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Abstract :

In this review, we show that chemical reduction in colloidal assemblies favors the
formation of size- and shape-controlled metallic nanoparticles. The key parameters that make
possible the size control of spherical nanoparticles produced in spherical reverse micelles are
the degree of hydration of the reactants, the dynamic character of the micelles, the capping
with the surfactant and the reducing agent concentration. The particle shape can be controlled
by combining the strategy of the surfactant-based template and the capping of salts or
molecules. Proof of the quality of the samples is given by the observation of two- and three-

dimensional spontaneous self-organizations.

25/07/22 |



I- Introduction :

Nanotechnology has been receiving increased attention in the past decade due to its
extensive applications [1] in the field of catalysis, electronics, high-density magnetic
recording media, sensors and biotechnology. The challenge has been and remains the control
of the size, the size distribution and the shape of nanoparticles. The electrical, optical and
magnetic properties vary widely with these different parameters. Several approaches to
produce the nanomaterials have been undertaken in the past decade. [2-16]. In chemistry, two
main methods have been employed to this end: co-precipitation and chemical reduction. In
both cases, the presence of surfactant is required to govern the growth process. Typically, the
co-precipitation reactions involve the thermal decomposition of organometallic precursors [4,
16-20]. For instance, an organometallic precursor that rapidly decomposes gives rise to
nanoparticles whose size is determined by the ratio of surfactant to precursor whereas the
shape is controlled by the specific adsorption of the surfactant used to modulate the relative
growth rates of crystal faces. Moreover, the reaction has to occur at a given temperature and
has to be quenched at a precise time in order to obtain the required nanocrystal. The chemical
reduction occurring in colloidal assemblies is another approach for the formation of size- and
shape-controlled nanoparticles [6, 7, 21, 22]. Nevertheless, the mechanisms monitoring these
controls are partially different from that presented above. The shape of the nanoparticles is
partially governed by the shape of the template. When the reaction takes place in spherical
reverse micelles, most of the nanoparticles are spherical. Some discrepancies are observed
[21], but for metallic (Ag, Cu, etc)[6] and semi-conductor (AgS, CdS, CdMnS, CdMnSe)
nanoparticles [23], this trend is verified. The size of spherical nanoparticles is controlled by
the use of functionalized reverse micelles where the counter-ion of the surfactant is a reactive
agent. Under these conditions, one of the key parameters involved in the nucleation process is
the degree of hydration of the reactant, i.e., the micellar size that can be well controlled.
Otherwise, the intermicellar interactions, the capping with surfactant and the reducing agent
concentration govern the growth processes. As for the shape, it can be controlled by using
non-spherical templates. In this way, elongated copper nanocrystals can be obtained when the
synthesis takes place in cylindrical reverse micelles [24] or in an interconnected cylinder
phase [25]. Nevertheless, the mimicry related to the shape is not optimal. By combining the
strategy of the surfactant-based template with the capping involving salts or specific
molecules, it appears that the particle shape can be more efficiently controlled [26-27]. Now,
as pointed out above, non-spherical shapes can also be obtained in spherical reverse micelles.
For instance, this is the case for tetrahedral cadmium sulfide [28] trigonal lamellar silver [30]
and copper [31] nanocrystals. It is interesting to note that in these cases, the synthesis takes
place in a large excess either of reducing agent or of one of the reagents.

Therefore, it appears that if the control of particle size is almost well understood, this is
not the case for the shape control. For any synthesis approach, very few reports are related to

the control of particle shape, it is therefore still rather difficult to determine the key
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parameters. Many parameters have to be taken into account and an additional difficulty lies in
the fact that the fabrication of a given nanomaterial is uniquely related to its physical and
chemical properties.

Another present challenge is to order nanocrystals in 2D and 3D arrays on a
macroscopic scale. These superlattices provide a new horizon in fundamental physics and are
used as model systems for considering phenomena related to dipolar interactions within the
solid. The first 2D and 3D superlattices were observed with Ag,S and CdSe nanocrystals
[32,33]. Since then, several groups have concentrated their efforts on producing self-
organized lattices of, for instance, silver [34-41], cobalt [42-46] and alloys as NiFe [47]. On
depositing these nanocrystals on a surface, collective optical [48,49] or magnetic [43,46,50-

54] properties due to long-range dipolar interactions are observed.

In this paper, we describe the size and shape control of copper nanocrystals synthesized
by chemical reduction in colloidal assemblies used as templates. We discuss the various
parameters involved in the nucleation and growth processes. For spherical cobalt
nanocrystals, we give evidence of their quality through their ability to self-organize in 2D and

3D arrays. Let us first briefly describe the colloidal systems used here and their properties.

II- Reverse Micelles.

II-1- Reverse Micelles made of monovalent AOT surfactant

Surfactants are molecules with a polar hydrophilic head (attracted by water) and a
hydrophobic hydrocarbon chain (attracted by oil). If the surfactant has the shape of a
champagne cork (small polar head and branched hydrocarbon chains) spherical water-in-oil
droplets are formed. These are usually called reverse micelles [55]. They are a
thermodynamically-stable mixture of water, oil and surfactant where water and oil regions are
separated by a surfactant monolayer. Due to the amphiphilic nature of the surfactant,
numerous disordered or partially ordered phases are formed depending on temperature and
concentration [56]. The surfactant the most used is sodium di (2-ethylhexyl) sulfosuccinate
usually called Na(AOT). The water/isooctane/Na(AOT) ternary phase diagram shows a large
zone where the reverse micellar phase is found. In this liquid-like phase, the ratio of water to
surfactant concentration, w=[H,O]/[Na(AOT)], determines the reverse micelle size. At w
values below 15, water mobility is greatly reduced (bound water). Above w=15, the linear
increase in the water pool diameter d., with w (from 6 nm to 18 nm) is explained by a
geometrical model [57] that assumes a constant area per surfactant molecule and that all

surfactant molecules participate in the reverse micelle interface. They are able to exchange
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their water contents during collision between two droplets. The volume of water added to the
solution is the only parameter controlling the droplet diameter. Hence, the droplet size
remains unchanged in various bulk oil solvents. The intermicellar potential, modeled by an
adhesive sphere potential, depends on the particle diameter (d), the attractive range (O) and
the sticky parameter (O0') describing the attractive strength between two droplets [58]. The
latter increases with the length of the bulk oil alkyl chain. It is related to the decrease in
percolation threshold with oil chain length and is explained in terms of an increase in
intermicellar droplet interactions. This is due to penetration of solvent molecules in the
interface screening the AOT alkyl chain interactions. In the case of long-chain oil solvents,
steric hindrance does not allow solvent molecules to penetrate the interface, inducing an
increase in the attractive interactions [59-62]. The kinetic exchange process [63] is directly
related to the sticky parameter and to the binding modulus of the film at the water-oil
interface. The solvent used tunes the kinetic exchange process: for short-chain solvents, the
surfactant alkyl chain is well solvated and the micellar interactions are weak, inducing a low
kinetic exchange rate constant. Conversely, large molecules are poor solvents for the alkyl
chains inducing strong interactions between micelles, i.e., high kinetic rate constants. Hence
by replacing cyclohexane by isooctane as the bulk oil solvent, the kinetic rate constant, at
fixed droplet size, increases by a factor of ten [63]. The kinetic exchange process is also tuned
by the polar volume fraction. Indeed, from small angle X-ray scattering measurements, using
the Baxter potential, the sticky parameter of AOT reverse micelles, at a given water content,
is found to decrease with the polar volume fraction [64].

These two properties, size and exchange process, make it possible, by mixing two micellar

solutions containing the reactants, to produce nanomaterials.

II-2- Colloidal self-assemblies made of divalent AOT surfactant

Following our paper [65] in 1991, a great deal of work has been done with divalent

bis (2-ethylhexyl) sulfosuccinate, X(AOT)2. We demonstrated that, at low water content,

spherical reverse micelles are formed. In the case of Cu(AOT)2, Co(AOT)2 and Cd(AQOT), on

increasing the water content, spherical water-in-oil droplets turn into cylinders. This study has

been extended by other groups: Eastoe et al [66-69] confirmed these data and showed this for
other surfactants such as Zn(AOT),, Ni(AOT), and (C 7H14)4N(AOT)..

In the oil-rich region, the phase behavior of copper(Il) bis(2-ethylhexyl)sulfosuccinate,

Cu(AOT)2-isooctane-water, is known over a wide domain [25, 70-73]. The system exhibits an

extraordinary diverse range of phases depending on the water content, (Fig. 1). When the
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surfactant is not totally solvated, w<15, the various structures are governed by the hydration

of the head polar group with a progressive increase in the surfactant parameter, s = vi/aglg,
where vg, ag and [ are the volume of the surfactant, the surface area and the length of the

alkyl chain, respectively. As a consequence, a change in their curvature occurs.

(i) At low water content, below w=5, a homogeneous reverse micellar solution (the L,
phase) is formed. In this range, the shape of water droplets changes from spheres (below w=4)
to cylinders. At w=4, their width and length, determined by SAXS, are 2.4 nm and 4 nm,
respectively.

(i1) On increasing the water content, (5<w<9), a phase transition takes place with the
formation of interconnected cylinders, the L. phase, which a width of 3 nm.

(iii)) A further increase in the water content induces the appearance of an additional
phase, Lq, composed of a mixture of planar lamellae and spherulites lamella-like phases.

While the existence of this region is quite limited, 9<w<10, it is nevertheless of great interest
with respect to the shape control of copper nanocrystals (see § V-1).

(iv) At w=10, there remains only the L, phase, mostly composed of planar lamellae.
This phase remains stable up to w=15.5 and at this point of the phase diagram, all of the
surfactant is solvated.

Hence, the progressive solvation of the surfactant is accompanied by a regular change
of the structure curvature from the spheres to the planar lamellae. Let us now consider the
other structures formed by further increasing the water content.

(v) At w=15.5, an isotropic phase appears in equilibrium with a spherulite phase. On
increasing the water content from 15.5 to 26, the former progressively increases whereas the
latter disappears. This behavior is related to the transformation of spherulites which do not
remain stable. With increasing w, they progressively collapse and thus release surfactant that
reorganizes into an interconnected phase. At this stage, the spherulites become a complex
system containing and surrounded by an interconnected cylinder phase, they are called
“supra” aggregates. From a theoretical model based on geometry and energetic considerations
[74], the spherulite interior has to collapse to form interconnected cylinders. With a further
increase in water content, the interior (highly curved) bilayers become energetically
unfavorable as more and more oil is exposed to the water interface.

(vi) Increasing in the water content from w=26 to w=28.5 causes the complete
disappearance of the spherulite phase. The remaining isotropic phase is attributed to the L.
phase similar to that obtained at lower water content (5<w<9).

(vii) On increasing w above w=28.5, the isooctane phase progressively disappears
until one isotropic phase is reached. Below w=32, interconnected cylinders are formed and
progressively transform into isolated spheres (w>32). At this stage, the head group is fully
hydrated and curvature at the interface remains constant. With increasing water content, the

only solution to the problem of maintaining constant average curvature consistent with global
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packing is achieved by reducing connections in the network which ultimately becomes
disconnected spheres. The mean diameter of the spheres is 6 nm while the mean width and
length of the cylinders are 11 nm and 15 nm, respectively. At high surfactant concentration,
because of a lack of solvent, clumps of interdigitated micelles form.

It must be noted that the phase boundaries of such a diagram emerge qualitatively
from elementary considerations that require only notions of local and global packing
constraints [75].

Reverse micelles can be either mixed or pure:

(i) A mixed micellar system is one where only a part of the surfactant is functionalized while
the rest is the sodium derivative. When about 20% (and less) of the surfactant is
functionalized, spherical reverse micelles are formed whose size increases with the water
content, as is the case of Na(AOT)/water/solvent solution. By increasing w from 1 to 15, the
hydration state of the metallic counter-ion is progressively increased. Regardless of the
chemical reduction that will occur in this environment, it is clear that the ability of the system
to vary its hydration state constitutes an efficient way to control the nucleation and growth
processes of the nanocrystals.

(i) A pure micellar system is entirely made of divalent metallic counter-ions. Conversely to
the mixed system, pure reverse micelles are most useful for working at very high
concentrations of reagents. Indeed, the number of reactive ions in the micelle is optimal, i.e.,
one ion per two AOT surfactant molecules. It must be noted that whether the divalent counter-

ion is Cu~ or Co~, the ternary phase diagram of this system does not change.

III- Size Control by Various Parameters of Spherical Copper Nanocrystals [76,77].
Copper nanocrystals are made in mixed reverse micelles. Experimental details can be found in
Appendixes A.

I1I-1- Role of the Water Content.

The size of copper nanocrystals produced by procedure Al varies with the water
content (Fig. 2). The corresponding average diameters are given in Figure 3.
By increasing the w value, inhomogeneous size changes are observed. From w =1 to w = 5,
the mean diameter of nanocrystals significantly increases from 2.1 nm to 9.5 nm. Above w =
5, the growth rate drastically decreases. At w = 10, the mean diameter reaches 12.6 nm and
despite the further increase in w, it finally stays constant. We recall here that the micellar
diameter increases from around 2 nm to 6 nm when w increases from 1 to 15. Thus, it clearly
appears that whatever the w value, copper nanocrystal sizes are always larger than that of the
micelles, (Fig. 3). Furthermore, the increase in the production of Cu nanocrystals varies. At

low w, nanocrystals are very sparse on the carbon film while their density increases with
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increasing w values. This fact is partly confirmed by the increase in the plasmon peak
intensity at high w values while sizes stay almost constant, [77].

Similar size behaviour with, nevertheless, some discrepancies, has been observed with other
nanomaterials such as semiconductors[23] and metals[78]. In most cases, the size of the
produced nanomaterial, under the same experimental conditions, is not that of the micelles. In
addition, a limited nanocrystal size is always reached at a w value around 10-15. This
maximum size varies with the material: for semiconductors such as CdS, CdTe and CdMnS,

it is around 4 nm whereas for metals like silver, it is around 7 nm.

The increase in size is attributed to a change in the structure of water [79], i.e., the hydration
of metallic ions. At very low w values, the reactants are poorly hydrated then the yield of the
reduction or coprecipitation reactions is very low. Such a reaction gives rise to small
nanocrystals. Conversely, the increase in the reactant hydration induces the increase in the
yield of the reaction, so that the number of nuclei increases. Then, size (and production for, at
least, the case of copper) of nanocrystals increases. By assuming that all the system is totally
hydrated at w = 15, whatever the material, the nanocrystal growth should evolve up to w = 15
and then stop. Now, this is not the case. For copper, the production of nanocrystals increases
well up to w = 15 but their growth starts to decrease at w =5 and finally stops at w = 10. In the
same way, the limited w value related to the other materials is not a constant but is typical of
the material. Such discrepancies can be partly attributed to capping with the AOT surfactant
molecules. While there is now no doubt that surfactant adsorbs at the nanomaterial surface,
however, the question that still arises is: At which stage does it limit the nanocrystal growth?
Regardless of all the above data, it is clear that this fact mainly depends on the synthesized
material, i.e., the affinity of the surfactant with the material. When the AOT/nanomaterial
affinity is low, a rapid growth with w value can be expected, a growth that is mostly governed
by the hydration state of the reagents. This is the case, for example, for copper with a
maximum diameter relatively large compared to the others, around 12 nm. The low affinity of
the surfactant with the metal is further confirmed by the fact that copper nanocrystals are
always much larger than the micelles (there is a factor of about 2). The AOT adsorption at the
copper surface is not efficient enough to limit the nanomaterial growth even when the
nanocrystal size becomes similar to and then larger than that of the micelles. It becomes
efficient when the nanocrystal size is twice that of the micelle. Conversely, when the
AOT/nanomaterial affinity is high enough, the nanocrystal growth is expected to be lower
compared to the previous case. Under these conditions, AOT surfactant is assumed to adsorb
at the nanocrystal surface, earlier, during the growth process. This means below or when the
nanocrystal size reaches that of the micelles. This is the case for the group of semiconductors
(CdS, CdTe and CdMnS) and silver nanocrystals characterized by limited sizes, 4 nm and 7

nm, respectively. Nevertheless, the fact that the reaction schemes differ with the synthesized
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material can also contribute to influencing the growth process, i.e., to induce various limited

sizes.

III-2- Role of the Interactions between Reverse Micelles.

As reverse micelles constitute a dynamic system, they also make possible, through the
interactions between droplets, a control of the nanocrystal growth. Thus, changing either the
bulk solvent used to form the reverse micellar solution or the polar volume fraction modifies
the intermicellar exchange process [77].

By replacing isooctane with cyclohexane as the bulk solvent (see procedure A.), we
observe that whatever the w value, copper nanocrystal diameters are lower than that obtained
when the solvent is isooctane, (Fig. 3). The mean diameter increases from 1 nm to 6 nm when
w increases from 1 to 15. In addition, it must be noted that the curves obtained for both
solvents are similar, i.e., the growth rate decreases from w = 5 toward a limited value. The
size decrease recorded when the solvent changes from isooctane to cyclohexane well
illustrates the fact that the kinetic exchange process decreases through the decrease in the
sticky parameter. Indeed, the decrease in the solvent molecule volume induces an increase in
the attractive interactions between micelles, (see §II-1). Now, it can be assumed that the
nucleation process of copper nanocrystals mostly takes place inside a given micelle.
Nevertheless, the growth of the copper seeds so produced is directly related to the exchange
of the water pools between two micelles occurring during the exchange process. During this
exchange, copper seeds grow either by attracting isolated copper atoms or other metallic seeds
initially formed in a neighbouring micelle. Consequently, decreasing the kinetic exchange
process induces decreasing the nanocrystal growth rate. In the present case, because the
micellar size does not change with the nature of the solvent, the exchange process is the only
parameter that can tune the nanocrystal size. Nevertheless, it cannot be excluded that there is a
higher efficiency of the AOT capping that would be favoured by the enhancement of the
intermicellar exchange process. This fact could explain the decreasing growth rate observed
from w = 5 while the nanocrystal size is only around 6 nm.

The polar volume fraction is changed by changing the micellar concentration in the
solution, (see procedure A.). In this case, the copper AOT concentration to the sodium AOT
concentration ratio stays the same. Hence, at fixed w, the average number of copper ions per
micelle remains constant. However, the increase in the polar volume fraction induces both the
increase in the overall concentration of copper ions and the increase in the micellar exchange
rate. Let us consider the role of the overall concentration of the reactive copper ions. By
increasing the copper AOT concentration (see procedure A.), Figure 5 shows, for various
water contents (w = 3 and 10), the increase in the nanocrystal size. This behaviour is related
both to the local and to the overall reactive ion concentration increases. Indeed, when reactive
ions locally concentrate inside the micelle (whose size stays the same), the nucleation process

induces the formation of larger seeds for which subsequent growth will give rise to larger
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nanocrystals. Now, the increase in the overall reactive ions in the solution, plays a role in the
growth process; the latter is enhanced because of the higher concentration of copper seeds
present in the solution. Thus, the increase in the polar volume fraction induces two opposite
size behaviours: through the increase in the overall concentration of copper ions, we favour
the increase in the growth of the copper seeds whereas the decrease in the micellar exchange
rate acts exactly in the opposite way. In fact, Figure 4 clearly shows that whatever the water
content, (w = 3 and 10), the nanocrystal size significantly decreases. This clearly shows that
the growth of the copper seeds is here governed more by the micellar exchange process than

by the overall copper ion concentration.

From these data, it is clear that the intermicellar exchange process directly related to
the growth process of the copper seeds can also contribute to control the growth of copper
nanocrystals whose size increases with the efficiency of the exchange process. Nevertheless,
it also cannot be excluded that there is a higher efficiency of the AOT capping that would be

induced by the intermicellar exchange rate increase.

III-3- Role of AOT Capping.

The overall AOT surfactant concentration increases by increasing that of sodium
AQT, (see procedure A,). Nevertheless, by increasing the sodium AOT concentration and by
keeping that of the copper AOT constant, three effects have to be taken into account [77]. The
first is the higher efficiency of the AOT capping effect due to the increase in the sodium AOT
to the copper AOT concentration ratio. The second is the decrease in the intermicellar
exchange rate due to the increase in micellar concentration, i.e., the polar volume fraction.
The third is the decrease in the local concentration of copper ions per micelle. In fact, as it has
been well demonstrated in the cases presented below, all these effects play a role during the
growth process and act in the same way. They limit the growth of the copper seeds and the
final nanocrystal sizes thus obtained decrease. This fact is well illustrated in Figure 6
showing, that at w equal to 3 and 10, the mean diameter significantly decreases with the AOT

surfactant concentration from 7.2 nm to 1.5 nm and from 12.6 nm to 6.2 nm, respectively.

From all these results, it is clear that AOT reverse micelles constitute good
nanoreactors to synthesize spherical metallic nanocrystals. A thorough knowledge of this
complex system related to the reagents hydration, the intermicellar interaction and the

surfactant capping, allows controlling the nanocrystal size by different ways.

IV- Size Control of Spherical Cobalt Nanocrystals. Towards the 2D and 3D self-
organizations. [80-82]
IV- 1- Role of the Reducing Agent Concentration. [80]
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From the above considerations, AOT reverse micelles are good candidates for use as
nanoreactors. However, AOT surfactant molecules can also be used as “simple” capping and
stabilizing agents as in the organometallic precursor decomposition reactions. Indeed, in the
case of cobalt synthesis, when they are made in a supersaturated regime, i.e., at a high
reducing agent concentration, reverse micelles are destroyed immediately after adding the
reducing agent solution because of the limited water content [80]. In this way, the nucleation
and growth processes take place in a poorly-defined “macroemulsion”. The choice of the
supersaturated regime is here dictated by the need for magnetic nanocrystals characterized by
both large size and low size polydispersity. The reducing agent used is sodium
tetrahydroborate and its concentration is represented by R, R=[NaBH.]/[Co(AOT).].
Nanocrystals are synthesized at various R as described in appendix B. At R equal to 0.5, the
average size is 6 nm with a rather large size distribution of the nanocrystals, o, 30%, (Table
1). This is in good agreement with previously published data [83,84]. When R increases from
0.5 to 8, two main behaviours are observed: (i) the mean diameter of cobalt nanocrystals
increases from 6 nm to 8 nm. This is directly related to the increase in the yield of the
reduction reaction that is not complete below R equal to 8. The concentration of nuclei
formed increases and their subsequent growth induces larger and larger particles. This has to
be compared with the increase in the copper ions in reverse micelles (see §III-2). (ii) The
more important feature is the drastic decrease in the size distribution from 30% to 8%. This
behaviour is due to the size increase combined with the size selection that occurs at the end of
the particle preparation, leading to the collection of the smaller nanocrystals. For any reducing
agent concentration, magnetic measurements indicate the formation of metallic cobalt. They

are characterized by poor fcc crystallinity.

IV- 2- 2D and 3D Self-Organizations of Cobalt Nanocrystals. [80-82]

Let us now consider the TEM images obtained at various R, after the deposition and
evaporation of 10 drops (10 x 10 ul) of a highly concentrated cobalt solution on amorphous

carbon, (Figure 7). The assemblies, obtained for 6<13%, clearly show that lauric acid-coated
cobalt nanocrystals spontaneously organize in 2D hexagonal compact networks over longer
and longer distances with increasing R (Figs. 7C to 7F). At R=6, the interparticle gap is
around 2.5 nm. The length of the lauric acid chain in the all-trans conformation, 1.77 nm,
indicates a partial interdigitation (around 1 nm) between chains used to passivate the
nanocrystals.

In order to build 3D ordered superlattices, a larger volume of cobalt nanocrystal
solution (R=6), (20 x 10 ul) is deposited on amorphous carbon. After the solvent evaporation,
the Co nanocrystals self-organize in a regular 3D superlattice as shown in Figure 8. Their

thickness can be increased by horizontally immersing a highly oriented pyrolitic graphite

(HOPG) substrate in 200 pl of the concentrated nanocrystal solution. Solvent evaporation
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takes place under a pure nitrogen flow and the substrate temperature is maintained at 25°C.
The scanning electron microscopy (SEM) image in Figure 9A shows a film consisting of
isolated domains that are relatively large, several thousand ym:, and separated by an average
distance of 3 um. Their thickness is about 5 um, (Fig. 9B) and it must be noted that most of
the deposition occurs at the border of the substrate. The cracking behaviour giving rise to
sharp edges is the result of surface tension stresses arising during evaporation. The X-ray
diffraction pattern (inset Fig. 9C) shows the first and the second orders of Bragg reflections.
The reflection width is nearly resolution-limited, (0.03 nm"), indicating long-range ordering of
the magnetic nanocrystals out of the substrate (Fig. 9C). The stacking periodicity is 8.54+0.05
nm. In order to probe the other planes, the sample is tilted by around 10°. Figure 9D shows 9
additional Bragg reflections. These additional spots indicate a face-centered-cubic, (fcc), 3D
long-range ordering within the nanocrystal domains. The observation of well-defined Bragg
reflections is proof that the ordered domains share a common crystallographic normal-to-the-
substrate axis. It can be further assumed that their in-plane orientation is random. This fact is
partly explained by the various orientations of the domains on the substrate. It is important to
note that such “supra” crystals made with several thousand Co monolayers remain stable with

the same large-scale ordering for several months.

From these results, it can be concluded that the stabilizing role of the AOT surfactant
combined with a size selection also allow the control of both the size and the size
polydispersity of the cobalt nanocrystals. Such an accurate control makes possible the
spontaneous formation of 2D and 3D magnetic arrays organized on a large scale and stable for

several months.

V- Shape Control of Copper Nanocrystals.
V-1- Shape control by using colloidal assemblies.

Copper nanocrystals are synthesized in various regions of the phase diagram
isooctane/Cu(AOT)./water as described in appendix C. The objective is to carry out Cu
syntheses in the various microstructures (reverse micelles, interconnected cylinders, supra
aggregates etc) to determine if there is a change in the particle morphology. The results,
shown in Figure 10, are [25]:

(i) In presence of isolated reverse micelles, below w=5 and above w=32, most of the
copper particles are spherical. In weight percentage, only 13% of copper particles are
cylinders. The particle dimensions are lower at higher w. The average diameter of spheres
decreases from 12 nm to 7.5 nm, whereas the width and length of cylinders decreases from
18.5 nm to 8.2 nm and 12 nm to 6.6 nm, respectively. Now, when spherical reverse micelles
are interdigitated, at high surfactant concentrations and above w=32, spherical nanocrystals

with a very low size polydispersity and a mean diameter of 7.5 nm, self-organize in 3D arrays.
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(i) Interconnected cylinders having similar persistence lengths are formed in two
water content ranges, (5<w<9 and 28.5<w<32). Syntheses in these two domains show very
strong correlations and similar data. Spherical and elongated particles are formed in both
cases. In both domains, the average diameter of spherical particles is the same, 9.5 nm.
Similarly, the size of the elongated particles remains identical with an average length and
width of 21.2 and 6.6 nm, respectively. In weight percentage, about 50% of copper particles
are elongated.

(iii)) When syntheses take place in presence of a mixture of an interconnected cylinder
phase and the L, phase containing both spherulites and planar lamellae, (9<w<10), the weight
percentage of elongated particles remains about 50%. Their average length and width are 24
nm and 8 nm, respectively. The rest of the population is mainly spheres with a few percent of
other shapes like squares and triangles.

(iv) In presence of “supra” aggregates made of spherulites containing in their interior
and surrounded by an interconnected cylinder phase, the syntheses produce particles having a
much higher polydispersity in size and shape than those found at other water contents.

Triangles, squares, spheres and elongated particles are observed.

These results tend to show that the shape of the colloidal microreactor partially
controls the shape of the nanocrystals. Indeed, spherical particles make up the main
population obtained in reverse micelles whereas elongated particles are mainly obtained when
the synthesis takes place in presence of an interconnected cylinder phase. We can note that the
former synthesis is related to a dynamic system governed by the intermicellar interactions
whereas the latter occurs in a “quasi” static system. Now, the shape of the particle is largely
dependent on its crystallographic characteristics related to the core and the enclosed surfaces.
From such a viewpoint, the particle shape can be determined by both (i) the structure of the
copper precursor and (ii) the kinetics of particle growth that can be controlled by the specific
adsorption of surfactant molecules or other molecules on the growing crystal. It must be noted
that such a kinetic control is all the more required in that the material does not possess an
intrinsic anisotropic structure. In addition the chemical reaction has to occur in a medium that
is sufficiently confined to induce high particle crystallinity.

Elongated copper nanocrystals observed in the present case are characterized by a
truncated decahedral structure [85,86]. Indeed, this is well shown by comparing the HRTEM
image of an elongated particle (Fig. 11A) and the HRTEM simulated image of a truncated
decahedron (Fig. 11C). The calculated PS (Fig. 11B) has three pairs of equatorial reflections
labelled 1, 2 and 3 with sideband reflections labelled 4, 5, 6, 7, 8 and 9. These reflections
correspond to the lattice parameters: d,.=0.128 nm, d,=0.210 nm, d.= 0.338 nm, d.=d.=0.181
nm, d,=d,=0.217 nm and d,=d,=0.250 nm. Reflections 1, 2, 4 and 9 correspond to the Cu (220),
(111), (200) and (020) plane spacings, respectively (0.1278, 0.2087, 0.1808 and 0.1808 nm).
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The angle between (200) and (020) is 90°. The appearance of the (200) and (020) reflections
together with the (111) reflection proves that the particle consists of two or more fcc subunits
that must be twinned together. Reflections 3, 5, 6, 7 and 8 are caused by multiple scattering
effects. This PS, that is similar to the simulated one (Fig. 11D), clearly indicates a truncated
decahedron. The formation of this structure is based on the regular decahedral precursor that
is one of the precursors for metallic copper. It is made up of 5 deformed fcc tetrahedrals
bounded by (111) planes. Its growth is accompanied by the progressive truncation of the 5
subunit edges inducing the {100} lateral facets (Fig. 11E). Hence, the particle growth is
hindered and takes place in the [110] direction, i.e., the 5-fold axis. Such a shape is
determined from the preferential growth of the {111} facets compared to the growth of {100}
facets. This process is related to the selective adsorption of AOT surfactant on the lateral
{100} facets.

Therefore, it appears that the formation of elongated copper nanocrystals requires both (i) the
presence of a decahedral precursor and (ii) the preferential AOT adsorption in order to
kinetically control the growth rates of the crystal facets. Clearly, such an adsorption is greatly
favored in presence of an interconnected cylinder phase. In fact, it is quite likely that the
tubular shape of the microreactor favored, initially, the surfactant adsorption on the fcc
subunit edges. Subsequently, the resulting {100} facets are preferentially adsorbed by the
surfactant that induces the particle growth along the 5-fold axis of the multiplied twinning
particle. Conversely, in the presence of spherical reverse micelles, the first step inducing the
lateral facets is missed and the decahedral precursor growth is no longer uniaxial but mostly
occurs homogeneously. In this case, AOT surfactants adsorb on the five {111} precursor
facets inducing the formation of pentagonal shapes, i.e., of regular decahedral structures.
Depending on their size and the possible presence of defects, these nanocrystals appear more
or less spherical. From this, it is clear that the colloidal microreactor used to synthesize copper
nanocrystals plays the role of a template. In the literature, some examples tend to give
evidence of the surfactant-based templates. Elongated CdS particles grow in cylindrical
reverse micelles while spheres are obtained in spherical reverse micelles [87]. PbS particles
are formed in a Pb(AOT)./PVB polymer composite [88]; according to whether this has an
ordered layer structure or not, nanorods or spherical particles are obtained. On the other hand,
it also appears that particle crystallinity is enhanced when there is an interconnected
cylindrical phase compared to the micellar phase. Indeed, spherical particles often have
defects whereas elongated particles are mostly highly crystallized. This can probably be
attributed to the degree of confinement of the reagents that is much higher in the
interconnected microstuctures than in the micellar system. In fact, reverse micelles are
dynamic systems and the “real” confinement they offer compared to the interconnected
cylinder phase is less. Therefore, this system gives rise to a higher percentage of polycrystals

(compared to the interconnected cylinder phase), whose typical shape is the sphere.
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From these results, it appears that the various key parameters involved in the
formation of the elongated nanocrystals are the precursor structure, the confinement degree of
the reactive medium and the AOT capping related to both the shape of the template and the
surfactant-{110} copper crystal facets affinity. Now, it must be noted that such a template
effect remains partial related to the aspect ratio of the elongated nanocrystals and their

population percentage.

V-2- Shape control by using water-in-oil self-assemblies in presence of salts.

As shown above, uni-axial growth of copper nanocrystals is related to specific AOT
adsorption that mainly occurs in presence of an interconnected cylinder phase. From this,
other molecules such as salts have been tested in order to investigate their ability to control
the growth rates of copper crystal facets. Hence, syntheses were carried out in the phase
containing the interconnected cylinders with the Ly phase, (9<w<10), in presence of a small
amount of a salt (see appendix D). Various salts have been tested [26,27].

Let us first consider the behaviour observed with sodium chloride. The presence of this salt
induces the formation of a population of nanocrystals having, as with no salt present, various
shapes like spheres, cubes, triangles, hexagons, pentagons and elongated particles. The
elongated nanocrystals always constitute the highest shape weight percentage and, depending
on the salt concentration, their size can be tuned (Fig. 12). The average length increases with
the salt concentration from 24 to 300 nm and then decreases whereas the average width
continuously increases from 8 nm. The average aspect ratio is characterized by a maximum of
15 (Fig. 13). By replacing NaCl by another chloride salt such as KCl, CuCl, or CTAC
(cethyltrimethyl ammonium chloride), the recorded behaviours remain unchanged, i.e., the
highest shape weight percentage is that of the nanorods whose size can be similarly tuned by
the salt concentration. These results clearly give evidence of the major role played by the
chloride anion during the growth process of elongated copper nanocrystals. This is further
confirmed by the fact that the use of NaF or Nal, for instance, does not induce any change in
the nanocrystal shape compared to the syntheses made in the absence of salt. From an initial
viewpoint, this shape behaviour cannot be attributed to changes in the microemulsion
structure. In fact, the structural study of the template shows only a very slight change on the
salt addition [89]. The control of the nanocrystal shape is explained in terms of selective
adsorption with chloride anions. Like the AOT surfactant molecules, Cl- anions selectively
adsorb on the lateral {100} facets of the growing truncated decahedron (see §V-1), but it is
clear that such a capping much more efficiently retards the growth of the {100} facets of the
truncated decahedron than the AOT molecules. The consequence is the large dominance of
the lateral {100} facets compared to the top {111} facets. On the other hand, it can be
speculated that the short elongated particles formed in the absence of salt are the precursors

required for the growth of longer elongated particles. Whatever the exact process is, the
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selective adsorption of the chloride anion constitutes a key parameter in the formation of
elongated nanocrystals with a large aspect ratio. As described above, the kinetic growth of the
particle length with the anion concentration is characterized by a maximum whereas the width
regularly increases. This behaviour could be attributed to a change of surface energy with
particle size. At low CI concentration, i.e., for smaller particles, the anion preferentially
adsorbs on the higher surface energy, i.e., the {100} surface. Now, at higher Cl-concentration,
when the particle is large, the surface energies of the {111} and {100} facets could become
similar, inducing the anion adsorption on all the enclosed facets of the nanocrystal. If this
hypothesis is right, and if we consider that the AOT molecules play a role at this stage of the
growth process, they are also expected to follow the same behaviour.

We will now consider the behaviour observed in presence of sodium bromide. The
addition of NaBr in the same concentration range as NaCl (see appendix D) induces a
population characterized by the same diversity of shapes as obtained previously but in the
present case, the cubes, instead of the elongated nanocrystals, constitute the highest shape
weight percentage (Fig. 14). Their average size is 40 nm. The elongated particle size does not
drastically change with NaBr addition.

The structural study of the cubes indicates that they have a cuboctahedral structure [86]. The
HRTEM image of such a nanocrystal (Fig. 15A) and the simulated image of a cubic
cuboctahedral structure (Fig. 15C) show two characteristic lattice planes perpendicular to
each other, corresponding to a pure fcc structure. The calculated (Fig. 15B) and simulated
(Fig. 15D) PS both confirm this structure. Reflections 1 and 2 correspond to the (200)
(d=d.=d.,=d,=0.18 nm) planes and reflection 3 and 4 correspond to the (220) (d.=d.=d.,=d.
»=0.127 nm) planes. The planes (200) are perpendicular to each other as for the (220) planes.
Thus, copper cubes are characterized by the cuboctahedron structure viewed along the [001]
direction and are enclosed by the {100} surfaces. Their formation can be explained from the
cuboctahedral precursor. As the typical facets of this precursor are the {100} and the {111}
the cube growth is promoted by the specific growth of the {111} facets of the cuboctahedral
precursor. This result is only made possible by the selective adsorption of the bromide anions
on these facets that progressively disappears in favor of the {100} facets, (Fig. 15E).

Thus, the key parameters involved in the formation of cubic nanocrystals are both the
presence of the cuboctahedral precursor and the selective adsorption of the bromide anion. It
must be noted that the bromide anions do not change the elongated particle growth. This
suggests that, for a given material, the ionic selective adsorption is a complex process not
only related to the crystallographic nature of the surface but also to the surface energies that
vary with the precursor involved. Clearly, a given salt will not give rise to a specific particle
shape, this fact is well illustrated in the literature. For example, cubic KMnF. nanocrystals are
obtained by the use of the micelle technique, in presence of bromide and chloride ions [90].

Cubic Pt nanocrystals are obtained by bubbling hydrogen through an aqueous solution
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containing PtCIl+- [91]. Gold nanorods are produced by ultraviolet-visible irradiation of a gold
salt (HAuCl,) solubilized in the bulk aqueous phase of normal micelles made of CTAC [92].

V-3- Shape control by using reverse micelles in a supersaturated regime [86].

Another route to produce non-spherical nanocrystals is to use reverse micelles in a
supersaturated regime. For instance, a set of syntheses of copper nanocrystals has been made
in mixed AOT reverse micelles at higher and higher reducing agent concentrations (See
appendix E). In these conditions, R, R=[N,H.]/[Cu(AQOT).], varies from 3 to 15 whereas the
water content, w, remains at 10. This means that whatever the reducing agent concentration
is, the chemical reduction takes place at the same polar volumic fraction. At low hydrazine
concentration, R=3, the population is mainly composed of “spherical” nanocrystals, including
more or less regular spheres and pentagons, their mean size is 12 nm (Fig. 16A). Then, by
progressively increasing R, the nanocrystals become more highly facetted with the appearance
of new shapes (Figs. 16B and 16C). At R=15, copper atoms are implied in the formation of
various shapes such as elongated nanocrystals, triangles, cubes and “spheres”, (Fig. 16D).
Their percentages are 31%, 30%, 9% and 30%, respectively. The average sizes are 23 nm, 19
nm, 20 nm for the triangles, the cubes and the “spheres” whereas the elongated particles have
an average length, width and aspect ratio of 22 nm, 13 nm and 1.8. It has to be noted that the
R increase is also accompanied by the improvement of the particle crystallinity. This is partly
illustrated by the formation of the non-spherical shapes, on the other hand, spherical particles
also become more highly crystallized. It must be noted that for any R value, electronic
diffraction studies show no traces of copper oxide (Insets fig. 16). This fact is further
confirmed by the HRTEM study of the various shapes (see below). These results are
explained as follows: At R=3, all the copper ions are not totally reduced. Hence, increasing R
induces the increase in the reduction yield, i.e., the increase in the number of copper atoms, as
observed previously (see §III-1). As the polar volume fraction remains unchanged, the
precursor concentration increases, leading to larger nanocrystal sizes. As a second
consequence of the high local concentrations of reageants, i.e., of their high degree of
confinement, particle crystallinity is improved. To illustrate the latter behaviour, a careful
structural study has been made of the various shape populations obtained at large R. The
structures of the elongated and cubic nanocrystals, are those described previously (see §V-2).
They are characterized by the truncated decahedral and the cuboctaedral structures,
respectively. Their growth processes are related to the AOT molecule selective adsorption on
the {100} facets. We will now focus on the other shapes consisting of triangles, pentagons

and spheres.
The HRTEM image (Fig. 17A) shows a triangular nanocrystal, which exhibits 3 lattice

planes while the corresponding calculated PS (Fig. 17B) shows 4 pairs of reflections labelled
1, 2, 3 and 4 [72,79]. The lattice parameters are d=d=d=0.221 nm and d.=0.128 nm.
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Reflections 1, 2 and 3 correspond to the forbidden 1/3{422} reflections related to the fcc
structure. The angle between these planes is 60°. The observation of such reflections depends
on the number of close-packed planes and the number of defects. Reflection 4 corresponds to
the (220) planes of an fcc copper single crystal oriented in the [111] direction. The triangles
appear to be flat particles with stacking faults and are characterized by an fcc structure
oriented in the [111] direction. These objects are also called “trigonal lamellar particles”. The
precursors required for their formation must contain a unique three-fold axis, which is
expressed in the final shape of the nanocrystal. Among the stable copper precursors, the
decahedron, the cuboctahedron and the tetrahedron, only the last can be modified simply to
give rise to such a particle shape. Indeed, if a regular fcc tetrahedron is truncated on a {111}
surface and then twinned by reflection at this surface then a suitable precursor for the trigonal
lamellar particle can be obtained (Fig. 17D). Such a bitetrahedral precursor possesses the
required three-fold symmetry and, more importantly, contains three active sites for growth to
maintain the overall three-fold symmetry in the final nanocrystal. The truncation is attributed
to the capping of AOT surfactant on one of the edges (as in the case related to the truncation
of decahedra) and then on the subsequent {111} facets of the tetrahedral units.

“Spheres” includes pentagonal and regular spherical shapes. At high R values, giving
rise to more highly crystallized particles, these two shapes are related to regular decahedral
(Fig. 18) and cuboctahedral (Fig. 19) nanocrystals. The HRTEM images of the nanocrystals
(Figs. 18A and 19A) are in good agreement with the simulated images of a decahedron
viewed along the 5-fold orientation (Fig. 18C) and a cuboctahedron viewed along the [111]
orientation (Fig. 19C). For the decahedron, the calculated PS is characterized by 10 pairs of
reflections: 5 pairs labelled 1, (d=0.208 nm) and 5 others labelled 2, (d.=0.180 nm)
corresponding, respectively, to (111) and (200) planes of the 5 fcc subunits (Fig. 18B). The
calculated PS (Fig. 18B) is in good agreement with the simulation (Fig. 18D). Therefore,
pentagonal particles are decahedrons consisting of 5 deformed tetrahedral subunits twinned by
their {111} planes and then, characterized by a five-fold symmetry. For the cuboctahedron,
the calculated PS (Fig. 19B) shows 4 pairs of reflections labelled 1, 2, 3 and 4, that
correspond to the lattice parameters: d,=d,=0.208 nm, d.=0.180 nm, d.=0.127 nm related to the
(111), (200) and (220) planes, respectively, of an fcc structure. Thus, regular spherical
particles have a cuboctahedral structure. Both these shapes are induced by the homogeneous
growth of their precursors which are the decahedron and the cuboctahedron, respectively. No
transformation such as facet truncation or preferential growth of facets is required. It can be
assumed that, in these cases, the AOT surfactant homogeneously adsorbs on the enclosed
facets of the crystal with a similar affinity. It has to be noted that at an R of 3, most of the

“spherical” particles are characterized by many defects.

Such results are partially based on the improvement of the particle crystallinity

induced by the supersaturated regime. Similarly to the synthesis made in the interconnected
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cylinder phase, (see §V-1), it seems that the confinement of the reagents constitutes a key
parameter. Hence, at large R, the high particle crystallinity makes possible the growth of well-
defined shapes. It clearly appears that the diversity of the particle morphologies (cube,
triangle, pentagon, sphere, elongated particle) is related to the various decahedral,
cuboctahedral and tetrahedral copper precursors. Moreover, as the AOT adsorption appears to
be a versatile process, a given precursor can induce various growth processes. Therefore,
when the surfactant adsorption is selective, triangles, cubes and elongated particles form,
whereas, the absence of surfactant selectivity gives rise to spheres and pentagons. Conversely
to what is obtained in the interconnected cylinder phase in the presence of salt, no shape
emerges preponderantly. This clearly shows that the selective adsorption of the AOT
molecules, compared to the salt as Cl and Br- is much less. Some examples of supersaturated
regimes inducing formation of non-spherical nanocrystals are given in the literature. Silver
nanodisks are produced, in presence of Na(AOT)/Ag(AOT) surfactant, that no longer form
well-defined reverse micelles when the concentration of hydrazine used as the reducing agent
is large [29,30]. Flat triangular CdS nanocrystals are obtained by using Cd(AOT), reverse
micelles saturated by a H.S [28]. In the same way, by bubbling H, through an aqueous solution
containing PtCl., cubic platinum can be obtained [91]. For any reaction system, saturation
with either the reducing agent or one of the reagents seems to be of primary in the formation
of well-crystallized non-spherical nanoparticles. Nevertheless, concerning the chemical
reductions, the selective adsorption of the hydrazine on the crystal facets cannot be excluded
[94.95].

VI- Conclusion.

In this paper, we provide evidence for the various key parameters involved in the
control of the size, the structure and the shape of metallic nanocrystals synthesized in
colloidal assemblies. It clearly appears that AOT reverse micelles can be used either as
nanoreactors or as simple stabilizing agents. With these, a collection of various spherical
copper nanocrystal sizes (from 2.1 nm to 12.6 nm) is obtained. 7.2 nm-magnetic cobalt
nanocrystals are also produced and their rather low size distribution makes possible their
spontaneous organization in 2D compact hexagonal networks and in f.c.c “supra” crystals
over a long-range. Furthermore, we demonstrate that the best control of the particle shape is
obtained by combining the strategy of the surfactant-based template and the selective
adsorption of salts.
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Appendix A : Synthesis procedures for spherical copper nanocrystals

A,- Colloidal copper nanocrystals are obtained by mixing two solutions. The first is a mixed
micellar solution containing 10> M Cu(AOT).. The overall AOT concentration is 0.1M and the
oil is isooctane. The second contains the hydrazine used as the reducing agent. The ratio of
hydrazine concentration to the Cu(AOT), concentration is 3. The water content, w, changes

from I to 15. The reaction takes place over 3h.

The following synthesis procedures are based on that described in Al. Only the modifications
are mentioned :

A.- The solvent is cyclohexane.

A.- Change in the polar volume fraction, @, as follows:

Forw=3;08% <®<32%.Forw=10;32% <® <9.6%.

A.- The overall AOT surfactant is 0.3 M and Cu(AOT), surfactant concentration is changed as

follows:

For w=3and 10 ;0.25 100 M < [AO(AOT)2] <4 10- M.

A.- Change in the overall AOT surfactant concentration as follows:

Forw=3; 04 M <[AOT]<6M.Forw=10;08 M <[AOT] <6 M

Appendix B : Synthesis procedure for spherical cobalt nanocrystals

Cobalt nanocrystals are obtained by mixing two solutions. The first is a pure micellar
solution containing cobalt ions as counter-ions. The overall AOT concentration is 0.1M, the
solvent is isooctane and the water content is 32. The second contains sodium borohydride,
NaBH., used as the reducing agent. The NaBH. concentration to the cobalt AOT concentration
ratio, R, varies from 0.5 to 8. The reaction lasts only a few seconds. The nanocrystals are then
coated with lauric acid molecules and extracted from reverse micelles or from the surfactant;
finally, the nanocrystals thus coated are dispersed in hexane. In order to eliminate the larger
size crystals formed when the synthesis takes place in a supersaturated regime, i.e., for R>1,

the solution is centrifuged and only the smaller sizes are collected.

Appendix C : Synthesis procedure for non-spherical copper nanocrystals in various
colloidal assemblies, in the absence of salt.

Colloidal copper nanocrystals are obtained by reducing copper ions in the various
microstructures of the ternary system isooctane/Cu(AQOT)./water following procedure Al.
Cu(AOT), and N.H, concentrations are 5.10- M and 0.15M.
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Appendix D : Synthesis procedure for elongated and cubic copper nanocrystals in the
interconnected cylinder phase and in the presence of salt.

Colloidal copper nanocrystals are obtained by reducing copper ions in the interconnected
cylinder microreactor following procedure Al. Cu(AOT), and N.H. concentrations are 5.10-
M and 0.15M; w=9.5.

When the salt is NaCl, O<[NaCl]<2.5.10° M.

When the salt is NaBr, [NaBr] =1.6.10- M .

Appendix E : Synthesis procedure for various shapes of copper nanocrystals in AOT
reverse micelles in a supersaturated regime.

Colloidal copper nanocrystals are obtained by mixing two solutions. The first is a mixed
micellar solution containing 10> M Cu(AQOT).. The overall AOT concentration is 0.1M and the
solvent is isooctane. The second contains the hydrazine used as the reducing agent. The ratio
of hydrazine concentration to the Cu(AOT), concentration, R, R=[N,H.]/[Cu(AQOT).], varies

from 3 to 15. The water content, w is kept constant at 10.

25/07/22 21



Table 1:

Average diameter of cobalt nanocrystals, D, and size distribution, o, at various R values.

R 0.5 1 2
D(nm) 6 7 7 7 7
(%) 30 18 13 12 12 8
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Figure captions:

Figure 1: Phase diagram of Cu(AQOT)./water/isooctane in the oil rich region.

Figure 2: TEM patterns of copper nanocrystals synthesized in mixed AOT reverse micelles at

various water contents, w.

Figure 3: Variation of the mean diameter of copper nanocrystals synthesized in mixed AOT
reverse micelles at various water contents, w. The solvents are isooctane (‘) and cyclohexane
(m)- This variation can be compared with that of the diameter of AOT reverse micelles ( 0 )

with the w value.

Figure 4: Variation of the mean diameter of copper nanocrystals synthesized in mixed AOT

reverse micelles with the polar volume fraction; w =3 (.) and 10 ( A)'

Figure 5: Variation of the mean diameter of copper nanocrystals synthesized in mixed AOT

reverse micelles with overall copper ion concentration; w =3 ( i and 10 ( Q.

Figure 6: Variation of the mean diameter of copper nanocrystals synthesized in mixed AOT

reverse micelles with overall AOT surfactant concentration; w =3 (g) and 10 ( A)'

Figure 7: TEM patterns of cobalt nanocrystals synthesized in pure reverse micelles at various
reducing agent concentration ratios, R. (A) R=05; (B)R=1; (C)R=2; (D) R=4;(E)R =
6; (F) R =8.

Figure 8: TEM pattern of a 3D superlattice of 7.2-nm cobalt nanocrystals obtained on

amorphous carbon. Inset: Higher magnification TEM image.

Figure 9: (A), (B) SEM patterns of “supra’crystals of 7.2-nm cobalt nanocrystals obtained in
a nitrogen atmosphere. (C) The @OO0GOOdiffractogram and in inset the corresponding X-ray

diffraction pattern. (D) The X-ray diffraction pattern, (tilt angle of substrate surface with
respect to the incoming beam: 10°).

Figure 10: Various shapes of copper nanocrystals made in the various parts of the phase

diagram shown in figure 1.
Figure 11: Elongated copper nanocrystals in the [001] orientation produced at R=15. (A)

HRTEM of a truncated decahedron (B) Power spectra in the [001] orientation, (C)-(D)

computer simulation. (E) Schematic of the growth mode of elongated nanocrystals.
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Figure 12: TEM patterns of copper nanocrystals obtained in the interconnected cylinder
phase, in the presence of sodium chloride. (A) [NaCl] = 0; (B) [NaCl] = 5.10+M; (C) [NaCl] =
1.1.10°M; (D) [NaCl] = 1.6.10°M; (E) [NaCl] =2.2.10-M.

Figure 13: Variation of the length (A), the width (B) and the aspect ratio (C) with chloride
concentration. (W) [NaCl], (@) CuClL, (¢) CTAC.

Figure 14. TEM patterns of nanocrystals obtained in the interconnected cylinder phase, in the

presence of sodium bromide. [NaBr]= 1.6.10° M.

Figure 15: Cubic copper cuboctahedron nanocrystals in the [001] orientation produced at
R=15. (A) HRTEM image, (B) Calculated power spectra, (C)-(D) computer simulations. (E)

Schematic of the growth mode of cubic nanocrystals.

Figure 16: TEM patterns of copper nanocrystals obtained at various R values: (A) R=3, (B)
R=5, (C) R=10, (D) R=15. The insets show the electron diffraction patterns corresponding to

each sample in a collection of nanoparticles.
Figure 17: Triangular particle of copper oriented in the [111] direction. (A) HRTEM image,
(B) Calculated power spectrum, (C) computer simulation. (D) Schematic of the growth mode

of triangular copper nanocrystals.

Figure 18: Copper decahedron oriented along the 5-fold axis, nanocrystals obtained at R=3:

(A) HRTEM image, (B) Calculated power spectrum (C)-(D) computer simulations.

Figure 19: Spherical f. c. ¢ copper nanocrystals in the [110] orientation produced at R=15:

(A) HRTEM image, (B) Calculated power spectrum, (C)-(D) computer simulations.
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