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ABSTRACT

Chromium disilicide (CrSi,) particles were synthesized by arc melting furnace followed by mechanical
milling. XRD and DLS analyses show that aggregates of around 3 pum containing about 10 nm sized
crystallites were obtained. These aggregates were functionalized in solution by coupling agents with
different anchoring groups (silane, phosphonic acid, alkene and thiol) in order to disperse them into an
organic polymer. Dodecene was used to modify CrSi; surface during mecano-synthesis in a grinding
bowl with quite little solvent quantity and the optimization step allowed to reduce the aggregates size to
500 nm. A thermoelectric composite was then made between alkene CrSi; grafted samples and poly(p-
phényléne-2,6-benzobisoxazole). This study opens the route of new surface grafting of intermetallic

silicides for applications linked to electronic and/or energy.

* Corresponding authors: mickael.beaudhuin@umontpellier.fr, michel.granier@umontpellier.fr



INTRODUCTION

Nowadays, 55 % of the electricity produced by heat engines and turbines is wasted into lost
thermal energy *. Thermoelectric materials are a promising solution to convert this waste-heat
into electricity. Indeed, they exhibit the advantage to have no moving parts as they are solid-
state devices. Their efficiency is evaluated by the dimensionless thermoelectric figure of merit
Z'T which is defined as ZT = a?0cT/A where a, o, T and A are the Seebeck coefficient, the electrical
conductivity, the absolute temperature and the thermal conductivity respectively. The widely
used devices are built from inorganic compounds that offer high electrical conductivity and high
Seebeck coefficient. Nevertheless, good ZT of about 1 are only obtained by expensive, toxic and
hard to process compounds such as Bi.Tes (200 — 500K) and PbTe (500 — 800K) 23, In order to
improve the competitiveness of thermoelectric materials, it is necessary to develop new
performant and cheap inorganic compounds. Silicides are really competitive in terms of cost that
is less than 5 $/kg compared to more than 100 $/kg for Bi,Tes *. Among them, we have chosen
to work with CrSi, which presents the main advantage to have a power factor (PF = o?c) similar
to Bi,Te; and PbTe. Nevertheless, it possesses a relatively high thermal conductivity between
11 and 16 W.m*. K™ at room temperature and between 7 and 12 W.m*.K™ at 900 K conducting
to a ZT of 0.025 at room temperature and more than 0.25 at 900 K °. Different strategies are

possible to reduce the thermal conductivity of thermoelectric materials: alloying with heavy
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elements ®®, nanostructuring or combining nano-particles with organic polymers that are
known to have low thermal conductivities below 1 W.m™.K* 1212 can be noticed. In addition,
using organic polymers is relevant because they are low-cost raw materials, easy to shape and
their electrical properties can be easily modulated by changing their structure or the doping
according to different ways by chemical or electrochemical processes * *°. Up to now, the most
famous organic polymer is the PEDOT:PSS that becomes competitive when it is combined with
inorganic materials exhibiting electrical conductivity that can achieve 5400 S.cm™ ** and a ZT

as high as 0.42 2. A recently developed strategy to increase the figure of merit ZT is to take the

advantages of inorganic materials (high Seebeck coefficient and electrical conductivities) and



organic polymers (low thermal conductivities). Some examples of inorganic materials/organic
polymers composites have recently been tested ***" but only a part of them show a synergistic
effect of the composite compared to the separated elements such as PEDOT:PSS passivated Te
nanorods 8. However, some papers pointed out its low moisture and thermal stability associated
to the PSS doping ** %. To answer to this problem, we decided to choose the most thermally
stable organic polymer known in the literature under nitrogen atmosphere (>900K), the poly(p-
phenylene-benzobisoxazole) (PBO) % to develop our composite films. We will see later in this
paper that the composite films have poor mechanical properties even at low concentrations of
CrSi,. It was then necessary to investigate the functionalization of silicides CrSi, particles before
their dispersion in the organic matrix and this was done with different coupling agents. We
believe that the inorganic nanomaterials functionalization can enhance their interaction with
organic polymers by Van der Waals interactions and this could permit to explore high
inorganic/organic ratios. Furthermore, it is possible to graft coupling agents with terminal
hanging groups that could react for example by click-chemistry with functional moieties carried
by the organic polymers .

Many functional groups could be used to functionalize CrSi, surfaces due to the presence of two
different atoms. Phosphonic acids are largely used in the functionalization of metal oxide
surfaces such as TiO,, ZrO; 2%, ZnO ?*, ITO (Indium Tin Oxide) %°, SnO,2® and one example is
reported for phosphonic acid group grafting on Co-Cr alloy oxide layer ?’. The interest of silane
groups is well established as they are used in many applications such as chromatography, liquid
crystal displays and microelectronics. The silane groups can functionalize a wide variety of
substrates from carbon black to silica. On inorganic oxides (Fe,Os, TiO2, Cr,03) and on silicon
22,28 the effectiveness of the grafting ranges from poor to excellent effectiveness %> 28, The thiol

29.30 and also on silver

group is more acknowledged to be efficiently grafted on gold nanoobjects
31.32- jt was recently attempted to be grafted on silicon nanocrystals but a poor stability towards
water or oxygen was recorded *. Finally, alkene moieties were largely used to functionalize

silicon surfaces to prevent from the formation of a native oxide surface especially in the domain

of electronics 3 *. Thus, long dodecane hydrophobic chains bearing a phosphonic acid,



triethoxysilane, thiol or alkene functionalities were chosen to modify CrSi. particles surface with
the aim to make them more compatible with soluble organic materials soluble in organic solvent.
Interestingly, the four-studied different functional groups have been successfully grafted on the
inorganic particles. These newly grafted objects have been characterized by XPS and FTIR and
hydrophobicity tests were realized to show the grafting efficiency. In the following, the work
will be focused on the alkene moiety coupling agents and on its possible direct grafting in a
grinding bowl. This enables to reduce the experiments time and to take benefit from the heat
delivered by the milling balls to favour the coating. Finally, we show that grafting with coupling

agent improves significantly the mechanical properties of PBO/CrSi, composites.

RESULTS AND DISCUSSION

Synthesis of CrSi; particles

The obtained particles were characterized by XRD that showed a pure hexagonal CrSi, phase
(Figure 1-left). The Rietveld refinements were performed on the XRD patterns in the 20-range
of 20-110°.

The estimated grains size ranges between 10-16 nm according to the Williamson-Hall formula
for the mechanical milled nanocrystallites. These sizes were in agreement with our previous
works " °. Moreover, the mechanical milled nanocrystallites have been characterized by BET
that informed us about the rather low specific surface of 2.67 m2/g that could be explained by
the presence of large aggregates as observed by SEM (Figure 1-right) with sizes between 200
nm and more than 2 microns. These aggregates were confirmed by DLS with an average size of
around 3 microns. TEM images showed us that the aggregates were mainly composed of
nanocrystallites with a size comprised between 6 and 10 nm, in adequacy with XRD analysis
(see S.1. Fig. S1).

To improve further interactions between inorganic particles and organic materials different

coupling agents were investigated.
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Fig. 1 (Left) Powder X-Ray diffraction of CrSi; alloys obtained by rﬁchanical aIoniﬁg and
refined with Fullprof software. The experimental (Yobs), calculated (Ycac) and residual fit (Y ops-
Ycac) iS given as well as the Bragg peaks. (Right) SEM image of mechanical milled CrSi;

powders

Functionalization of particles with coupling agents and their characterization

As we introduced, the CrSi, particles functionalization was attempted with long hydrophobic
dodecane chains with a phosphonic acid, triethoxysilane, thiol or alkene anchoring group.
Indeed, each coupling agent was expected or not to be grafted either on chromium or on silicon

with a passivated oxide surface (Scheme 1).
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Scheme 1 Functionalization of CrSi; by different coupling agents: dodecyltriethoxysilane,

dodecylphosphonic acid, 1-dodecene and 1-dodecanethiol.




Before XPS and FTIR characterization on the coated particles, a hydrophobic test was carried
out. It consisted in introducing a small quantity of nanocrystallites in a hemolysis tube
subsequently filled with distilled water. The results are given in Figure 2 and it is observed that
no-grafted CrSi, particles sink whereas grafted CrSi; particles float on water. This is due to the
oxide surface that gives a hydrophilic character to these particles.

In all attempts of grafting, CrSi. particles stayed at the surface and no crystallites sank. This can

be explained by the hydrophobicity of dodecyl chains that enable particles to float on water.
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Fig. 2 Tests of CrSi, particles in water, a) Before stirring. b) After stirring. 1) No-grafted
nanocrystallites. Nanocrystallites functionalized with 2) dodecyltriethoxysilane, 3) n-

dodecylphosphonic acid, 4) 1-dodecene and 5) 1-dodecanethiol

To check the stability of the grafting, hemolysis tubes stirring was vertically done for ten
seconds. The only particles which sank into the water were the ones grafted with dodecanethiol
ones, (Figure 2b, 3). Similar behavior has been observed by Yu et al. * after only 20 seconds in
distilled water, silicon nanocrystals grafted with dodecanethiol lost emissive properties that the
authors explained as the result of the surface oxidation. Thus, the water induces the loss of the
thiol-functionalized chains from the silicon surface. One also notices that the functionalized
chains of alkene, phosphonic acid and silane are stable for a long period either in water or
MeOH/water mixtures (see below). Indeed, after more than 12 months in-hemolysis tubes, the

CrSi, particles are still floating.



In addition to this simple hydrophobic test, the functionalized nanocrystallites were introduced

in hemolysis tubes filled with different ratios of MeOH/water which is generally referred to the

methanol number test (Figure 3).

The more the particles stay at the surface for higher MeOH/water ratios, the more the particles are highly

coated by hydrophobic coupling agents.
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Fig. 3 Tests of CrSi, particles in methanol/water mixtures. The different functionalized particles with 2)

phosphonic acid, 3) silane and 4) alkene coupling agent were introduced in MeOH/water mixtures with

40%, 50%, 60% and 70% of methanol.

Phosphonic
Grafting agent | No grafted | Alkene Silane
acid
Cis 33.26 42.73 37.34 44.53
Crzp 5.02 3.34 3.22 2.66
Sizp 25.01 29.34 26.56 21.61
O1s 36.71 24.58 31.77 31.20
P2p 1.11

Table 1. Atomic percentage of the elements present in CrSi, powders calculated from XPS spectra, no

grafted or grafted with either alkene, phosphonic acid or silane.



The methanol number is defined by the percentage of methanol in methanol/water mixture where
no particles sank. Thus, the methanol number of the particles functionalized with phosphonic
acid is ~50%, ~50% with silane and ~60% with alkene. This indicated that the alkene-coated
CrSi, particles are the most densely packed functionalized nanocrystallites.

FTIR characterizations are given in figure 4, no signal of any C-H bonds was observed in the
2800-3000 cm™ region for the ungrafted CrSi, while Cs,3 CH2 symmetrical stretching vibration
around 2855 cm™ and Csps CH2 asymmetrical stretching vibration between 2920 and 2925 cm™
were well revealed on the grafted CrSi; nanocrystallites. Furthermore, the Css CHs
unsymmetrical stretching vibration around 2960 cm™ could be seen for silane, alkene and
phosphonic acid-grafted CrSi, nanoobjects. As these measurements were done several weeks
after the grafting of CrSi, particles, the low signal observed for thiol-functionalized CrSi, can be
explain by its instability under air.

In table 1, the atomic percentage of the elements presents in CrSi, powders are calculated from
XPS spectra and showed the presence of high C and O amount on no-grafted sample, whereas C
come from external contamination, O found at the surface of the powder signifies that the surface
is oxidized. It is known that CrSi; is stable in air up to 973K 3¢ 3 due to the formation of a
protective layer either of Cr,O3 or SiO, which limits the oxygen diffusion. The peaks at 103 eV
and, 577 and 587 eV attributed to oxidized silicon and oxidized chromium respectively confirm

the presence of this oxide layer.

Fig. 4 FTIR spectra of ungrafted (crude) compared to grafted CrSi, nanocrystallites.
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Fig. 4 FTIR spectra of ungrafted (crude) compared to grafted CrSi, nanocrystallites.

It is then interesting to notice that the oxygen concentration decreases after grafting meaning that
the grafting agent protects, at least partially, the surface from oxidation. These results also
showed clearly the presence of phosphorus bonding P2, at 134.1 eV (see S.I. Fig. S2) in the
attempt of functionalization of CrSi, particles with n-dodecylphosphonic acid. The ratio of
carbon in grafted nanoparticules with dodecene (43 %), with dodecylphosphonic acid (37 %)
and with dodecyltriethoxysilane (45 %), were all higher than those of the no-grafted reference

(33 %), which confirmed the long carbon chains coatings.



To highlight the efficiency of the grafting process, it has then been also decided to graft a
molecule containing a heteroatom clearly visible via XPS such as the fluorine. This heteroatom
has a very clear XPS signature and has the advantage to be missing from the raw material surface.
The chosen grafted molecules are the same as the ones described in scheme 1, but all the -CH./-
CHs groups are replaced by -CF,/-CF3; ones. The XPS analyses show that this fluorine element
is present on the four treated surfaces (S.I. Fig. S3 and S4). For the thiol-grafting, the amount of
detected fluorine is very low. These surface analyses allow to conclude that the grafting process
is efficient for the three fluorine molecules, in total agreement with the water immersion tests.

On both families of coupling agents (carbon or fluorine chain), XPS measurements did not
highlight the presence of the sulfur on thiol-functionalized CrSi, nanocrystallites, which
confirms the coupling agent removing from the surface under ambient atmosphere containing
water. All the investigations performed on narrow-range Cis spectra did not permit to determine
the type of bondings between CrSi, and the grafting agent due to the high amount of C-C

bondings.

Optimization of the alkene functionality grafting coupling agent

For thermoelectric properties, it is necessary to have a material as conductive as possible, oxide
surface must therefore be avoided due to their inherent insulating properties.

As phosphonic acid and silane groups are known to react with oxidized surfaces and thiol group
did not permit to obtain stable coatings, the best coupling agent to graft CrSi, appears to be
alkene moiety since it reacts with non-oxidized hydrogen-terminated silicon surface.
Nevertheless, the induced hydrosilylation reaction mostly takes place at 150 - 200 °C in the
presence of pure alkene or alkene high concentrated solutions for several hours. Hallmann et al.
have described the high-energy ball milling as a simple method to functionalize silicon
nanoparticles with different alkene and alkyne groups *.

We first studied, for reference, the effect of milling time and of the presence of solvent on the
average crystallites size and on the average aggregates size in Table 2, entries 1 to 4. Then we

attempted to graft our CrSi, nanocrystallites directly in the grinding ball in Table 2 entries 5 to



8 and, as expected, all of our carried-out experiments showed an efficient recovering. From these
experiments we found that a decrease of the aggregates size also leads to a strong decrease of
the polydispersity.

In entries 1 and 5, the arc melted button is milled for 4h respectively with or without grafting
agent. The average aggregate size strongly decreases from 3000 to 400 nm whereas the
nanocrystallite size increases from 10 to 80 nm. This result can be explained by the possible
lubrication property of the dodecyl chain.

So, although this method permits to strongly decrease the average aggregates size, in order to
maintain a small average crystallite size, it is important to firstly mill the arc melted button in
order to obtain crystallite size already about 10 nm. Then, pure dodecene can be added in the
vessel, with or without solvent, and sealed under argon (all the process was performed in a
glovebox), followed by 4 h milling (entry 6 to 8).

This is what has been performed in entries 2 and 6, we found that the crystallite size is similar
whereas the aggregate size decreases from about 2800 to 500 nm. This result indicates here again
that the alkene solution has a strong impact on the average aggregates size.

Then, as we observed in entries 3 and 4 that the use of solvent lead to a strong decrease of the
average aggregates size, we attempted to reduce again the aggregates size by using a solvent
with dodecene (entries 7 and 8), and to look for a cumulative effect. We found that the average
crystallite size is not modified nor the average aggregates size, however, our XRD pattern are
much less intense as if the coverage was denser and that the quantity of alkyl chains hides the
signal of CrSi,. This was also observed by Hessel et al. in the case of alkene-functionalized
silicon nanoparticles . In conclusion, the functionalization is important to break the aggregates

of nanocrystallites but this could be only obtained on previously milled buttons.



Entry Extra dodecene | heptane | Average crystallites Average aggregates
milling size* (nm) size / PDI ° (nm)

1 - - - 10 3000/ 7?2

2 4h - - 13 2800/ 1.50
3 4h - 1.6 mL 11 1600/ 1.24
4 4h - 4.8 mL 10 1400/ 1.23
5 - 800 uL - 80 400/ 0.65
6 4h 800 uL - 9 500/0.72
7 4h 160 uL | 1.6 mL 9 500/ 0.75
8 4h 160 uL | 4.8 mL 10 900 / ??

Table 2 Effect of the solvent, coupling agent and extra milling on standard sample obtained after
4h button mechanical millings. (a) Cristallite size determined by Rietveld refinement on XRD

data. b) Average aggregates size and its polydispersity, also note PDI, determined by DLS in

EtOH.)

Thermoelectric composite

In figure 5, the inorganic-organic composites are presented for two different volume ratio
CrSi/PBO (50/50 and 75/25) after heat treatment at 400°C for 1h. One notice that not grafted
CrSi, dispersed in the PBO lead to films with numerous cracks and by an exfoliation of the

composite from the glass substrate. At the contrary, CrSi, grafted particles dispersed in the PBO

polymer gives relatively uniform films with no cracks and good adhesion with the substrate.




CrSi, / PBO
Volume Not Grafted Grafted
Ratio

50/50

75/25

Fig. 5 Not grafted CrSi, particles and alkene grafted CrSi, particles for two volume ratio of

CrSi/PBO (50/50 and 75/25)

In figure 6-a, it is observed that the not grafted CrSi, particles composite film is heterogeneous
with two different regions, the bottom part of the composite is composed with CrSi; particles
and a low amount of PBO whereas the upper part is mainly composed of PBO and a low amount
of CrSi; particles. At contrary, in figure 6-b the composite film is homogeneous and the alkene
grafted CrSi; particles are well dispersed with the PBO. We believe that it can be explained by
the presence of long alkyl chains on CrSi, particles which bring a better interaction with the
organic polymer, increasing its dispersion. The electrical resistivity of the grafted films at room
temperature is about 1kQ.cm which is 1000 times higher than pure CrSi, however, the Seebeck
coefficient is similar to that of pure CrSi, with 80 uV/K. This led to a relatively low power factor
compared to bulk CrSi,. Consequently, although the thermal conductivity is expected to be quite
close to the polymer thermal conductivity, the figure of merit is somewhat negligible. These
results were expected as the alkyl chains are not electrically conductive and because the HOMO-
LUMO of the polymer has not been adjusted with the inorganic compound. The expected

percolation of CrSi; particles, even at large CrSi; amount, was consequently not reached.



Fig. 6 SEM images obtained with secondary electron of 75/25 CrSi,/PBO volume ratio for a)

not grafted CrSi; particles and b) alkene grafted CrSi, particles

CONCLUSIONS

We have seen that it is possible to obtain pure CrSi, nanocristallites by combining arc-melting
and mechanical alloying. The as-obtained powder is made of aggregates (~3 pm) of
nanocristallites (~10 nm). Two methods to functionalize the chromium disilicide powders were
reported, in solution or in a grinding bowl. In solution, the successful functionalization of CrSi,
particles has been described with 3 different coupling agents: alkene, silane and phosphonic acid
grafting was confirmed by XPS and FTIR. The stability of the covalent interactions involved
were also evaluated. A second optimized procedure involving the direct grafting of an alkene
coupling agent in the grinding bowl enabled to save time and energy compared to the more
conventional solution processing. Furthermore, this mechanochemical procedure enables to
reduce the size of the aggregates from 3 um down to 500 nm together with being greener due to
the strong decrease of the amount of solvent used. These new coated CrSi, particles have been
used in a mixture with organic polymers to realize inorganic-organic composites for
thermoelectric applications. The obtained composites have a better mechanical behavior with
grafted CrSi, which open the routes to new high temperature thermoelectric applications using

thermoelectric composites. Their limited electronic properties coming from the long alkyl chain



could be compensated by working with pi-conjugated chain and by adjusting the HOMO-LUMO
of the polymer with the inorganic alloys. These results could be easily extended to other
transition metal silicides for applications not only limited to thermoelectric applications but also

to electronic, photovoltaic.

EXPERIMENTAL SECTION

Materials

Chromium pieces (3-8 mm, 99,99%) and silicon lump (99,9999%) were purchased from Alfa
Aesar. 1-Dodecene (95%) was purchased from Janssen Chimica. n-Heptane (99%) was
purchased from Sigma Aldrich. N-N-dimethylallylamine (98%) was purchased from Acros
Organics. n-dodecylphosphonic acid from Sikemia. Dodecyltriethoxysilane and 1-dodecanethiol

from Sigma Aldrich. All reactants and solvents were used as received.

Synthesis of CrSi. particles

In order to avoid external contamination either during the sample preparation or the milling, all
the process described below is performed under argon atmosphere. CrSi;, alloys were prepared
by arc-melting technique under argon atmosphere using high purity Cr pieces (99.99%) and very
high purity Si lumps (99.9999%) in a button shape (=2.7g each). Sample homogeneity was
improved by melting the samples four times with a turnaround between each melting. The
buttons were crushed and grinded in an agate mortar pestle before being introduced into a 45 mL
SisN4 grinding bowl with 5 SisNy4 balls (15 mm diameter). Vessels were sealed under argon
atmosphere in a glovebox. The milling was carried out with a “‘Fritsh Pulverisette 7 classic line’’
planetary micromill. The speed of the supporting disc and of the grinding bowl was, respectively,
fixed to 650 rpm and 1300 rpm for all the experiments corresponding to a ball acceleration of

about 147 m.s. The ball to powder ratio was fixed to 10:1 for all the experiments.

Functionalization of CrSiz particles in Schlenk tubes



Schlenk tubes were filled in a glovebox under argon atmosphere with 400 mg of freshly

synthesized CrSi, particles. Schlenk tubes were sealed and were taken off from the glovebox.

e Procedure for n-dodecylphosphonic acid, dodecyltriethoxysilane and 1-dodecanethiol
grafting: 10 mL of a 102 M solution of the coupling agent in THF or EtOH (for n-
dodecylphosphonic acid) were transferred into the Schlenk tube and the solution was stirred
4 days at room temperature. The suspension was centrifuged at 20 000 rpm for 15 minutes
and the supernatant was removed. Modified CrSi, particles were washed three times with
CHCI3 under sonication for 5 minutes. Particles were separated from the washing solvent by
centrifugation at 20 000 rpm for 15 minutes. The resulting powders were dried under vacuum
for one hour.

e Procedure for 1-dodecene grafting: 5 mL of 1-dodecene was added in the Schlenk tube and
the solution was stirred 4 days at 150 °C. After cooling at room temperature, the suspension
was centrifuged at 20 000 rpm for 15 minutes and the supernatant was removed. Modified
CrSi, particles were washed three times with CHCI3 under sonication for 5 minutes. Particles
were separated from the washing solvent by centrifugation at 20 000 rpm for 15 minutes. The
resulting powders were dried under vacuum for one hour.

The procedure is similar for coupling agent with fluorine chain.

Functionalization of CrSiz particles by mechano-chemistry with 1-dodecene

Freshly synthesized CrSi, particles (2.7 g) were transferred into a glovebox. 1-Dodecene (700
pumol) was introduced in the SizN4 vessel in presence or in absence of heptane (different
volumes). The vessel was sealed in the glovebox and was introduced in the planetary mill for
different times mentioned in the main text in Table 2. The treatment of the suspension of particles

was identical to the one previously mentioned for the functionalization in solution.

Synthesis of poly(p-phénylene-2,6-benzobisoxazole)



The highly thermal resistive poly(p-phenylene-2,6-benzobisoxazole) (PBO) films were prepared
following the optimized procedure described by Fukumaru et al. . A TBS-prePBO precursor,
soluble in most organic solvents, was obtained in two steps from commercially available 4,6-
diaminoresorcinol. Films of this soluble PPBO precursor could then be easily spin-coated on
glass substrates, and a subsequent thermal treatment at 400°C for 1h provided the PPBO films,
which were characterized by *H NMR, IR spectroscopy and by thermogravimetric analysis (see

SI Figs. S4 to S7).

Thermoelectric composite

The soluble precursor TBS-prePBO was dissolved at a concentration of 50 mg.mL™ in N,N-
dimethylacetamide. The CrSi, nanoparticles were added to give the expected ratio in percentage
by volume and the mixture was sonicated for 30 min being used. Glass substrates of 12.5 x 12.5
mm were successively sonicated in acetone and in isopropanol for 10 minutes in each case,
before being dried with dry air. The mixture of CrSi,/TBS-prePBO was drop-casted (50 pL) on
glass substrates and the substrates were progressively heated at 400 °C with a ramp of 10 °C per
minute then were let at 400 °C for one hour in a furnace under air. The resulting film were
characterized electrically by Van der Paw technic with an homemade apparatus after deposition

of gold plot. The Seebeck coefficient has been determined with an homemade apparatus.

Powder X-ray Diffraction
The powders were analyzed by using an X-Ray diffraction apparatus (Philips X'PERT, Cu-K
radiation 1.5406 A with an accelerated detector PW3050/60 at 45 kV and 30 mA settings).

Rietveld refinement with Fullprof software *° was used for structural analysis of each sample.

Brunauer—Emmett-Teller (BET)



N. sorption analyses were performed at 77 K using a Micromeritics Tristar 3000, equipped with
automated surface area and pore size analyzer. Before analysis, samples were degassed at 250°C
for 7 h using a Micromeritics VacPrep 061 degasser. BET surface areas were determined in the

relative pressure range P/Po from 0.01 to 0.03.

Dynamic Light Scattering (DLYS)

DLS measurements were performed on a Vasco Particle Size Analyzer DL135 from Cordouan
Technologies and analyzed with nanoQ software.

Fourier Transform InfraRed (FT-IR) Spectroscopy. ATR infrared spectra were recorded on a
FTIR Perkin-Elmer 2000 spectrometer equipped with narrow band liquid nitrogen cooled MCT
detector and a multireflexion ATR accessory. The sample compartment was purged with dry air.
All the spectra were recorded at a resolution of 4 cm™, and 128 scans were accumulated. The

size of the silicon ATR crystal was 70x10x1 and 35 reflections were used.

X-ray Photoelectron Spectroscopy

XPS analysis was performed using a ESCALAB 250 Thermo Electron apparatus with Al Ka
(1486.6 eV) as an excitation source and with a Kratos Axis Ultra spectrometer, using focused
monochromatic Al Ka radiation (hv = 1486.6 eV). For the ESCALAB 250 Thermo Electron
apparatus, a surface of 400 um in diameter was analyzed. The XPS spectra were calibrated to
the energy of Cls of the C-C bond (284.8 eV). Concerning the Kratos Axis ultra spectrometer,
the analyzed area of the samples was 300 x 700 pm?. Peaks were recorded with constant pass
energy of 20 eV. For the Ag 3ds. line the full width at half-maximum (FWHM) was 0.58 eV
under the recording conditions. The pressure in the analysis chamber was around 5 x 10 mbar.
Short acquisition time spectra were recorded before and after each normal experiment to check
that the samples did not suffer from degradation during the measurements. The binding energy
scale was calibrated using the C 1s peak at 285.0 eV from the hydrocarbon contamination

invariably present. Core peaks were analyzed using a nonlinear Shirley-type background*. The



peak positions and areas were optimized by a weighted least-squares fitting method using 70%
Gaussian, 30% Lorentzian line shapes. Quantification was performed on the basis of Scofield’s
relative sensitivity factors*>. The curves fit for core peaks were obtained using a minimum

number of components in order to fit the experimental curves.

Electron Microscopy

The chemical homogeneity and composition of the broken buttons were checked using an Energy
Dispersive Analysis of X-Ray (EDX) Hitachi S4800 mounted on a Hitachi S2600N scanning
electron microscope as well as aliquot of the powder after ball grinding. Powders, dispersed on
carbon film, were analyzed on a Jeol 1200 EXII TEM at 100 kV, equipped with a Quemesa

camera (SIS Olympus) with 11 Mpixel CCD detector.
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