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We compare Bi;Tes; powders prepared by conventional ball milling to powders milled in supercritical carbon dioxide (scCO,). We demonstrate that
scCO, milling overcomes size-reduction limitations reported for conventional milling. XRD and TEM reveal nanograins with smaller average sizes
(< 10 nm) and narrower grain size distributions in the scCO, milled case. scCO., milling also preserves the crystallinity and shows less oxidation
than conventional milling. This is the first report of Bi;Tez with a sub-10 nm grain size whilst conserving high quality crystallinity, made using a top-
down approach. Our study offers a route for developing unprecedentedly fine bulk nanostructured Bi,Tes-based thermoelectric materials.
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i,Tes is one of the most well-known and extensively

studied thermoelectric materials, and its further

functional improvement is believed to be possible via
nanostructuring.” For example, numerous calculations have
reported that 60%—-80% of the cumulative lattice thermal
conductivity (K.) in Bi,Te; can be attributed to phonons with
a mean free path of less than 10 nm.>* Although numerous
bottom-up methods have already achieved sub-10 nm grain
sizes and film thicknesses,*® top-down size minimization
methods are usually preferred for practical nanostructuring
applications. This is because top-down methods are typically
faster, higher yield, and more cost effective as compared to
their bottom-up counterparts.”’ Several studies have reported
on top-down approaches for nanostructuring Bi,Tes-based
thermoelectric materials, including arc melting,” cryogenic
grinding” bead milling,'” and conventional ball milling.'"
However, none of these methods report average sizes of the
resulting grains below 10 nm. The realization of sub-10 nm
mean sizes in bulk nanostructured Bi,Te; would lead to
unprecedented enhancements in the thermoelectric figure of
merit, z7 in practical devices."

Among the existing top-down techniques employed in
Bi,Te; nanostructuring, ball milling is by far the most
popular,''? owing to its high yield, cost-effectiveness,
and scalability. However, an anomalous grain refinement
effect limits the minimum achievable size of Bi,Te; nano-
particles through conventional ball milling.'® This is due to
an eventual equilibrium between defect accumulation and
adiabatic heating-induced recovery of defects with increasing
milling time, which leads to steady state minimum sizes of
around 20-50 nm.'*'¥

Bi,Te; is a van der Waals (vDW) material that forms in a
trigonal, layered structure consisting of Te—Bi—Te-Bi—Te
quintuples with weakly coupled vDW gaps between the
terminating Te layers.'” Supercritical fluids can effectively

intercalate the vDW gaps of layered materials due to their
unique physiochemical properties; namely, they have densi-
ties comparable to liquids and zero surface tension, like
gases.'®'® Numerous studies have been conducted to date
on the effective exfoliation of grapheme,'” MoS,”**" and
hBN*? using supercritical fluids. Among the supercritical
fluids used for the exfoliation of vDW materials, scCO, is
especially popular, owing to its readily accessible critical
point (31 °C, 7.4 MPa), cheapness, abundance, nontoxicity,
nonflammability, and relative environmental friendliness.!”
Reports have also remarked on the inertness of Bi,Te; to
reaction with CO,, even in extreme conditions
(460 °C/9.5 MPa).23’24) To date, however, no studies have
been conducted on the exfoliation of Bi,Te; in scCO,.

Using a synergistic combination of mechanical ball milling
and scCO, exfoliation, we demonstrate that scCO, milling
can overcome the size reduction limitations of conventional
ball milling in Bi,Tes-based materials. To our knowledge,
this is the first report of successful top-down nanostructuring
of Bi,Te; powders with sub-10 nm average sizes.

A description of the ball milling procedure used herein is
presented schematically in Fig. 1(a). Bi;Te; powders with a
50-100 pm starting particle size (Kojundo Chemical
Laboratory Co. LTD.) were weighed and loaded with
zirconia balls into custom-made high-pressure ball milling
jars. Milling was done using Seiwa Giken RM-05 rocking
mill with two jars as is common for mechanical ball milling.
The ball milling procedure for the scCO, samples is depicted
in Fig. 1(b). To simplify the experiments and capture the
uniqueness of milling in scCO,, one jar was designated for
milling in scCO, and the other jar for milling in low pressure
(LP) (0.1 MPa) CO,. The conventionally milled samples,
hereafter referred to as LP samples, were milled similarly,
except the sealed jar was simply evacuated and filled with
0.1 MPa of CO, for a single run of milling. In this study, the
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Fig. 1. (Color online) Ball milling and XRD peak analysis of the LP versus scCO, powders. (a) The size minimization schematic during scCO, ball milling.
(b) Depiction of the scCO, ball milling procedure. (c) and (d) PXRD pattern survey of the LP and scCO, milling cases, respectively. (e) and (f) Normalized (0 1
5) peak of the LP and scCO, milling cases, respectively. (g) The average grain sizes of the LP and scCO, milling versus milling from peak-fitting. The average
grain sizes of the powders were estimated from the pattern fittings using the LVol-IB method, under the assumption of isotropic size and strain using a Scherrer
factor (K = 0.89).

LP and scCO, samples were milled for durations of 0.5, 3,6,  can be found in supplement S1, available online at stacks.iop.

and 12h. To minimize sample exposure to air, the starting  org/APEX/13/067002/mmedia.

Bi,Te; powder was stored in an Ar glovebox. Additionally, To understand the difference in crystallinity and mor-

filling and emptying the jars of powder were always phology between the LP and scCO, milling cases, we

conducted in an Ar glovebox. Additional milling parameters  conducted powder X-ray diffraction (XRD). XRD character-
ization showed a clear difference in peak width between the
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(Color online) The dark field scanning transmission electron microscopy (DF-STEM) images and grain size distributions of the 12 h LP and scCO,

cases obtained from the measurement of over 500 grains in both cases. (a) and (b) Typical DF-TEM image from the 12 h LP and scCO, milling cases
respectively. Insets show typical grains measured to obtain the size distributions. (c) Normalized histograms of the grain size distributions with lognormal

fittings in both the 12 h LP and 12 h scCO, cases.

LP and scCO, samples. In all XRD pattern acquisitions, the
powders were loaded in the glove box into sealed cells
designed to minimize powder exposure to air during XRD
measurement. Figures 1(c) and 1(d) show the typical XRD
patterns of the LP and scCO,-milled samples. Both samples
retain their crystallinity and are notably free of Bi,Te;—CO,
reaction products or secondary off-stoichiometry Bi-Te
phases, indicating the compatibility of scCO, as an inert
supercritical fluid exfoliant for Bi,Te;. To measure XRD-
peak broadening in each sample, the (015) peak was chosen
for convenience, since it is well-disentangled from peaks of
other indices. Figures 1(e) and 1(f) show the enlarged and
normalized (015) peaks of both the LP and scCO, cases,
respectively. A clear trend in peak broadening with in-
creasing milling time was observed [inset of Figs. 2(c) and
2(d)]. This is an expected trend as the grain size of the
powders is inversely proportional to XRD peak width based
on the Scherrer equation § = %?6), which expresses the
relationship between the grain size é and the peak breadth L,
where K is the Scherrer factor, A is the wavelength of the
incident X-rays, and 6 is the Bragg angle.

To confirm the difference in grain size evolution, multiple
peaks were fitted in the 12°-51° 26 range. As is typical for
such fittings, the fundamental parameter approach was
employed,” enabling the calculation of an averaged grain
size and lattice strain from the XRD profile under the
assumption of isotropic size and strain. The impact of
preferential orientation for grain size estimation was mini-
mized by putting a free parameter for this effect. The effect of
strain on peak broadening is also accounted for and disen-
tangled from the size broadening during the full pattern
fittings, due to the difference in 6 dependence of these two
causes of peak broadening.”” While peak broadening due to
size exhibits a - dependence, strain broadening exhibits a
tan () dependence. High quality fittings with weighted
profile (R,,,) values <10 for all ﬁttingszs) were achieved
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for all XRD curves from different powders, as can be seen for
a typical fitting in S2. The resultant time evolution of the
grain sizes for the samples from scCO, and LP cases is
shown in Fig. 1(g). The time dependence of strain is
comparable between the LP and scCO, milling cases, as
shown in S3. Both the LP and scCO, milling cases reach
approximately 4.5% lattice strain after 12 h of ball milling.
While the steady-state average grain size of the LP case
saturates at ~12 nm after 0.5 h milling, the scCO, average
grain size reaches an estimated 9.83 nm in size after 12 h of
milling. Moreover, the size reduction trend in the scCO,
milled samples shows no sign of saturation, suggesting that
even smaller average grain sizes may be achievable using this
method. As presented in the following section, real space
grain size variation has minimal impact on the size estimates
obtained from XRD data.

In addition to the spatially-averaged grain size estimation
from XRD, characterization of grain size variation using dark
field transmission electron microscopy (DF-TEM) imaging
further provides a consistent picture of the nanoscale
morphology. DF-TEM provides images of high contrast
sensitive to crystal structure while removing contributions
from the mass-thickness contrast that bright field TEM
imaging is susceptible to. Together, these factors make DF-
TEM useful for determining the grain size distribution in real
space with high statistics.”” Figures 2(a) and 2(b) show DF-
TEM images from the 12h LP and 12h scCO, cases,
respectively. To determine the difference in grain size
distribution between the LP and scCO, samples, the longest
edge-to-edge length of every grain for ~500 grains were
measured to within one standard deviation from the mean
value for each sample from the resulting DF-TEM images
[Fig. 2(c)]. Notably, scCO, milling results in a significant
fraction of grains with sizes between 0 and 5 nm while LP
milling does not. This further confirms that scCO, milling is

© 2020 The Japan Society of Applied Physics
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capable of achieving smaller grain sizes inaccessible by LP
milling.

Before showing the well-defined atomic structures in
single grains of scCO,-milled Bi,Te;, we point out the
surprising advantage of reduced surface oxidation from
scCO, milling. To probe this, X-ray photoemission spectro-
scopy (XPS) of the Bi 3d and Te 4f core levels are compared
between. We focus on comparing the pristine powder (as
received from the vendor), with the 6 h LP and scCO, milling
cases, as the latter two exhibit similar grain size (and
consequently similar surface/bulk ratio). Samples were taken
out of the glovebox simultaneously and immediately loaded
into an AXIS Ultra HSA XPS system for measurement.
Figures 3(a) and 3(b) show the normalized Bi 3d/13 and Te
41/14 core levels, respectively, of the 6h LP and scCO,
samples. The intensity of the Bi—-O and Te—-O oxygen peaks
are clearly stronger in the 6 h LP case than in the 6 h scCO,
case. Elemental ratios from quantitative analysis of the peak
profiles are shown in Fig. 3(c). Despite having similar grain
sizes, the Bi—O ratio of the 6 h scCO, case is about 44%
lower than the LP case. Similarly, the Te—O ratio of the 6 h
scCO, case is approximately 55% lower than the LP. These
findings suggest that scCO, may passivate the surface of the
Bi,Te; and prevent additional oxidation. This highlights
another benefit of scCO, milling in reducing the impact of
detrimental surface oxidization previously reported for con-
ventional milling cases.”®

To investigate atomic arrangement of these individual non-
oxidized grains, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging
was used. The HAADF-STEM technique provides Z-contrast
at atomic resolution, revealing high quality local crystallinity
within each grain and the existence of abrupt grain bound-
aries within the 10 nm length scale. Figures 4(a)—4(c) show
HAADF-STEM images of powders from the 6h scCO,
milling case. Figure 4(a) highlights the well-defined out-of-

(@) Bi 4f/13

~10 nm scale

o2355558
lab = :
(out-of-plane) ar

Fig. 4. (Color online) The high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images of the 6 h
scCO,-milled sample. HAADF-STEM images of the out-of-plane (a) in-
plane (b) and mixed grain-microstructure (c) of the 6 h scCO, milling case.
(d) Schematic depiction of the resultant grain structure based on (c).

plane atomic arrangement within a single grain. The quin-
tuple-layered features can be clearly observed. Similarly,
Fig. 4(b) highlights the in-plane atomic arrangements within
grains, where planar 6-fold symmetry can be observed. Both
are expected features based on bulk crystal structure of
Bi,Te;. Our atomic scale characterization supports that
crystallinity is well-conserved within each grain, even
down to the 10 nm scale. In addition to this local structure,
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(Color online) X-Ray photoemission spectroscopy of the pristine powder, the 6 h LP milled sample, and the 6 h scCO, milled sample. (a) and (b)
Normalized Bi 3d/13 and Te 4{/14 core levels, respectively, of the pristine, 6 h LP and scCO, samples. (c) Elemental ratios from quantitative analysis of the
peak profiles. The 6 h scCO, milling case exhibits the lowest degree of surface oxidation, when compared with the 6 h LP and pristine powders.
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aspects of inter-grain connectivity are interesting in terms of
phonon-blocking in Bi,Tes;. Figure 4(c) shows a zoomed-out
region where both the in-plane and out-of-plane oriented
grains coexist and are interconnected, which is schematically
drawn in Fig. 4(d). This rich, fine microstructure that results
from scCO, milling could result in various unprecedent
effects, which we now discuss.

Our powder with sub-10 nm grains will be a crucial
starting material for the realization of bulk nanostructure
Bi,Te; with a high density of grain boundaries and various
types of atomic interfaces with different crystalline orienta-
tions. The realization of rich atomic-scale grain boundaries
within the ~10nm scale is an exciting future platform for
phonon-blockage-based thermal management. This is be-
cause 80% of lattice thermal conductivity is expected to
arise from phonons with a mean free path of less than 10 nm
in Bi,Te;.”” Furthermore, our method of making high
quality sub-10 nm grains may provide a novel arena for the
integration of exotic thermoelectric functionality driven by
topologically protected helical Dirac states.”” While such
states have already been observed in epitaxial films of
Bi,Te;, our method could be the starting point for introdu-
cing them into a functional macroscopic thermoelectric
device. Our findings could also be expanded to the design
of heterogeneous vdW systems for tailored p—n junctions,
magnetic junctions, and topologically non-trivial edge states.
Overall, we think that our findings may provide a new means
to leverage interesting interfacial/grain dominated function-
ality in extended 3D networks of various vdW systems.

To our knowledge, we report on the first-ever achievement
of Bi,Te; nanoparticles with average sizes smaller than
10 nm using a top-down method, via milling in supercritical
carbon dioxide. The milling of Bi,Te; in supercritical carbon
dioxide is shown to be conclusively superior to conventional
milling, overcoming the minimum steady state saturation size
reported for conventional ball milling.'” XPS analysis shows
that scCO, milling also results in a significantly lower degree
of surface oxidation as compared to conventional milling.
The realization of sub-10 nm scale grains is integral for the
development of high-performance bulk nanostructured
Bi,Tes-based thermoelectric materials. This study paves the
way for the realization of Bi,Tes-based thermoelectrics with
unprecedented phonon-blocking properties. Furthermore, the
unique capabilities of scCO, provide universal advantages in
producing various interesting nanostructured vdW materials.
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