N

N

Synthesis of composite powders composed of silver and
carbon nanotubes by liquid-phase reduction method
Maél Pontoreau, Benjamin Thomas, Emmanuel Le Guen, Christine Bourda,

Nada Kraiem, Lisa Andrey, Jean-Frangois Silvain

» To cite this version:

Maél Pontoreau, Benjamin Thomas, Emmanuel Le Guen, Christine Bourda, Nada Kraiem, et al..
Synthesis of composite powders composed of silver and carbon nanotubes by liquid-phase reduction
method. Nano-Structures & Nano-Objects, 2020, 24, 100622 (9 p.). 10.1016/j.nanoso.2020.100622 .
hal-02998545

HAL Id: hal-02998545
https://hal.science/hal-02998545
Submitted on 10 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02998545
https://hal.archives-ouvertes.fr

Synthesis of composite powders
composed of silver and carbon nanotubes
by liguid-phase reduction method

Maél PONTOREAU®®, Benjamin THOMAS®, Emmanuel LE GUEN®, Christine BOURDA",
Nada KRAIEM®C, Lisa ANDREY?, Jean-Francois SILVAIN®*®

# CNRS, Univ. Bordeaux, Bordeaux INP, ICMCB, UMR 5026, F-33608, Pessac, France

® METALOR Technologie SAS, F-28190, Courville-sur-Eure, FRANCE

¢ Department of Electrical and Computer Engineering, University of Nebraska-Lincoln,
Lincoln, NE, 68588, USA

Abstract

A successful synthesis of composite powders composed of both silver (Ag) particles
and multi walled carbon nanotubes (MWCNTSs) by liquid-phase reduction methods is
reported. Based on previous work on electroless deposition of Ag on MWCNTSs and the
mixing technique called “modified molecular level mixing”, the novel procedure strongly
controls the amount of individualized MWCNTSs in the Ag/MWCNTs composite powders
with a mass fraction of MWCNTSs between 0.1 wt.% and 3 wt.%.

The results show that temperature and the concentration of the reducing agent have a
significant impact on the growth of the Ag particles while the MWCNTSs concentration
influences the nucleation rate of Ag particles during synthesis of Ag/MWCNTs composite
powders. Thermogravimetric analysis of the powder synthesized also show a catalytic effect
of Ag particles on the oxidation of MWCNTSs.
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Introduction

Due to their high mechanical, good thermal and electrical conductivity [1]-[5], carbon
nanotubes (CNTs) have drawn more and more attention over the past three decades.
Consisting of sets of concentric cylindrical graphite shells, multi-walled carbon nanotubes
(MWCNTS) are the type of CNTs which is preferentially compared to more expensive single-
walled carbon nanotubes (SWCNTSs). Among other things, CNTs have been identified as a
potential reinforcement for metal matrix composite materials (MMC). For instance, MMC
with silver (Ag) matrix and CNTs reinforcement could have many applications such as
contact materials in electronics [6], [7], as electrodes materials [8] or in photovoltaic cells [9].

Nevertheless, one of the key challenges in MMC processing is to disperse
homogeneously the reinforcement within the metal matrix (Ag, Cu, Al,...) [10]. Indeed,
CNTs are extremely entangled when received in powder form due to both physical (high
aspect ratio of CNTs) and chemical entanglement (Van der Waals interaction between CNTS)
[11]. Consequently, different methods have been set up to de-agglomerate CNTs prior to
mixing with the metal matrix. The solution based processing is the main route used nowadays.
It consists in the joint use of an ultrasonic treatment to de-agglomerate the CNTs and use of
organic species (mostly surfactants) that adsorb on CNTs surface to prevent their re-
agglomeration in solution. The adsorption of organics species on the surface of CNTs is
known as non-covalent functionalization and tremendous efforts have already been devoted to
optimizing the dispersion of CNTs in aqueous solution [12]-[20]. The dispersion of CNTs in
the surfactant aqueous solution was the starting point of several methods to homogeneously
disperse CNTs within a metal matrix.

The existing experimental procedures using CNTSs suspensions can be divided into two
categories. Firstly, dealing with powder metallurgy techniques, suspensions of CNTs are
mixed with a microscopic metallic powder by simple magnetic stirring [21]-[26] or ball-
milling [27]. Following these procedures, CNTs are expected to be adsorbed on the surface of
the metallic powder. Even if some results seem to demonstrate that CNTs can be
homogeneously dispersed on the surface of metallic powders, the distribution of CNTs
throughout the volume of the consolidated MMC is inherently not homogenous. Actually,
CNTs are only located at grain boundaries which lead to the presence of areas with a high
concentration of CNTs in the densified materials [28], [29].

In order to obtain MMC in which CNTs are dispersed homogeneously throughout the

volume, the synthesis of composite powders is a popular technique. This second available



route consists of growing metal particles on the surface of CNTs so that CNTs are not only
located, after densification, on grain boundaries of the metallic powders. Concerning the case
of Ag/CNTs composite materials, much effort has been devoted to the production of
AgQ/CNTs composite particles following chemical liquid-phase reduction methods; either by
electroless deposition [30]-[37] or by others routes such as “modified molecular level
mixing” [38]-[40]. The key factor for the success of these procedures is to prevent CNTs
from agglomerating in solution prior to the deposition of Ag particles on the surface of CNTSs.
Concerning electroless deposition, the required sensitizing/activation steps are detrimental for
the stability of CNTs suspensions. Consequently, following a typical electroless deposition
procedure, the deposition of Ag particles can only occur on agglomerated CNTs [35].
Actually, according to the literature, researchers still struggle to obtain homogenous
dispersion of CNTs within a Ag matrix by electroless deposition. Initially developed by Cha
et al. [41], [42] for Cu/CNTs composite materials, the technique called “molecular level
mixing” has been adapted by Pal et al. [39] for the production of Ag/CNTs composite
materials. This method consists in mixing a stable CNTs suspension with a Ag salt and then
adding a reducing agent to reduce Ag ions on the surface of CNTs. Consequently, applied to
Ag, the “molecular level mixing” procedure is actually similar to the electroless deposition
method without the sensitizing/activation step. The results are promising and the distribution
of CNTs within the metal matrix seems to be improved. Nevertheless, that kind of procedure
needs to be optimized as high concentrated zones of CNTs have been analyzed in the
consolidated composite materials [43]. Moreover, the understanding of this mixing technique
is partial since the mentioned studies do not give further details on the mechanisms involved
in the synthesis of these composite powders.

Therefore, the aim of the present study is to bring essential information on the
synthesis of Ag/CNTs composite powders by a chemical liquid-phase reduction method. The
investigations presented range from the synthesis of pure Ag particles to heat treatment of
Ag/MWCNTs composite powders. In addition, important modifications of the synthesis
procedure presented in the literature are discussed in order to avoid the agglomeration of
CNT. It should be remembered that the composite powders produced are intended to be
densified to produce dense AQ/MWCNT composite materials which can be used as contact

materials in electronics.



1. Experimental

1.1 Materials

For the synthesis of Ag/MWCNTs composite powders, MWCNTSs were provided by
US Research Nanomaterials® (fabricated by CCVD, purity 95 wt.%, length 10-30 pm,
outside diameter 10-20 nm). Other chemical species involved are namely sodium dodecyl
sulfate (SDS, Fisher Scientific®, purity 95%), silver nitrate (AgNOQOj3, Fisher Scientific®,
purity 99%) and L-ascorbic acid (L-AA, CgHgOs, Fisher Scientific, purity 99%). Ascorbic
acid is a non-dangerous mild reducing agent (E = + 0.08 V) which has been chosen to reduce
Ag ions (E = + 0.80 V) [44]-[46]. All solutions were prepared in 18 MQ.cm-deionized water
(known also as ultrapure water) for the synthesis of Ag/MWCNTs composite powder and

distilled water was used subsequently to wash the synthesized powder.
1.2 Synthesis of composite powders

Firstly, MWCNTSs were dispersed in an aqueous surfactant solution, as described in a
previous work [12], to obtain dispersion of MWCNTSs whose concentration is equal to 4.57 +
0.16 g/L. Typically, for 1 L of a dispersion of MWCNTSs, 1 g of MWCNTSs was added in the
aqueous surfactant solution in which 0.4 g of SDS was dissolved. The solution was sonicated
1 h with an ultrasonic homogenizer (Bandelin Sonopuls® UW2200) with active intervals of
0.1 s, passive intervals of 0.9 s, amplitude fixed at 50% and power equal to 200 W before
being centrifuged for 5 min at 2680 go. Only the supernatant, was used for the synthesis of the
composite powders. It is generally accepted that the suspensions obtained are composed of
MWCNTSs on the surface of which SDS molecules are adsorbed due to high hydrophobic

forces.

Then, on the one hand, 15.8 g of AgNO3; was dissolved in 500 mL of an aqueous
solution. On the other hand, precise volume the MWCNTSs dispersion was added in an
aqueous solution containing L-AA to form a 500 mL solution. The added volume of the
MWCNTSs dispersion depends on the desired volume fraction of MWCNTSs in the composite
powder. It is important to point out that preliminary experiments show no agglomeration of
MWCNTSs even 3 days after mixing. Agglomeration of MWCNTSs occurs if MWCNTS are
mixed with AgNOj3 due to a significant increase in the ionic strength of the solution, which
raises questions about procedures reported elsewhere [39], [40]. Unlike AgNOs3, the presence
of L-AA do not increase sufficiently the ionic strength of the solution to induce agglomeration



of MWCNTSs. Depending on the excess of L-AA used to reduce silver ions, the mass of
dissolved L-AA equal to 8.2 g (L-AA1) or 32.7 g (L-AA4).

Separately, the two solutions were either heated to 70 °C or maintained at 5 °C via
different water baths. Then, AgNO3 solution was quickly poured into the solution containing
the reducing agent and the MWCNTSs under magnetic stirring (350 rpm). The instant color
change of the solution confirmed the synthesis of Ag powder and that the following chemical

reaction occurred:

2 AgNO; + CgHgOg — 2 Ag | + C4HeOs + 2 HNO; Equation 1

The solution was kept for 5 minutes under magnetic stirring before the resulting
Ag/MWCNTSs composite powder was separated from the solution by filtration. The composite
powder was then washed several times with hot distilled water, then with ethanol and finally
dried at 60 °C overnight. For each experiment carried out, around 10 g of powder were

retrieved.
1.3 Investigation methods

The crystalline phases of the composite powders were analyzed by X-Ray diffraction
(XRD) using a PANalitycal X’pert PRO MPD diffractometer with a Cu Ka radiation source
(L= 1.5406 A).

Scanning electron microscopy (SEM) was performed to analyze the morphology and

size of as produced Ag particles using a Tescan® Vega Il microscope.

Analysis of the surface of as produced particles was carried out using a ThermoFischer
Scientific K-Alpha® with a monochromatized Al Ka source (hv = 1486.6 eV) and a 200 um
spot size. Full spectra and high resolution spectra obtained were fitted using the AVANTAGE
software provided by ThermoFischer Scientific®. Scofield sensitivity factors were used for
quantification.

Purity of Ag particles was assessed from thermogravimetric analysis (TGA) using a
Setaram® TGA 24 thermal analyzer under ambient air or argon atmosphere with a heating
rate of 5 °C/min. The mass fraction of MWCNTSs in Ag/MWCNTSs composite powders was
determined by analyzing their carbon content using a C/S analyzer (ELTRA®, Carbon
analyzer CS-2000).



2. Results and discussion

2.1 Preliminary study of reduction of pure Ag powder

Before synthetizing Ag/MWCNTs composite powders, pure Ag powders were
obtained according to the experimental procedure described above except that the volume of
the MWCNTSs suspension added is zero. The reduction of Ag ions by L-AA has already been
documented elsewhere [44]-[46]. Nevertheless, in the present work, the influence of the
reduction temperature as well as the L-AA excess on the morphology of Ag particles is
investigated into details. Figure 1 shows Ag particles synthesized at 5 °C or 70 °C and with an

excess of L-AA equal to 1 or 4.
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a) L-AAL, 5°C b) L-AA4, 5 °C

c) L-AAl, 70 °C d) L-AA4, 70 °C
Figure 1 : SEM micrographs of pure Ag particles produced by chemical liquid-phase reduction with

different L-AA excess and temperature

The Ag particles produced at 5 °C with L-AA excess equal to 1 are globally spherical
(Figure 1 a). Analysis of the micrographs shows that the medium size of those spherical



particles is equal to 1.48 + 0.21 um. Increasing the L-AA excess from 1 to 4 (Figure 1 b), the
size of Ag particles increases slightly. Most importantly, some significant protrusions appear
at the surface of Ag particles. If the excess of L-AA is kept equal to 1 but the temperature is
increased to 70 °C, the shape of Ag particles is irregular and some particles present
consequential protrusions (Figure 1 c). Finally, using both a high excess of L-AA and
temperature equal to 70 °C, Ag particles produced are mainly in the form of dendrites and
some of them look like snowflakes (Figure 1 d).

Compared to spherical morphology, the hierarchical structures are not
thermodynamically favored shape and are explained by kinetic factors. More particularly,
formation of protrusions and then growth of dendrites are dependent on the concentration of
the chemicals around the growth front, which is determined by the diffusion and reaction rates
of chemicals [47]. By increasing the temperature and the excess of L-AA, the reaction rate is
quickened to a point where the consumption of chemicals becomes faster than their
supplement at the growth front. As a result, a chemical gradient is created around the growth
front and the formation of loosely dendritic Ag structures is promoted as predicted by the
Diffusion Limited Aggregation model [48]. Moreover, it has been proven that Ag dendrites
grow along a preferential direction corresponding to <111> crystallographic directions [49],
[50]. It seems that the reaction rate is more fasten by an increase of the temperature than an
increase of L-AA excess. Indeed, protrusions are larger when only the temperature is

increased than when only the L-AA excess is.

XRD patterns of the as-obtained Ag particles are shown in Figure 2. For the two XRD
patterns, the diffraction peaks in the spectrum can be designated to (111), (200), (220), and
(311) plans of Ag with a face centered cubic structure (JCPDS file No. 04-0783). Although
the Ag particles have different morphologies, depending on the amount of AA and on the
temperature, their crystal structures are similar in terms of relative peak intensity and width.
No other crystalline faces have been detected, indicating Ag oxides or reaction residues are

absent (at that analysis scale) from the Ag powder produced.
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Figure 2 : XRD patterns of Ag particles synthesized at various temperature and various

concentration of L-AA

To sum up, an increase of reaction temperature and, to a lesser extent, an increase of L-
AA excess lead to an increase of the reaction rate, resulting in the switch of Ag particle
morphologies from spheres to dendrites. More detailed work may be carried out to study
further the reduction of Ag ions by AA.

2.2 Synthesis of Ag/MWCNTSs composite powders

2.2.1 Nucleation and growth of composite powders

In this study, Ag/MWCNTs composite powders have been synthesized at 70 °C and
with an excess of L-AA equal to 4. Figure 3 shows the morphology of the Ag/MWCNTSs

composite powders as a function of their mass percentage in MWCNTS.

a) 0wt.%



c) 0.4wt% d) 3wt%
Figure 3 : SEM micrographs of the Ag/MWCNTs composite powders produced by chemical liquid-
phase reduction with different wt.% of MWCNTSs

A general observation is that the morphology of Ag particles is significantly modified
when the MWCNTS concentration increases. For the Ag/MWCNTs composite powders with
0.1 wt.% of MWCNTSs (Figure 3 b), Ag particles still show “outgrowths” but their length is
limited compared to pure Ag powder. With a further increase of the MWCNTS content to 0.4
wt.% (Figure 3 c), Ag particles are compact spheres and no “outgrowths” have been analyzed.
Finally, for a further increase in MWCNTSs content (Figure 3 d), the size of the compact Ag
spheres decreases significantly. Indeed, the average diameter of Ag particles decreases from
0.76 + 0.21 um to 0.45 + 0.22 um for Ag/MWCNTSs composite powders with a mass
percentage of MWCNTSs equal to 0.4 wt.% and 3 wt.% respectively.

To sum up, with the increase of the mass percentage of MWCNTSs from 0 wt.% to 0.4
wt.% to 3 wt.% the morphology of the Ag particles changes from dendrites to microscopic
compact spheres to submicron compact spheres, respectively. The modification of the
morphology of the Ag particles can be explained in relation to the nucleation process. Without
MWCNTSs, Ag particles mainly arise from homogeneous nucleation as no impurities are
present in the system. On the contrary, during the synthesis of composite powders, MWCNTSs
are present in suspension and induce heterogeneous nucleation of Ag particles on MWCNTSs
surface. Indeed, SDS molecules adsorbed on MWCNTS surface permit to counter the inherent
chemical inertness of MWCNTs so that MWCNTSs in suspension act as heterogeneous
nucleation sites on the surface of which Ag particles nucleate and then grow, as discussed
elsewhere [51]-[53]. An electrostatic attraction may exist between the anionic groups of

sulfate in SDS molecules and with Ag” ions [53]. Therefore, the increase of the concentration



of MWCNTSs induces an increase of heterogeneous nucleation sites and thus an increase of the
global nucleation rate of Ag particles. In line with this idea, with a high nucleation rate, more
Ag particles nucleate from the first moments of synthesis and thus the concentration of Ag
ions in solution plunges. Consequently, the growth and the size of the Ag particles are
lowered as the concentration of MWCNTS in solution increases. This assumption explains the
modification of the morphology and the size of Ag particles for low MWCNTSs concentration
in suspension. Actually, the morphology of Ag particles is significantly impacted by a
MWCNTSs concentration equal to 0.01 g/L which corresponds to a MWCNTS mass percentage
equal to 0.1 wt.%. Figure 4 illustrates the influence of MWCNTSs on the synthesis of Ag

particles by a chemical liquid-phase reduction in solution.

p

Solution of L-AA @ ,
4
@

Ll 1 1

Pure Ag powder

Ll 1 1l

H(ln:l()geneous Growth (hlgh)
Solution of AgNO, nucleation (low rate)
e
Solution of L-AA S %, 8 2
§ Ag/IMWCNTs
and MWCNTs — |2 .
® o W g B composite powder

% g0 S 96
Q s 2 Q® % o
Heteregeneous Growth (Iow)

Solution of AZNO, nucleation (high rate)

Figure 4 : Schematic of the reduction of Ag ions by chemical liquid-phase reduction with or
without MWCNTSs dispersed in solution (not at scale)

2.2.2 Distribution of MWCNTs within the Ag/MWCNTSs composite

powders

SEM analyses show that Ag is not deposited homogeneously around MWCNTS.
Unlike electroless deposition, MWCNTSs are not sensitized and activated so that MWCNTSs
are not covered with a large number of Pd particles acting as catalytic sites for the reduction
of Ag ions in solution [35]. However, taking into account the desired mass fraction of

MWCNTSs, agglomeration of MWCNTS prior to Ag particle reduction would not result in



composite powders Ag/MWCNTSs in which the MWCNTSs are homogeneously dispersed. As
discussed in the introduction, the absence of the sensitization and activation steps makes it
possible to keep the MWCNTSs individualized during the reduction of Ag particles and, thus to
obtain composite powders in which MWCNTSs are not agglomerated. Indeed, for composite
powders with a mass percentage of MWCNTSs below 0.8 wt.%, no MWCNTSs agglomerates
have been analyzed by SEM. Above 0.8 wt.%, few clusters of MWCNTSs have been analyzed
(Figure 5 a). Concerning the composite powders with 3 wt.% of MWCNTSs, the amount of
MWCNTSs is too high so that MWCNTSs percolate and form a network in which the Ag
particles are distributed (Figure 5 b). Consequently, a threshold mass percentage of MWCNTSs
exists above which a network of MWCNTSs is formed due to MWCNTSs percolation.
According to the experiment carried out, this threshold is estimated to be approximately
around 0.8 wt.% for this specific type of MWCNTSs.

a) 0.8wt% b) 3 Wt.%

Figure 5 : SEM micrographs of the Ag/MWCNTs composite powders produced by chemical liquid-
phase reduction with different wt.% of MWCNTSs

Therefore, even if the synthesis procedure do not permit to cover homogeneously the
MWCNTSs with Ag, the presented protocol lead to the synthesis of Ag/MWCNTSs composite
powder in which MWCNTSs are individualized and homogeneously dispersed. For the
intended applications (i.e. to produce dense Ag/MWCNTs composite materials), it is
generally accepted that the volume fraction of MWCNTs in Ag/MWCNTs composite
materials should not exceed 3 vol.% which is equivalent to a mass equal to 0.6 wt.%.
Consequently, the distribution of MWCNTSs within the Ag/MWCNTSs composite powders is
quite satisfactory in that range of composition. Above 0.6 wt.%, the composite powder begins
to contain few NTC agglomerates which is not suitable for the intended application. In

addition, it should be noted that Ag particles aggregate and form micro-sized aggregates after



the filtration, washing and drying steps. However, for the intended application, the formation
of micro-sized aggregates is not detrimental. The advantages of this synthesis protocol will be
discussed later in this article.

2.3 Heat treatment of AQ/MWCNTSs composite powders

2.3.1 Highlighting of the surface pollution of Ag particles

The surface of pure Ag powder has been characterized by XPS. Figure 6 shows the
survey spectrum of pure Ag powders (L-AA4, 70 °C) as well as high resolution spectra
corresponding to Clyp, Cis, Agsy, O1s, Naygs respectively. Although Ag powders have been
carefully washed several times and no other crystalline phases have been analyzed by XRD,
characterization of the surface of Ag particles indicates that some pollution is present on the
surface of Ag particles. It is believed that the small amounts of chlorine and sodium atoms
detected (around 2 at.%) come from the distilled water used to wash the powder. Indeed, for
pure Ag particles, chlorine and sodium atoms come neither from the chemical species used
(AgNOs3, L-AA) nor from the ultrapure water. Therefore, it is an unfortunate post-synthesis
pollution located on the surface of Ag particles. Otherwise, quantification of the high
resolution peaks shows that the amount of carbon and oxygen atoms is significantly high
(around 35 at.% and 10 at.% respectively). Therefore, organic species must be adsorbed on
the surface of the Ag particles coming from L-AA for pure Ag powder. This pollution must be
present in the same way on the surface of Ag particles in Ag/MWCNTs composite powders.
Even in small amounts, these organic pollutants on the surface of Ag particles may disrupt the
sintering of these powders. Consequently, a heat treatment must be carried out prior sintering

step in order to remove these organic compounds.
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Figure 6 : XPS survey and high-resolution spectra of pure Ag particles

2.3.2 Thermal analysis of Ag/MWCNTSs composite powders

Dealing with Ag/MWCNTs composite powders, the heat treatment must be set up in
such a way that most of the pollution decomposes but not MWCNTSs. Therefore, TGA of both
pristine MWCNTs and a Ag/MWCNTs composite powder with 3 wt.% of MWCNTSs have
been performed over a temperature range of 50-750 °C with a heating rate of 5 °C/min under
argon (Ar) gas and ambient air atmosphere (Figure 7 and Figure 8). Under ambient air,
pristine MWCNTS are stable up to 450 °C and then are totally oxidized above 650 °C whereas
the oxidation of MWCNTSs, from Ag/MWCNTs composite powder, begins around 250 °C and
finishes around 500 °C. Indeed, the mass loss of AQ/MWCNTSs composite powder under
ambient air is equal to 3% which corresponds perfectly to the predicted mass percentage of
MWCNTSs in the Ag/MWCNTs composite powder. According to the first derivate of these
TGA curves, the kinetic of the thermal oxidation of MWCNTS reaches a maximum of around
600 °C and 350 °C for pristine MWCNTs and Ag/MWCNTs composite powder respectively.
Due to oxygen partial pressure, oxidation of MWCNTSs takes place according to the following
reaction:

C(s) + Oz(g) — CO,(9) Equation 2
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The significant difference for the decomposition of MWCNTSs can be explained by the
role of Ag particles surrounding MWCNTSs in the composite powder. Actually, Ag particles
may act as catalyst particles which lower the temperature of calcination of MWCNTS, as also
suggested by Aani et al. [54]. Nevertheless, under argon gas atmosphere, MWCNTS remain
stable for both samples for the range of temperature studied. Under an Ar gas atmosphere, the

oxygen partial pressure is so negligible that decomposition of MWCNTS does not take place.

Concerning the thermal decomposition of organic species present on the surface of Ag
particles, TGA of L-AA and SDS have been performed under an Ar atmosphere (Figure 9 a).
Major decomposition of these organic species occurs above 200 °C. The first derivative of the
TGA curves (Figure 9 b) shows that the kinetic of thermal decomposition of these organic
species reaches a maximum of around 220 °C. At 350 °C, the mass loss of L-AA and SDS is
equal to 61 % and 74 % respectively. Therefore, the Ag/MWCNTSs composite powders can be
heat-treated under argon at 350 °C to remove most of the organic pollutants without oxidizing
the MWCNTSs.
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2.3.3 Analysis of heat-treated Ag/MWCNTSs composite powders

Synthesized Ag/MWCNTSs composite powders have been heat-treated at 350 °C for
one hour in a tubular furnace under constant Ar flow. Before and after the heat treatment,
quantification of the carbon content of the Ag/MWCNTs composite powders has been
performed. Figure 10 shows the analyzed carbon mass fraction of the different Ag/MWCNTSs
composite powder as a function of the theoretical MWCNTs mass fraction of the
corresponding powder. Theoretical MWCNTs mass fraction (Xmmwents) 1S related to the
volume of MWCNTSs dispersion (VmwenTs) added before the reduction of Ag ions according

to the following equation:
Vmwents = (Mag * Xmmwents)/ (Cvwents * (1 — Xm MwenTs)) Equation 3

Theoretical computations take into account the uncertainties related to the different
parameters, such as the uncertainty on the concentration of MWCNTSs in suspension
(Cmwenrs) or the reduced mass of Ag (mag). Absolute uncertainty is also plotted.
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Figure 10 : Comparison of theoretical MWCNTs mass percentage and measured carbon mass
percentage of composite powders

First of all, it should be stressed that the experimental values are in line with the
theoretical values both before and after the heat treatment. It proves that the estimated
concentration of MWCNTSs in suspension (Cuwents) 1S close to reality and that the established
procedure permits high control of the amount of MWCNTs within the Ag/MWCNTSs
composite powders. Secondly, the carbon content decreases slightly after the heat treatment
which can be due to the decomposition of organic species adsorbed on the surface of Ag
particles. The slight decreases also prove that the heat treatment does not induce the
decomposition of MWCNTSs in the Ag/MWCNTs composite powders as predicted by the
thermal analysis. Thus, a heat treatment step can be added to the synthesis protocol of the

Ag/MWCNTSs composite powder.

Before moving on to the conclusion, it must be emphasized that this non-hazardous
synthesis process is very interesting at the industrial scale because it allows to produce easily
and at lower cost a large amount of Ag/MWCNTSs composite powders with a fraction of

individualized MWCNTSs compatible with considered application.

3. Conclusion

In summary, Ag/MWCNTs composite powders were successfully synthesized by
chemical liquid-phase reduction with mass percentage ranging from 0.1 to 3 wt.%. By
controlling the concentration of MWCNTSs and keeping the MWCNTSs individualized in the



reduction bath, the established procedure lead to the synthesis of Ag/MWCNTs composite
powders containing a precise mass percentage of MWCNTs homogeneously dispersed.
According to the SEM analysis, MWCNTSs are most homogeneously dispersed between 0 to
0.6% by weight of MWCNTSs.

Investigations of the reduction of Ag ions by L-AA could be summarized as follow :

1) Concerning synthesis of pure Ag particles, it has been demonstrated by SEM analysis
that a temperature increase of 5°C to 70°C and an increase of the excess in L-AA of 1
to 4 accelerates the reduction rate of Ag ions leading to the morphologies of Ag
particles switching from compact spherical structures to loose dendritic structures.

2) With high temperature and high amount of L-AA, the addition of the MWCNTSs in the
reduction bath induces heterogeneous nucleation of Ag particles which increase the
nucleation rate of Ag particles. The shape of Ag particles change from dendrites to
microscopic spheres to submicron compact spheres respectively with the increase of
the concentration of MWCNTS in the reduction bath.

3) As few pollutants are located on the surface of the Ag particles, a heat-treatment has
been set up to decompose these pollutants without oxidizing the MWCNTSs. The heat
treatment must be carried out under Ar gas atmosphere as Ag particles act as catalysts
and decrease significantly the oxidation temperature of MWCNTSs under ambient air
from 600 °C to 350 °C. Quantification of the carbon content of the Ag/MWCNTSs
composite powders before and after the established heat treatment (350 °C, Ar, 1h)
shows no decomposition of the MWCNTSs.

The consolidation of these composite powders and the manufacture of Ag/MWCNTSs
composite materials with high mechanical and thermal properties will be the subject of future
studies. Moreover, futures studies could focus on the optimization of the synthesis protocol
(nature and amount of surfactant, covalent functionalization of CNTs, complexation of Ag
ions, nature of reducing agent ...) or on a more thorough characterization of the as-produced
Ag/MWCNTs composite powder (characterization of the interfacial crystalline structure,

electrocatalytic activity...).
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