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Bottom-up solution chemistry approaches for
nanostructured thermoelectric materials

Roland Benoit,*® Virginie Hornebecq,® Francois Weill, Lollita Lecren,? Xavier Bourrat®
and Mona Tréguer-Delapierre®

Despite recent progress in the development of the thermoelectric power factor, improvement in the
efficiency of thermoelectric materials remains limited. Over the past decade, almost all the significant
advances have been made by the development of nanostructured materials. Both theoretical studies
and experimental results bring out three main avenues of research for optimizing the engineering of
these materials: (i) quantum confinement, (ii) phonon-blocking/electron transmitting and (iii) electron
filtering barrier structures. The optimization of one or several of these parameters is dependent on the
design of the materials that are very complex to synthesize and, for this reason, many of the studies
remain merely of theoretical interest. A material allowing the optimization of all of these parameters is
thus proposed. It is based on a nanostructured material (starting from a mesoporous matrix), within
which it is possible to control the size and spacing of nanoparticles. In addition, some confined bismuth
nanoparticles in this type of structure transform to a cubic phase, making it possible to avoid

orientation problems related to the effective masses.

Introduction

Despite efforts to enhance the thermoelectric figure of merit
(ZT) over the past forty years, it has been proved that it is not
possible to experimentally exceed a ZT value of 3, which is the
necessary threshold to attain competitive energy conversion
compared to conventional mechanical systems. The ZT is
defined as ZT = S*¢T/(ky + k.) where S is the Seebeck coefficient,
o is the electrical conductivity, T is the absolute temperature, ;,
is the lattice thermal conductivity and k. is the carrier thermal
conductivity. Nevertheless, many theoretical studies show that
it is possible to reach ZT values higher than this limit"* and one
of the most promising routes is the use of nanostructured
materials.* Indeed, these materials offer the opportunity to
tailor physical properties such as electricity and heat transport
that are associated with an electron-filtering effect and phonon
confinement on the lattice.*® Dresselhaus' group was one of the
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first to show that 1D and 2D structures would be likely to reach a
ZTvalue higher than 6.%” Thermoelectric materials are currently
studied and synthesized in various forms such as thin films,*°
nanotubes,'*™ and, more recently, nanostructured mate-
rials.”® ™ These studies are generally carried out in the light of
three criteria.

The first approach, widely applied in syntheses, consists of
reducing the size of materials on a nanometric scale so as to
generate quantum confinement.'® The objective is to adjust the
physical properties such as the mean free path of the electrons,
the effective mass of the electrons and the holes, as well as the
thermal and electronic conductivities or even the density of
state at the Fermi level. Bismuth or bismuth compounds are
one of the most intensively studied compounds because of the
changes in their properties as a function of nanoparticle size."”
In addition to the semi-metal-semiconductor transition exten-
sively described in the literature,'** this element has one of the
largest mean-free paths (~0.4 mm at 4 K) and one of the
smallest effective masses (~0.001m,).>**" Recent studies on
the effects of dimensionality show that the exploitation of
thermoelectric properties would be optimal for particle sizes
smaller than 20 nm.*»*

The second approach, based on phonon-blocking/electron-
transmitting structures, consists of reducing thermal
conductivity while maintaining electrical conductivity. The
propagation of phonons can be limited by using materials
with weak lattice thermal conductivity and/or by interfaces
contained within the material.>* This principle has led to the
development of (i) QWRs (quantum wires), (ii) MQW (multiple



quantum walls) and (iii) QDSL (quantum dot superlattices), that
make possible the reconciling of these two parameters.*>*

Among these three types of materials QDSLs are those that
allow obtaining high values of ZTs.>** The recent studies of
Yadav et al. carried out on quantum dot chains show that the
thermoelectric power factor can be increased by a factor of 3.

Lastly, the third criterion consists of filtering electrons
according to their energy in order to differentiate hot electrons
from cold electrons. In particular, this differentiation can be
performed owing to the presence of barriers of potential within
the structure. In this way, a discriminatory filtering with respect
to the cold electrons, while at the same time maintaining
electrical conductivity was observed.***® This process leads to an
enhancement of the Seebeck coefficient by a factor of 2 to 3.*

Among these various structures of thermoelectric materials,
QDSLs offer the best prospects for improving the figure of merit.
Recent studies have shown that using the thermionic®® effect or
tunnel®® effect inside these nanostructured materials could lead
to advances. However, it remains a challenging task to synthe-
size such materials, while, at the same time, optimizing these
three criteria to improve the figure of merit ZT.

By taking the above studies into account, and especially the
dimensional constraints, we propose new bottom-up solution
chemistry approaches allowing the tailoring of physical prop-
erties described above. The goal is to be able to control: (i) the
size of the nanoparticles, so as to adjust the effective mass of the
electrons, (ii) the dimension of the interfaces in the material, to
study the propagation of phonons and electrons, and (iii) the
composition of these interfaces, to study the filtering of the
electrons according to their energy. In this model, the size and
spacing between the nanoparticles, that is, the density of the
network can be adjusted by the conditions of synthesis. Fig. 1
shows some examples of the adjustment of materials.

A very simple method of synthesis involving a single step,
and allowing the formation of these networks within a meso-
porous matrix was therefore developed. In contrast to the clas-
sical physical or chemical synthesis methods that are mostly
expensive and/or complex (deposition under ultra-high
vacuum, many stages of chemical synthesis, problems of
stability of the samples in air, etc.), we propose a versatile
approach in which nanoparticles are in situ synthesized within
the mesoporous matrix, by impregnation of a salt followed by its
reduction using ionizing radiation. Hexagonally ordered mes-
oporous silica was selected for its variable pore size ranging
from 1.5 to 10 nm, which is suitable for studying quantum
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Fig. 1 lllustration of possible adjustments of nanoparticles within a mesoporous
matrix (a) using the suggested model (b) of the spacing x between nanoparticles
and of the size of nanoparticles d.

confinement as well as for its properties of weak thermal and
electrical conductivity.*” Bismuth metal was chosen as the
nanoparticle constituent due to its high power-factor (S%s) and
its singular physical properties that are widely described in the
literature.*

Experimental
(a) Synthesis procedure

A solution of precursor (bismuth perchlorate in 18 MQ deionized
water at a concentration of 0.06 mol L") and a solution of
oxidizing radical interceptor agent (7 mol L™ isopropanol) were
prepared. Ordered mesoporous silica was synthesized according
to the procedure described in the literature.***® All the chemicals
used (BiOCIO,”~, propanol, TEOS) were of the highest purity
commercially available from Aldrich or Acros. Fig. 2 shows the
silica obtained after synthesis and before impregnation.

Mesoporous silica was initially placed at ambient tempera-
ture in a secondary vacuum of 10~ Pa to remove physisorbed
species from the surface. Then, it was impregnated for 1 h,
under partial vacuum at saturation vapour pressure, with the
precursor solution containing isopropanol. The liquid-gas
equilibrium was maintained by carrying out primary pumping
on the impregnation mixture. Impregnated silica was then
placed under an anaerobic atmosphere at 10> Pa, introduced
into a sealed glass cell, and then irradiated with gamma rays for
one hour at 2 kGy.h~'. Growth of the nanoparticles is achieved
by homogeneous reduction of the bismuth salt using ionizing
radiation. The size and spacing between these nanoparticles are
adjusted by the pore size of the mesoporous matrix, the radia-
tion dose rate and the initial salt concentration. The growth of
the nanoparticles is related to the gamma radiation dose as well
as the dose rate. This growth is homogeneous within the mes-
oporous matrix for the whole of the nanoparticles. When the
nanoparticles attain the size of the mesopores, atomic diffusion
ceases. Bismuth ions begin to be depleted, which halts the
growth of the nanoparticles in spite of the irradiation. After
irradiation, the liquid containing the species that did not react
is withdrawn and the mesoporous silica containing the nano-
particles is dried under primary vacuum while avoiding any
contact with the atmosphere. The principle of this synthesis is
illustrated in Fig. 3.

After drying, the silica containing the bismuth nanoparticles
is less sensitive to oxidation. Furthermore, the nanoparticle

Fig. 2 TEM micrograph of mesoporous silica with an internal channel diameter
of 7 nm.
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Fig. 3 Schematic diagram of in situ nanoparticle synthesis within ordered
mesoporous silica, (a) initial state; (b) impregnated bismuth salt; (c) after gamma
irradiation, with bismuth nanoparticles and a liquid phase; (d) after drying under
vacuum, with bismuth nanoparticles.

diameter being equal to the pore diameter of the mesoporous
silica, gas diffusion remains limited. As a consequence, in a dry
environment, the material does not show alteration by oxida-
tion reactions during weeks. However, it is better to store it
under inert gas conditions.

(b) Characterization of materials

Powder X-ray diffraction measurements were recorded at
room temperature on a Philips PW1820 diffractometer using
Bragg-Brentano geometry with CuKa radiation (50 mA, 40 kv).
The investigated 26 range was 22-65°, in 0.02° steps, with 10 s
counting time. Powder was fixed on a plastic piece in order to
avoid any oxidation reaction during the data acquisition.
Transmission electron microscopy (TEM) measurements were
performed with a Philips CM30ST microscope, having a
resolution of 0.2 nm. Small mesoporous silica fragments were
placed on a copper grid covered with an amorphous holey
carbon. The grid was then transferred to an electron
microscope.

Results and discussion

(a) Controlling the size and spacing of incorporated Bi
nanoparticles

Two hexagonally ordered mesoporous silica presenting a
porous channel diameter of 4 and 7 nm were used as host
matrices for the incorporation of Bi nanoparticles. Apart from
the process of impregnation, the chemical composition of the
silica surface is a key parameter in determining the quality of
the final material, in terms of density and spacing of nano-
particles. The surface of the silica pores must be covered by
silanol groups, implying a thermal treatment of silica at
temperatures lower than 450 °C. Fig. 4 compares the results

8 5 23

Py

C
H
g
g
:
H
5

>

Fig. 4 TEM micrograph of Bi NPs incorporated in ordered mesoporous silica
(pore diameter = 7 nm) prepared after annealing treatment at (a) 600 °C; (b)
400 °C. () Size distribution of bismuth metal nanoparticles in mesoporous silica
(dpore = 7 nm), calculated from the TEM image (inset C.1) and analysis of images
shown in inset C.2.

obtained on silica substrates with a mean pore diameter of 7
nm, treated at 400 and 600 °C. In the latter case, the heat
treatment reduces the concentration of silanols on the surface
of the mesopores leading to a considerable decrease of the
impregnation effectiveness (4a). Nanoparticle agglomerates
related to an uncontrolled diffusion of the bismuth salt are
observed, sometimes leading to the apparition of nanoparticles
outside the mesoporous silica, and growing in the form of
nanowires, or leading to the destruction of mesoporous silica
during the growth of the nanoparticles. In contrast, a strong
density of nanoparticles in the mesoporous channels of the
silica matrix is evidenced when the mesoporous silica matrix is
thermally treated at 400 °C. The distribution and the size of
these nanoparticles are uniform within the whole matrix. This
material placed under argon remains stable for several months.
In a previous study, we showed that, the bismuth nanoparticles
rapidly oxidize in solution under ambient atmosphere and then
disappear.*

We used image processing to calculate the nanoparticle size
distribution starting from TEM images acquired for the
compound obtained from the mesoporous silica matrix ther-
mally treated at 400 °C. These results that are based on the most
contrasted nanoparticles compared to silica yield a particle size
distribution centred at 7 nm with a low standard deviation
(Fig. 4C, inset C.1 and C.2).

Observations of the material under high-magnification TEM
confirm these values and show that nanoparticles have a mean
diameter centred at 7 nm and a mean regular spacing of 2 nm.
The modelling of the periodicity in the compound makes it
possible to estimate a filling factor close to 80% at intervals of a
= 9 nm. The compositional analysis of this compound by EDX
yields a Bi/Si ratio equal to 0.66, in agreement with the geometry
of silica (wall thickness = 6 nm, diameter of channels = 7 nm)
and its filling factor (Fig. 5). Furthermore, no chlorine trace was
detected (within an EDS detection limit of 0.1 weight%).

The parameters defining the size and spacing of nano-
particles can be modified to meet the requirements for studying
quantum confinement or thermoelectric properties.

With this in mind, we varied the size of the silica mesopores,
the initial salt concentration and the radiation dose rate. A host
silica matrix with 4 nm sized mesopores was used in this way. It
corresponds to a reduction of almost 67% in the available
internal volume compared to a silica matrix with 7 nm sized
mesopores. Other operating conditions (salt concentration and

20keV

Fig. 5 (a) Upper part: micrograph on various scales of bismuth metal nano-
particles developed in situ in a mesoporous silica (diameter pore = 7 nm); lower
part: modelling of alignment of the nanoparticles (periodicity a = 9 nm) used for
calculating an impregnation ratio of 80%; (b) EDX spectrum of the compound
deposited on a copper TEM grid (a): Bi = 40 at.%, Si = 60 at.%.
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irradiation) were kept constant. Fig. 6 shows high-resolution
TEM observations that evidence a silica matrix containing an
alignment of nanoparticles with a diameter of 4 nm and a
spacing of 4 nm maintained over a distance of several hundreds
of nanometres. Decreasing the initial salt concentration by
50%, but maintaining the same conditions of irradiation gave
the same result.

This experiment confirms that ions begin to be depleted
within the silica when the size of the nanoparticles becomes
equal to the diameter of the mesopores. Under these condi-
tions, the in situ growth of the nanoparticles becomes negli-
gible. The reduction of salt thus takes place essentially outside
the mesoporous silica. This phenomenon allows us great flexi-
bility in varying the initial salt concentration and the duration
of irradiation.

Furthermore, when a mesoporous silica matrix with 4 nm
pore size is used, the nanoparticle shape is less regular than the
shape found in the first synthesis. This result can be explained
by the fact that, at dimensions smaller than 4 nm, bismuth
appears to be amorphous.*>** Moreover, at this scale, it was
evidenced, for very short observation times, that the electron
beam can modify the compound by spontaneously breaking up
or displacing the nanoparticles. In particular, this phenomenon
can probably explain the irregularities as shown in the example
of Fig. 6: the position of the arrowed nanoparticle disturbs the
periodic arrangement.

When the dose rate is decreased by 50%, while maintaining a
constant dose, the radiolytic yield for the formation of Bi°
decreases. The growth and the stabilization of the nano-
particles, which depend on the size, are limited. The nano-
particles are distributed heterogeneously within the
mesoporous silica and have a mean diameter smaller than the
mesopores. In this case, the diffusion of the bismuth salt is
uncontrolled and the network of nanoparticles is disordered.
The final compound is unstable with time. A 50% increase in
the dose rate leads to an increase in the coalescence sites as well
as in the final number of nanoparticles; the spacing between the
nanoparticles, as for it, decreases.

In regard to the spacing between these nanoparticles, the
proposed model depends on the thermionic emission between
nanoparticles separated by distance x. Nanoparticles separated
by 7 and 2 nm were in situ generated inside silica. This last value
is in conformity with the optimization of thermoelectric prop-
erties in a QDSL described in the literature.> In view of our
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Fig. 6 Bismuth nanoparticles with diameter d = 4 nm and spacing of 4 nm
incorporated in a mesoporous silica matrix (dpore = 4 nm). Arrow : nanoparticle

which disturb the periodic arrangement.

synthesis tests, it appears to be difficult to reduce this distance
while preserving the spherical geometry of the nanoparticles.
This shape parameter remains important because the surface
roughness of nanoparticles in nanostructured materials influ-
ences their thermoelectric properties.” In our model, the
filtration of the electrons depends at the same time on the
distance between nanoparticles, and on the chemical compo-
sition of the spaces between them. Various vacuum pumping
tests on materials show that it is possible to introduce a gas
within the mesopores and control its pressure. This approach
should make possible to adjust the thermionic emission and
thus to filter the electrons according to their energy.

(b) Crystallographic study of the Bi incorporated
nanoparticles

The crystallinity of the nanoparticles was confirmed using dark
field imaging, electron diffraction, and X-ray diffraction. In dark
field imaging, all the particles aligned in the channels of the
porous structure are not diffracting at the same time. This
means they do not lie along the same crystallographic projec-
tion. Note also that a strong blinking of the particles was
observed during the characterization. The energy of the electron
beam induces a quick rotation of the particles. Consequently,
the TEM dark-field image shown in Fig. 7 only gives a partial
signature of the nanoparticles present in the mean time in the
channels (Fig. 7a).

Analyses by electronic diffraction and XRD show that the
crystalline phase of the nanoscaled particles is rhombohedric
with lattice parameters equal to a = 4.5288 A and ¢ = 11.8620 A,
same as the bulk crystal (JCPDS 05-0519) (Fig. 7b).

The width of the lines is in agreement with the broadening
classically noted for nanomaterials containing bismuth.*

In order to study the possible changes in the crystallographic
structure of bismuth related to its confinement, we studied the
Fourier transforms of HRTEM images of the nanoparticles. The
calibration of the images in reciprocal space was carried out
from a diffraction pattern of gold. 200 line yielding a lattice
spacing d = 2.04 A was used. This calibration leads to a preci-
sion of about 5% on measurements of the dj; distances
regarding bismuth. Analyses confirm that a great number of
particles crystallize in a hexagonal structure. However, for the
smallest particles, close to 4 nm in diameter, a centred cubic
structure was observed. Less than 5% of the analysed nano-
particles show this feature. Fig. 8 shows an example of a cubic
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Fig.7 (a) TEM dark-field image of bismuth metal nanoparticles developed in situ
in a mesoporous silica (dpore = 7 nm). (b) X-ray diffraction pattern obtained with
Bragg-Brentano configuration (§/26 mode) of silica containing bismuth metal
nanoparticles.
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Fig. 8 High-resolution micrographs of bismuth nanoparticles confined in (a)
mesoporous silica; (b) HR image with high magnification; (c) HR Fourier Transform
of nanoparticles; (d) diffraction pattern of a centred cubic lattice directed parallel
to the zone axis [111] according to CaRine.

bismuth nanoparticle incorporated in the silica matrix. Indeed,
the Fourier transform show distances that cannot be explained
with the rhombohedral cells. Alternatively, the symmetry
observed is consistent with the diffraction pattern of a centred
cubic lattice directed according to the zone axis [111] (calculated
using CaRine™ crystallography software).

Indexation of the diffraction spots enables us to evaluate the
cubic cell parameter, that is equal to @ = (3.7 4+ 0.2) A. This
result shows that confined bismuth nanoparticles crystallize in
a cubic structure, a phenomenon that is normally observed at
high pressures. This result is consistent with other previously
published data. Indeed, Schaufelberger et al.*® have shown that,
under a pressure of 90 kPa, bismuth transforms to a cubic
structure. It was also reported by E. A. Olson et al.*’ that they
observed a small reduction in the c/a lattice parameter ratio for
Bi particles below 4 nm in radius.

Taking into account its Fermi surface, this crystalline phase
is of interest due to its isotropic properties that make it possible
to avoid effects arising from the orientation of the crystal planes
of the element and from the resulting differences in the effec-
tive mass of electrons.

Conclusions

A new approach for synthesizing and stabilizing metal bismuth
nanoparticles within mesoporous silica based on ionizing
irradiation of bismuth salt solutions is presented. Owing to this
method, metallic bismuth in the form of particles of nano-
metric size was incorporated. This synthesis method provides a
simple solution allowing obtaining, at the same time, a regular
spacing of the nanoparticles and a homogeneous particle size
distribution. The adjustments of spacing and diameter of the
nanoparticles are obtained by “fine-tuning” the pore diameter
of the mesoporous silica, the initial bismuth salt concentration,
and the dose rate of the irradiation. Indeed, bismuth nano-
particles with either a mean diameter of 7 nm and a mean
spacing of 2 nm, or a mean diameter of 4 nm and a mean
spacing of 4 nm, were homogeneously incorporated. When the
Bi nanoparticle size is close to 4 nm, a little known cubic
structure of this element was identified that is, all the more,
interesting because of its potentially isotropic conductivity.
Furthermore, nanocomposites containing nanoparticles with a

diameter of 7 nm and a spacing of 2 nm are very interesting as
this periodicity could have the advantage of decreasing the
conduction of the phonons while at the same time allowing
filtration of the electrons by thermionic emission.

This type of nanostructured materials offers the possibility of
simultaneously adjusting physical parameters related to quantum
confinement, phonon-blocking/electron transmitting and electron
filtering barrier properties. The facility of adjustment of these
parameters also opens up new avenues for investigating quantum
confinement as well as thermoelectric materials.
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