,
a hard acid reacts preferentially with a hard base; similarly for a soft acid with a soft base.

The most stable interactions of acids and bases are hard-hard (ionic character) and soft-soft

(covalent character). If we refer to the Fig. platinum (soft acid) establishes more stable
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Figure 11: Periodic table with coloring according with HSAB theory.

bonds with atoms in following order: P (TOP) > N (OAm), which is in agreement with
the absolute values obtained in Tab. |1l For nickel (intermediate acid), the deduced stability
order is : N (OAm) > P (TOP). The strong bonds predicted for Ni with OAm are consis-
tent with the large value of the surface stress reported in Tab. Concerning the Ni-TOP
particles, the existence of crystalline defects could be explained by the 7 acceptor character
of P (in addition to its o donor character), which also contributes to a higher bond strength

compared to that with OAm.?¢
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Note that, despite the use of identical surfactants (OAm and TOP), the absolute values
of fers are higher for Ni than for Pt. A full explanation of this phenomenon requires elec-

tronic structure calculations of Ni and Pt surfaces in the presence of surfactants.

Conclusions

Differents NPs (NiPt, Ni and Pt), obtained by colloidal synthesis, have shown lattice param-
eter variations depending on their size and their chemical environment (OAm-+OAc, OAm,
TOP and PVP). After eliminating possible effects associated with the presence of defects
(HRTEM), atoms insertion (XPS, EDX) or NPs oxidation (EDX), in situ monitoring of
electron diffraction during particle heating (inducing surfactant degradation) has shown a
convergence of the lattice parameters to expected values. This is a strong evidence that
the observed lattice parameter variation is due to the presence of surface agents on NPs.
Finally, the use of mechanical elastic model have demonstrated an linear variation of lattice
parameter with NPs diameter, confirming that this variation is due to a surface phenomenon.
The sign and the value of the surface stress extracted from the model depends on the nature
of the attachment part of the organic molecule and the chemical element component the
NPs. Given the latest theoretical and experimental works showing the strains inhomoge-
neous character and the knowledge that surfactants can bind to particular crystallographic
sites, more local strains analyses are needed but are still challenging due to the presence of
long organic chains on NPs surface. In addition, several phenomena must come into play
during the formation of the bond and in the ensuing phenomena, requiring further studies on
the subject. The conclusion of this work is that the use of surfactant during synthesis is not
as trivial as it may appear at first sight. The surfaces of nanoparticles are interfaces, with
a multitude of phenomena acting at the same time and that what happens at this interface

can influence the whole particle.
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Methods

Experimental Procedure
Nanoparticles synthesis

To prevent contaminations, all laboratory glasswares were washed by aqua regia (nitric acide
1 : 3 hydrochloric acid) during (at least) five hours and rinsed with large amounts of distilled
water, dichloromethane (DCM) and acetone. Synthesis were carried out under argon blanket.

Commercial reagents were used without purification.

Ni-OAm / Pt-OAm Typically, to obtain spherical type nanoparticles with 4 - 5 nm in
diameter, 3 mL of oleylamine (OAm) (Acros Organics, 80 - 90 %) used as surfactant and
solvent also, 0.0254 mmol of precursor (Pt(acac)y (Aldrich, 99 %) or Ni(acac)y (Aldrich,
95 %)) and 0.124 mmol tetra-n-butylammonium bromide (TBAB) (TCI, 95 %) were added
to a 100 mL round-bottom flask with a PTFE coated magnetic stir bar. The mixture was
purged by 3 vacuum/argon cycles and heated during 10 min at 100 °C under vigorous stirring,
to remove any water trace and prevent particle oxidation.

After the 10 min, the temperature was quickly raised until the solution turns black, proof
of the NPs nucleation. The suspension was kept at the nucleation temperature during
10 min before being cooled down to room temperature under argon blanket. The suspension
was purified by adding 20 mL of ethanol (EtOH) and was centrifuged at 10000 rpm for
20 min. The supernatant was separated and the precipitate was washed again with EtOH
and centrifuged. The precipitate was redispersed in 30 mL of DCM.

To obtain NPs of different sizes, the parameters to be varied are: the quantity of reducing

agents and the reaction time.

Ni-TOP / Pt-TOP The same procedure descrived for Ni-OAm and Pt-OAm are repeated

by replacing OAm by TOP (AcroSeal, Thermo Scientific, 90 %) as surfactant and solvent.
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Pt-PVP To obtain Pt-PVP particles, in reflux assembly, 100 mg of PVP (Mw ~ 3500),
11.3 mL of methanol, 1 mL of distilled water and 0.31 mL of Hy.PtClg were added to a
100 mL round-bottom flask with a PTFE coated magnetic stir bar. The mixture was heated
to reflux under vigorous stirring. To obtain particles with different sizes, samples were
collected (using a syringe) at different reaction times: 20 min, 25 min, 40 min, 60 min after

the solution has turned black (proof of nucleation).

NPs characterizations
TEM analyses

As-synthesized NPs were characterized using Transmission Electron Microscopy (TEM). A
drop of colloidal suspension was deposited and dried on copper TEM grid. The TEM grid
was then gently rinsed with EtOH, using a Biichner filtration set-up. Size distribution (on
population of 500 particles in 5 distinct zones on TEM grid and counted with Image J
software) and electron diffraction were measured using a FEI-CM 20 TEM (200 kV). High-
Resolution Transmission Electron Microscopy (HRTEM), High-Angle Annular Dark-Field
imaging (STEM-HAADF) and electron diffraction were operated on a ZEISS-LIBRA 200
MC TEM. To support the results, UHRSTEM and chemical mapping were performed using

a Titan G2 Cs-corrected FEI TEM operating at 200 kV on individual particles.

XPS analyses

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Fischer
Scientific instrument with a monochromatic Al-K, X-ray source (energy 1486.7 eV). The base
pressure was around 5*107% mbar and the diameter of the X-ray beam spot was 400 um,
corresponding to an irradiated surface of approximately 0.5 mm?. The hemispherical analyzer
was operated at 0 “take-off angle in the Constant Analyzer Energy (CAE) mode. Wide scan

spectra were recorded at pass energy of 200 eV and an energy step of 1 eV while narrow
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scan spectra were recorded at pass energies of 100 eV and 50 eV with an energy step of
0.1 eV. Charge compensation was achieved with the help of a "dual beam" flood gun using
low-energy electrons (< 5 eV) and argon ions. The binding energy scale was calibrated on

the neutral carbon set at 285 eV.

Temperature experiments

To observe lattice parameter variation, with the surfactants thermal degradation, E GATAN
heating sample holder on the ZEISS-LIBRA 200 MC TEM was used.

First, to deposite the NPs and guarantee a good thermal diffusion on the grid, a drop of
multi-walled carbon nanotubes (ultrasound dispersed on DCM) was deposited and dried on
NiC holey TEM grid. After, the grid was rinsed with low isopropanol flow to remove the
excess of MWCN'Ts and other impurities. When the grid was dried, a drop of NPs-contained
suspension was deposited and dried, and was rinsed with isopropanol once again to ensure
a clean sample, free of particle build-up.

After selecting a working zone, where the NPs are numerous but far enough away for prevent
ripening phenomena induced by temperature, a bright-field TEM and diffraction electron

images were required and were repeted at several temperature.
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