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Abstract

Even though bismuth telluride is frequently produced by mechanical alloying for thermoelectric materials, no data has been
published addressing the thermal behavior and activation energy of the milled n-type Bi,Te, ;Se, ; powders. This paper
studies the activation energy of grain growth for the nanocrystalline n-type Bi,Te, ;Se, ; and two graphene-Bi,Te, ;Se 5
composites with different graphene concentrations (0.05 and 0.5 wt.%). Grain size and structural analyses of these samples
have been carried out using X-ray diffraction (XRD) and transmission electron microscopy (TEM). The thermal stability
of the three samples is investigated by incorporating differential scanning calorimetry data with the Kissinger model. The
activation energy of the pristine Bi,Te, ;Se, 5 alloy is found to be 268 kJ/mol. For the composite samples, a lower graphene
weight percentage (0.05 wt.%) increased the activation energy to 270 kJ/mol. In contrast, higher amounts of graphene (0.5
wt.%) reduced the activation energy significantly to 254 kJ/mol. The observed effect is found to be directly related to gra-
phene’s exfoliation in the bismuth telluride matrix. These results offer a better understanding of the thermal behavior of the
nanocrystalline pristine n-type Bi,Te, ;Se, ; and the influence of graphene nanofiller on the thermal stability of the bismuth
telluride nanocomposites.
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1 Introduction unstable at elevated temperatures because the nanograins

provide a very large driving force for grain growth [4].

The solid solutions of the inorganic n-type bismuth telluride
(Biy(Te,_sSes);) are widely applied in thermoelectric devices
due to their unrivaled thermoelectric properties at low tem-
peratures [1]. Enhancements in the thermoelectric properties
through nanostructuring have been reported to further boost
the efficiency by increasing phonon scattering at the newly
introduced grain boundaries [1]. Moreover, it is reported that
reducing the grain size to the nanoscale regime improves the
physical and mechanical properties of the material consid-
erably [2, 3]. However, these nanostructures are inherently
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Ball milling is a quick, economical, and widely used
method for preparing nanomaterials, including bismuth
telluride [5, 6]. However, the ball-milled powders must be
consolidated for thermoelectric properties measurement and
to be employed in devices. The most common consolidation
techniques use high temperatures to allow for the diffusion of
particles to take place. Such methods include spark plasma
sintering, plasma-activated sintering, microwave sintering,
hot pressing, and hot isostatic pressing [7, 8]. For bismuth
telluride, the compaction of milled powders is usually done
in temperatures ranging from 300 to 450 °C [9-15]. Since
the temperature and heating rate can vary substantially,
developing an understanding of the behavior of grain growth
is one of the critical aspects of designing nanomaterials.

Nanocrystalline materials are inherently unstable at
elevated temperature because the nano-scale grain size
provides a very large driving force for grain growth. It is
well accepted that the most dominant characteristic of ball-
milled nanomaterials is their high specific boundary area,
which increases the driving force for grain growth. In spite
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of the greater vulnerability to coarsening in nanomaterials,
recrystallization is usually repressed by the high amount
of accumulated enthalpy within the grain boundaries [16].
Mechanical milling also creates high amount of defects,
leading to excess free volume and non-equilibrium grain
boundaries [17]. The mentioned phenomena speak the
need for a detailed investigation of grain growth kinetics
in ball-milled Bi,Te; nanomaterials. However, the activa-
tion energy of grain growth for bismuth telluride has been
seldomly reported. Humphry-Baker et al. [16] studied the
grain growth of ball-milled Bi,Te; and reported activation
energy of 242 kJ/mol that is controlled by diffusional grain
boundary migration above a homologous temperature of
230 °C. The authors constructed a thermal budget map to
offer suggestions for enhancing the thermoelectric proper-
ties of nanomaterials prepared through powder routes. Such
knowledge offers a guideline for designing consolidation
approaches that lessen grain growth and produce more stable
materials. It would also be critical in practical applications,
as thermoelectric generators based on ball-milled Bi,Te,
will be exposed to severe, long-lasting thermal excursions.

Even though the preparation of various bismuth telluride
compositions using ball milling followed by consolidation
has been successfully applied, and the thermoelectric prop-
erties have been investigated [5, 6], the kinetics of the ball-
milled powders for the doped n-type bismuth telluride has
not been reported yet. Herein, the effect of heat and heating
rate on the grain growth of the most synthesized n-type bis-
muth telluride composition, Bi,Te, ;Se; 5, is explored. The
effect of the addition of two different graphene concentra-
tions on the activation energy of grain growth is also investi-
gated. The activation energy of all the samples is calculated
using the Kissinger model.

2 Methodology

2.1 Materials and synthesis of Bi,Te, ;Se, 5
and GNS-Bi,Te, 7Se, ; composites

Elemental powders of bismuth (99.99%, Sigma-Aldrich,
Germany), tellurium (99.997%, Sigma-Aldrich, Germany),
and selenium (99.5%, Alfa Aesar, Germany) were used
to prepare a pristine n-type sample according to the for-
mula Bi,Te, ;Se ;. The powders were milled in a stain-
less steel vial under an ultra-high-purity argon atmosphere
(0,<0.5 ppm) via a SPEX milling device (SamplePrep,
8000 M, New Jersey) for 20 h with a ball to powder ratio
of 7:1. Graphene nanosheets (GNS) (Sigma-Aldrich, Ger-
many) were utilized, following the same conditions of the
pristine sample, to prepare two GNS-Bi,Te, ;Se¢ ; compos-
ites. The amounts of GNS used in the composites are 0.5
and 0.05 wt.%. In the GNS-Bi,Te, ;Se;, ; composite samples,
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GNS was added at the last 10 min of mechanical milling. In
order to study the grain growth, the milled powders were
annealed from RT until 380 °C using a tube furnace (GSL-
1500X-RTP50, California) at 10 °C/min under mixed gas
(2% hydrogen, 98% argon) with an absolute pressure of
0.04 MPa. As demonstrated later, 380 °C is the peak tem-
perature for grain growth, making this annealing temperature
convenient for the present study. The samples were immedi-
ately removed from the furnace once the desired temperature
(380 °C) was reached and cooled under mixed gas flow.

2.2 Characterization

Phase identification and grain size determination of the
as-milled and annealed samples were conducted by X-ray
diffraction (XRD: PANalytical, EMPYREAN, UK) using a
radiation source of Cu/Ka (A=1.54 A). The morphology of
the as-milled samples was analyzed via scanning electron
microscopy (SEM) (Nano-SEM Nova 450, FEI-USA). Vick-
ers microhardness (HV) (Future-Tech, FM-ARS900, Japan)
was carried out for as-milled and annealed powders using
25gf and a dwelling time of 10 s, performing at least eight
indentations for each sample. By measuring the HV, the
effect of annealing on the stored energy as well as stresses
(e.g., milling-induced stresses) is revealed. The structural
features of the powder samples were further investigated,
and the grain size was confirmed using a transmission
electron microscope (TEM) (Tecnai G2 FEG 200 kV, FEI,
Spain). The TEM samples were prepared by sonicating in
isopropyl alcohol using an ultra-sonicator bath for 20 min.
The sonicated material was then drop-casted onto a 300-
mesh carbon film—covered copper gird. The thermal behav-
ior of as-milled powder samples was studied by differential
scanning calorimetry (DSC) (PerkinElmer, DSC 4000, UK)
at different heating rates of 5, 10, 20, 30 and 40 °C/min from
room temperature up to 430 °C under an ultra-high-purity
argon atmosphere. The thermal scans were repeated two
times, and the error in AH was less than 11%.

3 Results and discussion

In order to study the morphology of the as-milled sample,
SEM was performed, and the images are shown in Fig. 1. As-
received GNS shown in Fig. 1a reveals the typical graphene
nanosheets in agglomerated form. Pristine Bi,Te, ;Se 3,
shown in Fig. 1b, illustrates refined and irregular particles of
the as-milled powders. Figure 1c and 1d is the SEM images
for GNS-Bi,Te, ;,Se,, ; composites with 0.05 and 0.5 wt.%
GNS, respectively. GNS are present and marked with red
arrows. Mainly, both composites display matching particle-
like morphology of the n-type Bi,Te, ;Se, ; matrix entwined
with graphene. By comparison, the former composite (0.05
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wt.%) has a small amount of GNS layers in-between the
particles, while the latter one (0.5 wt.%) clearly shows high
concentrations of agglomerated GNS.

Figure 2 presents the thermal behavior of the as-milled
samples studied via DSC using a heating rate of 10 °C/min.
The patterns of all samples show two main peaks. The first
peak is an exothermic reaction starting at 373 °C and end-
ing at 394 °C, whereas the second peak is an endothermic
reaction representing a melting process around 415 °C. This

endothermic reaction could be attributed to the melting of
the eutectic composition between bismuth and tellurium, as
reported in the literature [18]. In order to investigate the exo-
thermic reaction, the as-milled samples were annealed until
the exothermic peak temperature (T =380 °C), then exam-
ined using X-ray diffraction and Vickers microhardness.
The XRD patterns before and after annealing the as-
milled samples are illustrated in Fig. 3a and 3b, respec-
tively. It is clearly seen that only characteristic peaks from

Fig.1 SEM images for (a) as-received GNS and as-milled (b) Bi,Te, ;Se, 3, (¢) 0.05wt.%GNS-Bi,Te, ;Se, 5, and (d) 0.5wt.%GNS- Bi, Te, ,Se, ; samples

Heat flow - endo up (mW)

Fig.2 Thermal analysis of the as milled samples at 10 °C/min
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Fig.3 XRD diagram for (a) as-milled powders, (b) annealed samples at 10 °C/min to 380 °C and the reference card number 98-024-7619 presented

for doped n-type Bi,Te,Se, [19]
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Bi,Te, ;Se, ; are present (card no. 98-024-7619 [19]), and
no peaks for graphene are observed in the samples. Wang
et al. [20] has observed similar phenomenon with Al,O5/
WC/TiC/graphene composite and explained that such low
volume fraction of graphene was beyond the detection limit
of XRD. It is also noticed that the peaks became sharper
after the annealing, indicating an increase in the grain size
and strain release [16]. The integral breadth analysis was
used to calculate the grain size and lattice micro-strain
from the XRD line broadening [21]. This analysis presumes
that grain size and lattice strain broadening profiles can be
approximated by Cauchy and Gaussian functions, respec-
tively, leading to the following equation [21]:

Bua A < Pru

tan0 D\ tan 0 sin 0

) +25(£?) (1)

where f3,;, is the width of the peak at half-maximum intensity,
A is the wavelength of the x-ray beam, 8 is the peak position,
D is the average grain size, and ¢ is the lattice strain. Fitting
By /tan’d against B,/ (tand sind) gave a linear regression fit
R>0.91 for all measurements. The data of the calculated D
and e are shown in Table 1. As-milled powders had similar
grain size value of about 12 nm. After annealing, the grain
size increased to about 62 nm. The noticed increase (~50 nm)
defines the exothermic peak at 380 °C as grain growth. Grain
growth due to the heat treatment of milled powder agrees
with previous results. Zhang et al. [21] reported a grain size
of 10 nm for ball-milled p-type Bi ,Sb, (Te;. After heat treat-
ing the sample at 450 °C for 2 min, the authors noticed an
increase in grain size to 200 nm. Besides, the lattice strain (in
Table 1) has noticeably decreased after annealing the milled
samples. The released strain can be explained by the excess
energy resulting from the non-equilibrium ball milling tech-
nique [22]. Hence, the exothermic reaction also contributed
to stabilizing the lattice structure of the milled phase.

To further understand the effect of annealing on the pre-
pared samples, microhardness tests were performed, and
the results are shown in Fig. 4. A clear drop in the micro-
hardness of the annealed samples (compared to as-milled

Table 1 Integral breadth analysis for grain size calculations of pris-
tine and GNS/Bi,Te, ;Se 5

Sample Grain Size  Strain (%)
(nm)
Milled Bi,Te, ;Se; 5 13 0.383
Milled 0.05wt.%GNS-Bi,Te, ;Se,, 5 12 0.284
Milled 0.5wt.%GNS- Bi,Te, ;Se 5 12 0.348
Annealed Bi, Te, ;Se 5 62 0.103
Annealed 0.05wt.%GNS-Bi,Te, ;Se 5 60 0.099
Annealed 0.5wt.%GNS- Bi,Te, ;Se 5 65 0.104
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Fig.4 Vickers microhardness values for as-milled powders and
annealed samples at 10 °C/min to 380 °C

powders) is present. This trend has also been found in litera-
ture where Ahmed et al. [23] investigated the thermal stabil-
ity of nanocrystalline Al-Li-Sr graphene alloys prepared by
mechanical milling then annealing isothermally at different
temperatures. The reported microhardness data before and
after annealing revealed a clear reduction from 2.1 GPa for
as-milled powder to 1.1 GPa after annealing at 500 °C for 1 h.
This drop in microhardness was explained by the reduction of
total area of grain boundary due to grain growth and recov-
ery. Hence, this may suggest that the microhardness drop
observed in our study indicates a lower amount of defects
(mostly milling-induced defects) and/or less volume fraction
of grain boundaries [24]. Defects and grain boundaries act as
a restriction for dislocation motion, stimulating stress build-
up within the material. Therefore, when the nanocrystalline
Bi,Te, ;Se, 5 alloy is heated to 380 °C (grain growth peak),
the grain size increases through the diffusion of grain bound-
aries and stresses due to milling-induced defects are released.
This leads to lower hardness, an increase in the grain size,
and reduced lattice strain of the nanopowders.

To confirm the grain size evaluated using the integral
breadth analysis and further explore the structure, as-milled
0.5wt.%GNS-Bi,Te, ;Se, ; sample was investigated via
TEM, and the results are shown in Fig. 5. Figure 5a pre-
sents the bright-field (BF) TEM image of the composite
showing GNS attached to the n-type Bi,Te, ;Se, ; matrix.
The nanostructure of this composite particle is investigated
using bright-field, dark-field (DF) TEM images and the elec-
tron diffraction pattern (Figs. 5b-d). While the dark field
TEM image shows homogeneous equiaxed nanograins, the
diffraction pattern reveals random orientations of the pseu-
dohexagonal Bi,Te, ;Se ; grains and atomic planes. These
indexed atomic planes in Fig. 5d match well with the XRD
results (Fig. 3a). Figure 5e shows a monotonic grain size
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(a)

(b)

Bi,Te, ;Se; 5

Fig.5 TEM analysis for as milled 0.5wt.%GNS-Bi,Te, ;Se, ; sample
showing (a) a representative BF-TEM image for the composite, (b)
BF, (¢) DF, (d) diffraction pattern, and (e) grain size distribution for

distribution obtained from several dark-filed TEM images
with an average grain size of 11 +2 nm. That grain size
value matches the grain size for the as milled 0.5wt.% GNS-
Bi,Te, ,Se, ; obtained from XRD data.

A set of BF-TEM, DF-TEM images, and diffraction pat-
terns from a single GNS along with a high-resolution TEM
(HRTEM) is shown in Fig. 5f—i. The BF-TEM image shows
overlapped and folded GNS that has been reported to form as

Average grain siz
11+2np |

7 8 910111213 14
Grain size (nm)

an n-type bismuth telluride particle, and (f) BF, (g) DF, (h) diffrac-
tion pattern, and (i) HRTEM image for a GNS

a result of the impact forces during mechanical milling [25].
The diffraction pattern reveals polycrystalline structure, sug-
gesting multilayered graphene, hence confirming the prior
SEM observation of agglomerated and overlapped GNS in
the sample. The multilayered diffraction pattern of GNS is
in agreement with the results obtained by Lin et al. [25]. The
authors studied solvent-assisted liquid-phase exfoliation and
electrochemical exfoliation of graphite. Low exfoliation in
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the liquid-phase route resulted in a polycrystalline diffrac-
tion pattern of multilayered graphene, while enhanced exfo-
liation by the electrochemical process exhibited the typical
sixfold symmetric diffraction pattern of single-layered gra-
phene. The HR-TEM image in Fig. 5i verifies the interplanar
spacing of graphene, which is well reported to be 0.343 [26].

In order to examine the structure of the GNS in the other
as-milled composite, a BF-TEM image, a DF-TEM image,
and diffraction pattern for the GNS from 0.05wt.%GNS-
Bi,Te, ;Se,, ; sample were obtained (Fig. 6). Compared to the
previous sample (0.5wt.%GNS-Bi,Te, 5S¢, 3), less folding
is observed in this GNS, indicating fewer milling induced
defects [25]. The diffraction pattern in Fig. 6¢ matches with
few-layered graphene, supporting the discussed observa-
tions. Hence, compositing Bi,Te, ;Se,, ; with low amounts
of GNS (0.05 wt.%) lowers the concentration of defects and
folding, while high weight percentages (0.5 wt.%) leads to
overlapping and agglomeration of GNS.

Even though integral breadth analysis is useful for cal-
culating grain size at low nanoscale range (< 30 nm), this
method becomes inaccurate for larger grain size [27]. Thus,
TEM imaging was done for the samples after annealing to
obtain precise grain size analysis (Fig. 7). Grain size taken
by tracing grains from several dark-filed images revealed that
0.05wt.%GNS-Bi,Te, ,Se, ; sample encountered lower grain
growth (~29 nm) compared to pristine Bi,Te, ;Se,, ; sample
(~36 nm). On the other hand, severe grain growth (~ 130 nm)
occurred in 0.5wt.% GNS-Bi,Te, ;Se, ; sample. It is notewor-
thy that a good agreement in the trend exists between XRD
and TEM grain size measurements, even though the error in
grain size is high and varies with the samples.

The value of activation energy is important as it can bring
insight into the mechanism and resistance to grain growth.
Grain growth kinetics were investigated through DSC
using different heating rates of 5, 10, 20, 30, and 40 °C/
min. The results for the samples Bi,Te, ;Se; 5, 0.05wt.% Gr-
Bi,Te, ;Se, 5, and 0.5wt.% Gr-Bi,Te, ;Se,, 5, are illustrated in
Fig. 8a, b, and c, respectively. It is observed that as the heat-
ing rate increases, the grain growth peak shifts to a higher

A

temperature. This observation is consistent with the reported
data by Han et al. [7] for sintered p-type Bi,Te; prepared
by ball milling and melt spinning. The shift was explained
as lower heating rates take longer exposure time leading to
prior grain growth peaks. The activation energy of the grain
growth, E_, was calculated using the Kissinger model [24]
shown in Eq. (2):

P\ _, AR E,

Where f is the heating rate, T is the onset temperature in
K, A is the preexponential factor, and R is the universal gas
constant [28]. The activation energies of the samples were
then calculated from the slope of In(8/T?) versus 1/T plot,
shown in the inset of Fig. Sa—c.

For the pristine Bi,Te, ;Se 5, the activation energy was
found to be 268 kJ/mol. In comparison with other nanostruc-
turing techniques, non-equilibrium ball-milled powders have
a high amount of energy accommodated as defects and dis-
locations, allowing for greater storage of enthalpy. Thus, the
total activation energy accounts for reordering of the grain
interior as well as relaxation of grain boundary [16]. Com-
pared to the activation energy of grain growth for ball-milled
Bi,Te, reported by Humphry-Baker et al. [16] of 242 kJ/
mol, the obtained value is higher. This can be attributed to
the effect of the n-type Se doping, which increases the den-
sity of antisite defects within the material [29]. Moreover,
the parameters used during the milling process significantly
affect the microstructure of the prepared material and the
number of defects introduced [30]. The undoped milled
Bi,Te; powders reported by Humphry-Baker et al. were
milled using milling balls of 1.5 g, whereas, in this study,
49 g were used. This might be another reason for increasing
the defects in our case, leading to higher stored energy.

The effect of graphene on the activation energy of grain
growth for the pristine Bi,Te, ;Se 5 is investigated using
two different weight percentages of 0.05 and 0.5. As the
insets in Fig. 8 show, adding a small amount of graphene

~5.00 1/Gm

Fig.6 TEM analysis for as milled 0.05wt.%GNS-Bi,Te, -Se,, 5, showing (a) a BE-TEM image, (b) a DF-TEM image, and (c) diffraction pattern

for the GNS
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20 nm

Fig.7 Bright and dark-field TEM images for heated (a) pristine Bi,Te, ;Se, 3, (b) 0.05wt.%GNS-Bi,Te, ;Se, 5, and (¢) 0.5wt.%GNS-Bi,Te, ;Se 3

of 0.05wt.% increased the activation energy slightly to
270 kJ/mol, while a higher amount of 0.5wt.% lowered
the activation energy greatly to 254 kJ/mol. The obtained
data can be explained by understanding the microstructure.
Ying et al. [31] calculated the activation energy of grain
growth for graphene-doped ZrO,/Al,O; having different

graphene concentrations (0.2, 0.4, 0.6, and 0.8 vol.%). The
authors reported a contentious increase in activation energy
as increasing the volume percentage of graphene until
an optimum concentration of 0.4 (Q(0)=350.59 kJ/mol,
Q(0.2)=677.12 kJ/mol, Q(0.4) =753.12 kJ/mol). However,
increasing graphene concertation more than 0.4% caused a
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Fig.8 Thermal analysis simulation for (a) Bi,Te,;Se; 3, (b) 0.05wt.% Gr-Bi,Te, ;Se; 3, and (¢) 0.5wt.% Gr- Bi,Te, ;Se, 5 at different heating
rates (°C/min); inset: activation energy calculated by the Kissinger method

noticeable drop in the activation energy (Q(0.6)=731.03 kJ/
mol, Q(0.8)=693.58 kJ/mol). The authors reported that the
addition of low amounts of graphene generated a pinning
effect, which led to an increase in the potential barrier of
mass diffusion [32]. This causes tightness around the grain
boundaries that restricted grain growth. This explanation is
in good agreement with the relatively high activation energy
value in the sample containing 0.05 wt.% GNS (Fig. 8b).
Even though 0.05 wt.% of graphene is considered typically
low, the corresponding surface area of the two-dimensional
graphene nanosheet (unlike 3D particles) is significantly large
enough to cover high areas of grain boundaries, thus produc-
ing pinning effect. The proposed idea can be visualized more
clearly from Fig. 6a, where graphene nanosheets are covering
large areas and considerable amount of Bi,Te, ;S¢ ;particles.
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On the other hand, the addition of higher quantities
of graphene caused agglomeration of the 2D sheets, as
observed in the SEM in Fig. 1d, degrading the pinning
effect and allowing for an ease in grain growth. It can be
suggested that agglomeration may lead to large pores in
composites, which provides more growth spaces for grains,
thus lowering the activation energy. Moreover, Zhang et al.
[21] proposed that, based on structural analysis, the parti-
cle size of the powder (agglomeration) determines the final
grain size after the heat treatment. Thus, agglomerated
particles tend to encounter grain growth faster than with-
out agglomeration. This could be another reason explain-
ing the relatively low activation energy of grain growth
in the sample with high GNS agglomeration (0.5 wt.%
Gr- Bi,Te, ;Se 3).
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Another possible factor that might be affecting the activa-
tion energy is the lattice strain. The 0.05 wt.% Gr-Bi,Te, ;Se 5
sample had the lowest lattice strain (see Table 1), suggesting
lower excess energy. Making this sample, which is free of
agglomeration and has less milling-induced defects (as dis-
cussed in TEM results), more resistant to grain growth. Since
the consolidation of the bismuth telluride milled powders is
usually done at temperatures between 300 and 450 °C [9-15],
the activation energy of Bi,Te, ;Se 5, which occurs within this
range, is a pivotal factor to be considered. Grain boundaries,
dislocations, and defects are considered the main building
blocks of the structure as they can tremendously affect the way
properties are formed and substantially contribute to the final
behavior of the material [33]. A high number of grain bounda-
ries and interior defects strengthen the material considerably
but tend to decrease the thermal and electrical conductivity of
semiconductors. Thus, taking the obtained grain growth data
into consideration when consolidating ball-milled n-type bis-
muth telluride based on the desired properties is crucial as it
represents a turning point to the final design of the material.

4 Conclusion

In summary, the activation energy of grain growth for n-type
Bi,Te, ;Se 5 alloy and two graphene-based composites was
calculated by incorporating DSC data with the Kissinger
model. The activation energy of the n-type Bi,Te, ;Se 3
alloy was found to be 268 kJ/mol. Moreover, differences in
the concentration of graphene lead to changes in the exfo-
liation and milling-induced defects of the nanosheets. This
led to variations in the activation energy of grain growth for
the composite samples. It was found that a lower graphene
concentration of 0.05 wt.% increases the potential barrier of
mass diffusion due to the pinning effect of the well-exfoli-
ated graphene. However, higher amounts lead to agglomera-
tions that eliminated the pinning effect and allowed for an
ease in grain growth. The analyses provided could aid future
efforts to engineer the consolidation of ball-milled n-type
Bi,Te, ;Se, 5 alloys.
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