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Abstract: BixTes is a well-known thermoelectric material that was first investigated in the
1960s, optimized over decades, and is now one of the highest performing room-temperature
thermoelectric materials to-date. Herein, we report on the colloidal synthesis, growth
mechanism, and thermoelectric properties of Bi,Tes nanoplates with a single nanopore in the
center. Analysis of the reaction products during the colloidal synthesis reveals that the reaction
progresses via a two-step nucleation and epitaxial growth: first of elemental Te nanorods, then
the binary Bi,;Tes nanoplate growth. The rates of epitaxial growth can be controlled during the
reaction, thus allowing the formation of a single nanopore in the center of the Bi;Tes
nanoplates. The size of the nanopore can be controlled by changing the pH of the reaction
solution; where larger pores with diameter of ~50 nm are formed at higher pH and smaller
pores with diameter of ~16 nm are formed at lower pH. We propose that the formation of the
single nanopore is mediated by the Kirkendall effect and thus the reaction conditions allow for
the selective control over pore size. Nanoplates have well defined hexagonal facets as seen in
the scanning and transmission electron microscopy images. The single nanopores have a thin
amorphous layer at the edge, revealed by transmission electron microscopy. Thermoelectric
properties of the pristine and single-nanopore Bi;Te; nanoplates were measured in the parallel
and perpendicular directions. These properties reveal strong anisotropy with a significant
reduction to thermal conductivity and increased electrical resistivity in the perpendicular
direction due to the higher number of nanoplate and nanopore interfaces. Furthermore, Bi;Tes
nanoplates with a single nanopore exhibit ultralow lattice thermal conductivity values, reaching

~0.21 WmK? in the perpendicular direction. The lattice thermal conductivity was found to be



systematically lowered with pore size, allowing for the realization of a thermoelectric figure of

merit, zT of 0.75 at 425 K for the largest pore size.

1. Introduction

The rising energy demands and environmental concerns of the 21st century require new
methods of clean power generation with high efficiency, where thermoelectric materials can
satisfy these criteria.! The design and implementation of efficient thermoelectric materials is
often a challenging feat due to the interconnected nature of the thermoelectric properties.?
Many strategies have been utilized to boost the thermoelectric performance of such materials,
including doping,® alloying,* and creating composites.>® The thermoelectric performance of a
material is described by the equation zT = S2T/pk, where pis electrical resistivity, S, the
Seebeck coefficient, and xis thermal conductivity. However, while the aforementioned
strategies will enhance one or more thermoelectric properties, namely the electrical resistivity,
Seebeck coefficient, or thermal conductivity, they are often deleterious to the other properties.
The carrier concentration of the material largely dictates the thermoelectric properties; thus,
doping or alloying has limitations on the enhancement of thermoelectric performance.’!1
Although, there have been recent examples where these interrelated properties have been
decoupled, through interstitial doping or creating vacancies in specific materials.?"1> Despite
these material properties being dependent on carrier concentration, the thermal conductivity
can be decoupled into electronic (&) and lattice (x:) components, where k = k, + k;.One
method that has proven successful in decoupling these interwoven properties is
nanostructuring, which has allowed for the realization of ultralow x;.1°

Many thermoelectric materials have seen zT enhancements from nanostructuring
efforts.’’-1% One such material is Bi;Tes, which belongs to the family of layered tetradymite
structures and can be synthesized with two-dimensional (2D) nanoplate morphology.2°-26
Nanostructured Bi;Tes and its alloys, prepared from bottom-up synthesized nanocrystals or
nanograin bulk powders, have proven to be efficient thermoelectric materials, with zT > 1 at

temperatures useful for energy conversion where waste heat is present.?’-2° The large



enhancement of the zT in these materials is largely attributed to the significantly lowered
thermal conductivity in relation to the bulk counterparts.3® Ultrathin 2D Bi;Tes nanoplates have
thermal conductivity values of ~ 0.4 Wm™K!, when synthesized as one to three quintuple
layers.3! Core-shell Bi,Tes/Sb,Tes nanoplates have been shown to have comparable thermal
conductivity values.3? Alloy nanoplates of Bi,xShxTes with x; values as low as 0.29 Wm™K* have
also been reported.?®

33-35 in particular for

Recently there has been growing interest in nanoporous materials,
thermoelectric applications.3®3” Tang and coworkers reported on holey silicon, which was
prepared via lithographic techniques, and shown to have good thermoelectric performance due
to the extraordinary reduction in thermal conductivity, reaching values of ~ 1.76 WmK™%, which
is more than an order of magnitude lower than the non-porous analog.3® Porous structures of
Ag,Se* and Bi,Tes,*® which were obtained under various sintering conditions, have also been
reported to have significantly lowered thermal conductivities. Ordered nanoporous structures
of Bi;Tes with tunable porosity have been successfully synthesized via physical vapor deposition
techniques.*! While advancements in nanoporous thermoelectric materials have proven
fruitful, many of the synthetic methods that are utilized are often elaborate or offer little
control over pore size and morphology.

One very promising synthetic approach to porous and hollow nanostructures is colloidal
solution synthesis. Hollow nanostructured alloys of Bi.Ses;«Tex that were synthesized from a
large-scale solution process have been reported and show a high degree of porosity with
ultralow x values.*? Furthermore, there have been reports of 2D Bi,Tesz nanoplates synthesized
with a single nanopore in the center.**** Although the synthesis of these nanoporous structures
has been observed, the mechanism of formation has proven elusive. Moreover, the
thermoelectric properties of single-nanopore Bi;Te; nanoplates have not been explored to the
best of our knowledge.

We have previously reported on the synthesis and thermoelectric properties of pristine
Bi,Tes and Sb,Tes nanoplates and have shown enhancement of zT with nanostructuring.®
Herein, we report the synthesis, growth mechanism, and thermoelectric properties of

hexagonal 2D Bi;Tesz nanoplates with a single nanopore in the center. The nanoplates were



characterized by powder x-ray diffraction (PXRD), transmission electron microscopy (TEM), and
scanning electron microscopy coupled with energy dispersive x-ray spectroscopy (SEM/EDX).
The nanopore size ranges from 16 nm up to 50 nm by varying the concentration of the reducing
agent in the solution. We carried out ex-situ studies of the reaction dynamics as a function of
time, where we characterized the reaction products every hour via SEM/EDX, in order to
propose a mechanism of formation. Finally, the thermoelectric properties were investigated as
a function of nanopore morphology and measurement direction, revealing ultralow x; and

enhanced thermoelectric performance.

2. Experimental
2.1 Synthesis of Nanoplates

Colloidal synthesis of the Bi;Tes nanoplates was accomplished by stirring 5.821 g
Bi(NOs)3#5H,0 (Alfa Aesar, 98%), 3.990 g Na,TeOs (Sigma Aldrich, 99%), and 4.000 g
polyvinylpyrrolidone (PVP) (Sigma Aldrich, ~40,000 MW) in 200 mL of a sodium hydroxide
(Fisher Scientific) and ethylene glycol (Sigma Aldrich, 99%) solution. The concentration of
sodium hydroxide in solution was varied from 0.375 M to 0.500 M. The sodium hydroxide in
ethylene glycol solution was dried over 3 A molecular sieves, at ~10 volume %, for at least 24
hours prior to use. The reaction mixture was degassed and purged with argon gas three times.
The reaction solution was heated to 100°C for ~ 30 minutes until all precursors were dissolved,
at which point the solution was a pale yellow color. The reaction was done in a 1L three-neck
round bottom flask equipped with a heating mantle and condenser at 185°C for 6 hours under
argon gas flow. Temperature was controlled with a thermocouple placed directly into the
reaction solution. After heating, the reaction solution was allowed to cool to room temperature
naturally and then evenly aliquoted into eight 50 mL centrifuge tubes. Subsequently, 25 mL of
acetone was added to each solution. The nanoplates were subjected to centrifugation at 8500
rpm for 5 minutes. The dark supernatant was discarded, and the pellet was redispersed in 30
mL of ethanol. The nanoplates were washed three more times with ethanol.

The nanoplates are dispersed in 30 mL of water, further washed three more times and then

dispersed into ethanol. Once isolated, the nanoplates were recovered by centrifugation and



dried for two hours under vacuum to remove the residual solvent. The pellet was annealed for
1 hour at 300 °C in an alumina ceramic crucible boat in a tube furnace under argon gas flow to
thoroughly remove any remaining surfactant, as previously described by Liu, et. al.*> The dried
pellet was ground with an agate mortar and pestle, and the powder was sieved. The products

obtained from both single-pore Bi,Tes nanoplate reactions had a yield of ~90%, ( ~4.3 g).

2.2 Characterization of Nanoplates

The nanoplates were analyzed by powder x-ray diffraction (PXRD) on a Bruker D8 Advance
diffractometer using Cu Ka radiation operated at 40 kV and 25 mA at room temperature. The
size and morphology of the nanoplates were assessed using a Thermo Fisher Quattro S
Environmental and/or FEI Scios Dual Beam scanning electron microscope (SEM) operated at 15
kV. Compositional analysis was obtained using an Oxford X-Max Energy Dispersive X-ray
Spectroscopy (EDX) detector equipped to the FEI Scios Dual Beam SEM. TEM and High-
resolution TEM (HRTEM) were acquired using a FEI ThemIS 60-300 STEM/TEM (Thermo Fisher
Scientific, US) operated at 300 kV at the National Center for Electron Microscopy within the
Molecular Foundry in Lawrence Berkeley National Laboratory. The ThemlS is equipped with
image aberration corrector optics, and a Ceta2 camera (4k x 4k pixels, and 14-bit dynamic

range).

2.3 Spark Plasma Sintering

The thermoelectric properties were measured on the consolidated powder in the form of a
pellet, prepared using a Dr. Sinter Junior Spark Plasma Sintering SPS-2ll LX system (Fuiji
Electronic Industrial Co., LTD) under vacuum. The nanoplate powders (~3-4 g) were loaded into
a 10 mm graphite die with graphite plungers and 16 pieces of graphite foil on each side to
ensure air-free conditions. The 10 mm die was inserted into a larger 20 mm die with graphite
plungers and 6 graphite foils on each side, with a thermocouple placed into a hole drilled into
the 20 mm die to ensure precise temperature control. The nanoplate powder was initially cold
pressed at 45 MPa for 3 min under static vacuum. After the cold press, the holding pressure

was increased to 89 MPa over 5 min and held for the remaining 10 min, while the die was



simultaneously heated from room temperature to 370 °C over 3 min and then to 400 °C over 1
min and held at 400 °C for 11 min. The die was naturally cooled after the SPS process and a ~7
mm thick gray/metallic pellet was obtained. The pellet was cut in two directions, parallel and
perpendicular to the SPS direction, and polished to obtain one 10 mm diameter by 1 mm thick
circular pellet and a 6 mm? by 1 mm thick square pellet. The circular and square pellets were
also analyzed by SEM to obtain information about the preferred orientation and texturing of

the nanoplate pellet.

2.4 Thermoelectric Property Measurements

Thermal diffusivity of the sample was measured using a Netzsch Laser Flash Analysis (LFA)
instrument, from which x was calculated, using the equation k(T) = pC,a(T). Where p is the
density, Cp is the heat capacity, and a(T') is the thermal diffusivity. Thermal diffusivity
measurements were done with a heating and cooling cycle with 25 K increments in the range of
300 to 500 K. Electronic measurements were carried out on the sample to determine carrier
transport. Temperature dependent Seebeck coefficient, S, was measured from 300 to 500 K on
a custom-built apparatus using 300 Torr of nitrogen atmosphere to ensure proper thermal
contact between the sample and the heating blocks.*® The Hall effect and resistivity were
measured with Van der Pauw technique on a custom-built apparatus; the experiments were
performed between 300 and 500 K under dynamic vacuum.*’ Heating and cooling cycles were
done on all electronic transport measurements to ensure that samples do not evolve with

temperature cycling.

3. Results and Discussion
3.1 Nanoplate Structure and Morphology Analysis

During the synthesis of pristine Bi;Tesz nanoplates by the method previously published in
our group,® we found that some reactions yielded nanoplates with a single nanopore, typically
when the solution was not rigorously dried over molecular sieves (Supporting Information (Sl),
Figure S1). We hypothesized that the reducing ability of the solvent impacted the size of the

pore, and thus utilized the basicity of the solvent as a tunability parameter in the nanopore



synthesis. Both reactions, carried out with [NaOH] = 0.375 M and 0.500 M, yielded phase pure
BioTes as shown in the PXRD pattern of Figure 1a. By further inspection with TEM analysis,
shown in Figures 1b and 1c, the products consisted of nanoplates with smaller nanopores and
larger nanopores, respectively.

Bi>Tes nanoplates with small nanopores were formed from the reaction with [NaOH] =
0.375 M and large nanopores were formed with [NaOH] = 0.500 M. Both the small and large
single-pore nanoplates exhibit 2D hexagonal morphology. The Bi;Tes single-pore nanoplates
range approximately from 0.5 um to 1 um in their lateral dimension. By TEM and SEM analysis
(SI, Figures S2 and S3), the small pores are ~ 16 nm and the large pores are ~ 50 nm in diameter,
on average. With these data in hand, we conclude that by varying the concentration of NaOH,
which acts as the auxiliary reducing agent in this polyol synthesis,*® two nanopore size regimes
are observed in the single-nanopore nanoplates. These reactions were each carried out in
triplicate to ensure reproducibility (SI, Figures S4 and S5), and each time yielded small and large

nanopores, with [NaOH] = 0.375 M and 0.500 M, respectively.
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Figure 1. PXRD pattern (a) and TEM micrograph of Bi;Tes nanoplates with (b) small pore and (c)

large pore.

3.2 Growth Mechanism of Bi>Te3; Nanoplates with Single Nanopore
In order to investigate the mechanism of formation for the Bi;Tes nanoplates with a
single nanopore, an ex-situ reaction study was carried out in which aliquots of the reaction

solution were taken at various time points. The reaction products were analyzedat 1 h, 2 h, 3 h,



4 h, 5h,and 6 h. The SEM micrographs of reaction products at these time points can be seen in

Figure 2.

Figure 2. Reaction products of Bi,Tes; nanoplate reaction with [NaOH] = 0.500 M. Shown at (a) 1
h, (b) 2 h, (c) 3 h,(d) 4 h, (e) 5h, (f) 6h. All scale bars are 1 um.

As seen in the SEM micrographs of the reaction products of the [NaOH] = 0.500 M
reaction in Figure 2, there is nucleation and growth of an interpenetrating Te nanorod and
BioTes nanoplate structure within the first hour (Figure 2a). These “T-shaped” Te nanorod and
Bi,Tes nanoplate heterostructures have been previously reported by Cheng and coworkers,
although synthesized using much lower NaOH concentrations.*® This result is consistent with
the lower reducing power of the solvent at lower NaOH concentrations. Other interpenetrating
nanorod with nanoplate morphologies have been observed in Bi,Tes, BixSes.xTex, and Bix«SbxTes
materials.”®2 As the reaction progresses, the Te nanorod is consumed, and the Bi,Tes
nanoplate grows epitaxially, as seen at 2 h (Figure 2b), 3 h (Figure 2c), and 4 h (Figure 2d). At 5
h, most of the Te nanorods have detached from the plates, leaving some with a pore and some

still containing a Te rich core (Figure 2e). Finally, at 6 h, the Bi,Tes nanoplate pore ripens and



has a distinct morphology. We attribute the evolution from interpenetrating Te nanorod/ Bi.Tes
nanoplate to the single-nanopore nanoplate to the Kirkendall effect, where the Te atoms
become reduced to Te?™ anions and diffuse out at a faster rate than the Bi,Tes grows inward.
This effect has been reported to drive the growth of many hollow nanostructures, including
metals, chalcogenides and oxides.>>>* We propose that the reduction rate can be enhanced by
increasing the concentration of the auxiliary reducing agent, NaOH, in solution. By increasing
the NaOH concentration, the reduction rate of Te is increased, and thus leaves a hole in the

center of the nanoplate where the Te nanorod previously occupied.

Figure 3. Reaction products of Bi>Tes nanoplate colloidal synthesis using [NaOH] = 0.500 M. (a)

SEM image, (b) Bi elemental distribution, and (c) Te elemental distribution of reaction product
at 1 h. (d) SEM image, (e) Bi elemental distribution, and (f) Te elemental distribution of reaction
product at 2 h. (g) SEM image, (h) Bi elemental distribution, and (i) Te elemental distribution of

reaction product at 6 h. All scale bars are 1 um.

In order to confirm the chemical nature and composition of the reaction intermediates,
SEM/EDX mapping was also done on the ex-situ aliquot samples. Figure 3 shows the SEM
micrographs of reaction products at 1 h (Figure 3a), 2 h (Figure 3d) and 6 h (Figure 3g). The EDX
maps of Bi and Te are shown in Figure 3b and Figure 3c for the 1 h product, where the nanorod
can be resolved as only Te in composition, and the 2D nanoplate grown around it consist of Bi

and Te. At 2 h, the nanorod is still mostly Te, but now has some incorporation of Bi, as shown in



the EDX map of Figure 3e and Figure 3f. The 6 h product is only comprised of Bi,Tes; 2D
nanoplates with a single nanopore as seen in the EDX maps of Figure 3h and Figure 3i.

From our ex-situ SEM/EDX reaction studies, we propose a general reaction mechanism
as shown in Figure 4. Starting with the Bi** and Te*" precursors, we propose there is nucleation
and growth of Te nanorods, although this is not observed within the first hour of our reaction
as the kinetics are very fast. However, the growth of Te nanorods is observed in the first 30
minutes of Sb,Tes nanoplates, which have slower kinetics, under similar reaction conditions.>
In the second step, Bi;Tes nanoparticles nucleate onto the Te nanorod. In step three, the BixTes
plate begins to epitaxially form around the Te nanorod. In step four, the rod detaches from the
plate as it is consumed to form Bi;Tes. In step five, the Te atoms are reduced and undergo

growth into the Bi,Tes nanoplate, leaving a Kirkendall void, or nanopore.

i 9 @.-#@..*@..@..

Figure 4. Proposed reaction mechanism of Bi>Tes nanoplates with a single nanopore. Step one
is nucleation and growth of a Te nanorod; step two is nucleation of Bi,Tes nanoparticles onto
the Te nanorod; step three is epitaxial growth of the Bi,Tes nanoplate around the Te nanorod;
step four is dissolution of the nanorod from the nanoplate, leaving a Te rich core; step five is
complete consumption of Te core, leaving a Kirkendall void, or nanopore. Te nanorod is shown

in red, Bi;Tes nanoparticles shown in blue, and Bi;Tes nanoplate shown in purple.

We suggest the nanopore structure is a metastable product which can be trapped with
the proper reaction conditions, i.e. with the appropriate NaOH concentration. When [NaOH] is
low (0.375 M) the reduction of Te is slow and leads to the formation of small nanopores on the
order of 16 nm. When [NaOH] is high (0.500 M), the Te reduction rate is much faster and leads
to the formation of large nanopores on the order of 50 nm. It is apparent that other parameters

which were not explored in this study, such as temperature and time, could affect the reaction
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rate and pore crystallinity, respectively. Thus, our proposed growth mechanism is generalized
and may be further elaborated on by changing additional parameters.

The morphology and crystallinity of a typical nanoplate with a large nanopore was
investigated by TEM and HRTEM as shown in Figure 5. The Bi;Tes nanoplate with a large
nanopore is shown in the low magnification TEM image in Figure 5a, with a HRTEM image of the
same nanopore in the inset, which measures 40 nm in diameter. A HRTEM image of the
nanopore edge is shown in Figure 5b, where a thin amorphous layer can be seen around the
edge of the pore, but further into the bulk of the nanoplate, it becomes highly crystalline with a
measured lattice spacing of 0.218 nm for the (11-20) plane. This lattice spacing is in good
agreement with the known crystal structure.>® The fast Fourier Transform (FFT) of the nanopore
edge was taken and shows diffuse rings, indicative of an amorphous region (SI, FigureS6). The
presence of a thin amorphous layer suggests that the porous nanoplate is a metastable
product, which is trapped during the fast reduction of elemental Te from the heterojunction

interface and does not allow the Bi;Tes sufficient time to crystallize around the nanopore edge.

Figure 5. Typical Bi;Tes nanoplate with large nanopore. (a) Low magnification TEM image of
nanoplate with HRTEM image of nanopore, shown in the inset (scale bar is 10 nm), with
diameter of ~ 40 nm. (b) HRTEM image of edge of the pore with a lattice spacing of 0.218 nm
corresponding to the (11-20) plane.

3.3 Characterization of Consolidated Nanoplates with a Single Nanopore
Due to the anisotropy of the layered and Bi;Tes crystal structures, thermoelectric
properties are also anisotropic. In order to elucidate the anisotropy in thermoelectric

performance of the nanoplates, the consolidated nanoplate pellets are cut in two different
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directions denoted “parallel” and “perpendicular”. In the parallel direction, the thermoelectric
property measurements are performed parallel to the nanoplate plane. In the perpendicular
direction, thermoelectric properties are measured perpendicular to the nanoplate plane. All
pellets ranged from 88% to 94% of the theoretical density, determined by the Archimedes
principle (S, Table S1). The pellet densities are relatively low compared to that of the bulk
materials due to the retention of nanoplate interfaces, which is achieved by incompletely
sintering the nanoplates with a low SPS temperature of 400 °C.

The nanoplate pellets were fractured and analyzed by SEM to obtain information about
the microstructure. SEM micrographs of the consolidated single-pore nanoplate pellets are
shown in Figure 6. Figure 6a shows the parallel direction and Figure 6b shows the perpendicular
direction of the 16 nm nanopore pellet. The parallel and perpendicular direction for the 50 nm
nanopore pellet can be seen in Figure 6¢ and 6d, respectively. A laminar morphology is
observed in the parallel direction for both nanopore pellets, in which all nanoplates align with a
high degree of preferred orientation. In the perpendicular direction, some of the hexagonal
nanoplate morphology, as well as the nanopore morphology, is still maintained as shown in the
insets of Figures 6b and 6d. The size of the nanopores do not change significantly during the
sintering process, due to the fact that the SPS temperature is well below the melting point of
the material. The SEM microscopy analysis confirms that there is strong anisotropy, as well as
retention of single nanopores within the consolidated materials, which yields a hierarchical

nanostructure.
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Figure 6. SEM images of the fractured 16 nm nanopore pellet in (a) parallel and (b)
perpendicular directions and of the fractured 50 nm nanopore nanoplate pellet in (c) parallel
and (d) perpendicular directions. The nanopore morphology is retained in both nanoplate
pellets as can be observed in the inset images in the perpendicular directions (inset scale bars

are 200 nm).

3.4 Thermoelectric Properties

The thermoelectric properties were measured for the single-pore Bi;Tes nanoplate
pellets with 16 nm and 50 nm pore sizes. The thermoelectric properties of the 16 nm and 50 nm
single-pore nanoplate pellets were compared to those of the pristine Bi;Tes nanoplate pellets
(with no pore). Pristine nanoplates were prepared as described in our previous study, which in
short, require shorter reaction time so the core does not undergo prolonged diffusion.® This
means that time is an additional parameter that can be used to further increase the nanopore
size. Thermoelectric properties were measured in both parallel and perpendicular directions to

elucidate their anisotropy and the effect of the 2D nature of the plates and the nanopore.
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Figure 7. Thermoelectric properties in the parallel direction for Bi,Tes nanoplates with a single
nanopore. (a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d)

thermoelectric figure of merit, zT.
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Figure 8. Thermoelectric properties in the perpendicular direction for Bi;Tes nanoplates with a
single nanopore. (a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and

(d) thermoelectric figure of merit, zT.

The electrical resistivity is shown in Figures 7a and 8a, which have much higher values in
the perpendicular direction compared to the parallel direction due to more interface scattering
at the nanoplate planes, as well as the nanopores. We can observe the effect of interface
scattering at the nanopore in the Hall mobility data (SI, Figure S7), where the carrier mobility is
highest for the pristine sample and is drastically reduced for both size pores in parallel and
perpendicular directions. The carrier concentration (S|, Figure S8) shows a gradual increase with
pore size, which may indicate greater defect densities, consistent with Bi,Tes to antisite defects,
or may be due to the increasing amorphous region around the nanopore edge.?”>’ The

electrical resistivity is highest for the 16 nm nanopore nanoplates, followed by the pristine
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nanoplates, and the lowest being the 50 nm nanopore nanoplates. The high electrical resistivity
in the 16 nm nanoplates is due to a combination of charge carrier scattering at the nanopore, as
well as the relatively low carrier concentration. The lowest electrical resistivity is achieved in
the 50 nm nanopore nanoplates due to their very high carrier concentration. There is no
hysteresis in the electrical resistivity data upon heating and cooling cycles (SI, Figure S9).

The Seebeck coefficients, shown in Figures 7b and 8b, are negative, which indicates that
the materials are n-type. This carrier type is consistent with previously reported defects in this
system, which lead to n-type behavior.>® The values are roughly equivalent in both the parallel
and perpendicular directions. However, the nanoplates with both a 16 nm and 50 nm nanopore
have a much lower Seebeck coefficients than the pristine, reaching values of ~ 150 uVK. This
effect could be due to the different carrier concentration, or changes to the carrier effective
mass as the nanoplate morphology is altered. Although the Seebeck starts very negative at
~210 uVK? in the pristine sample, it begins to increase to less negative values, likely due to the
onset of bipolar conduction, and the low amount of majority carriers. The Seebeck data does
not show any hysteresis upon heating and cooling cycles (S|, Figure S9). In order to better
understand the electronic contribution to the figure of merit, the power factor (gS?) was
calculated for all nanoplates in both parallel and perpendicular directions, which displays a
maximum of ~ 11 WmK! for the 50 nm pore nanoplates (SI, Figure $10).

The thermal conductivity of the Bi,Tes nanoplates is very low in the parallel direction
(Figure 7c), and is decreased even further in the perpendicular direction, with values ranging
from ~ 0.4 to 1.0 Wm™ K (Figure 8c). This reduction in thermal conductivity is again due to the
large number of nanoplate interfaces, leading to more phonon scattering. Moreover, the
thermal conductivity is further reduced with the introduction of nanopores. The lattice thermal
conductivity was calculated, according to xk;, = k — k,, wherek, = LT /p, and is shown in
Figure 9a and 9b, for the parallel and perpendicular directions, respectively. The x;
monotonically decreases as the size of the nanopore is increased. We believe x; is
monotonically lowered as pore size is increased due to acoustic phonon scattering which is
primarily responsible for transporting heat.>® Larger pore sizes will interact with longer

wavelength (acoustic) phonons whereas a small pore will only interact with short wavelength

16



(optical) phonons. Additionally, we hypothesize that the amorphous region near the nanopore
edge affects the thermoelectric properties, since it adds additional disorder in the system,
which may contribute to further reduction of x;. The lowest x; values are for the 50 nm
nanopore pellet, reaching a value of ~ 0.21 Wm™K in the perpendicular direction. These
ultralow thermal conductivity values are due to the increased phonon scattering at the
nanopore and can be tuned with controlling the nanoscale void size. The thermal conductivity
data is fit excellently upon heating and cooling cycles.

The zT values in the parallel direction (Figure 7d) are higher for the pristine nanoplates
than for the nanoplates with a single nanopore, reaching a maximum value of 0.53. This is likely
due to the large Seebeck coefficient in the pristine nanoplates and the moderately low thermal
conductivity and electrical resistivity. However, the zT values in the perpendicular direction
(Figure 8d) are much higher for the nanoplates with a 50 nm nanopore. This enhanced zT is
largely due to the ultralow i in the single-nanopore pellet. A maximum zT of 0.75 is achieved in
the perpendicular direction for the nanoplates with a 50 nm nanopore, which is evidence that
suggests nanoscale void engineering is a reliable strategy to enhance the thermoelectric
performance of many materials. Although this is not an extremely high zT that would be
competitive with current state-of-the-art thermoelectrics, the electronic properties may be
tuned by doping/alloying these single-nanopore materials to enhance the Seebeck or electrical
conductivity while simultaneously retaining the ultralow x; and thus allowing the prospect for

greater thermoelectric optimization.
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Figure 9. Lattice thermal conductivity of Bi.Tes nanoplates with a single nanopore in the (a)

parallel and (b) perpendicular directions.

4. Conclusion

We report the synthesis, characterization, and growth mechanism of 2D hexagonal
Bi,Tes nanoplates with and without a single nanopore by varying the auxiliary reducing agent
(NaOH) concentration. This synthesis utilizes the colloidal polyol approach and allows for large
scale yields of these single-pore nanoplates. Nanopores with a size of ¥~ 16 nm and ~ 50 nm
were obtained at [NaOH] = 0.375 M and 0.500 M, respectively. A typical nanopore was
investigated further by TEM and HRTEM, displaying an irregularly shaped pore with a thin
amorphous layer at the edge. Through ex-situ reaction studies, the reaction dynamics are

elucidated, showing first the formation of Te nanorods, then an interpenetrating
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nanorod/nanoplate structure, and finally porous nanoplates. With these investigations, a
mechanism of formation is proposed. Finally, the thermoelectric properties of the nanoporous
and pristine Bi;Tes nanoplates as a function of measurement direction are reported, showing
successful modulation of the lattice thermal conductivity with the introduction of nanopores
into 2D BiyTes nanoplates. Tailoring of the ultralow lattice thermal conductivity values resulted
in a significant enhancement of the thermoelectric performance, reaching a maximum zT of
0.75 in the perpendicular direction at 425 K for the largest nanopores. Doping, alloying, and
preparing nanocomposites of these nanoporous Bi;Tes may further enhance the zT. The ability
to systematically reduce x: as a function of nanoscale void engineering is highly desirable and

may lead to revolutions in the next generation of thermoelectric materials.

5. Supporting Information

SEM image of nanoporous Bi>Tes nanoplate product obtained when NaOH and ethylene glycol
solution was not dried over molecular sieves; TEM images and histogram of pore size
measurements on small nanopore nanoplates; SEM image and histogram of pore size
measurements on large nanopore nanoplates; SEM images of small pore nanoplate reaction
products carried out in triplicate; SEM images of large pore nanoplate reaction products carried
out in triplicate; HRTEM and FFT of nanopore edge; table of densities for all Bi;Tes nanopore
nanoplate pellets measured by the Archimedes principle; Hall carrier mobility of single
nanopore nanoplates; Hall carrier concentration of single nanopore nanoplates; temperature

cycling for Seebeck and electrical resistivity data for all samples; power factor for all samples.
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