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ABSTRACT: Embedding 2D layered materials into polymers and
other materials as composites has resulted in the development of
ultrasensitive pressure sensors, tunable conductive stretchable
polymers, and thermoelectric coatings. As a wettable paint or ink,
many 2D materials may be penciled, printed, or coated onto a range
of surfaces for a variety of applications. However, the intrinsic —
conductive properties of painted coatings using 2D and layered I —reo
materials are not completely understood, and conductive polymer
additives may mask underlying properties such as directional
conductivity. We report a process for making a paint from

solvent-exfoliated Bi,Te; into solution-dispersible 2D and few- ol .

layer (multiple quintuple) nanosheet inks, that form smooth, B2 0T 23 “\“\\\\\\\\
uniform paint blends at several concentrations of Bi,Te;. The voltaae (V

individual solvent-exfoliated nanosheets are edge-coated by (poly)-

ethylene glycol to produce a paint, stable over extended period in solution. Electrical transport is found to be sensitive to aspect
ratio, and conduction along the painting direction is suppressed for longer strips so long as the aspect ratio is high (4—10X or
more), but for short and wide paint strips (aspect ratio <1), conductance is improved by a factor of 3X. Square 2D paint regions
show no clear directional preference for conductance at room temperature but are markedly affected by higher temperatures.
Conductivity along a preferential conduction pathway through the nanosheet ensemble is modulated by 2D nanosheet stacking
along the direction of paint application for a given aspect ratio. This paint and insights into geometrical 2D composite
conduction may have implications for conductive composites, thermoelectrics, and writable circuits using 2D material paints or
inks.

Current (uA)
o

B INTRODUCTION S?6T/K, where S = —AV/AT is the Seebeck coefficient (AV is
Basic research into two-dimensional (2D) materials, including the voltage difference caused by a temperature difference AT),
graphene, transition metal dichalcogenides, and their carbide o is the electrical conductivity, and K is the thermal
and carbonitride analogs such as MXenes, is progressing conductivity. Ideally, the ZT is maximized by processes that
beyond discovery to advanced application.'™ Aside from 2D contribute to large electrical conductivities, while reducing or
materials for use in electronics, single-molecule, submolecule, maintaining as low a thermal conductivity as possible, thus

or few-molecule thick materials are being explored and
optimized for significantly improved capacitive energy stor-
age”” and in energy harvesting, including thermoelectrics, and
even ultrasensitive pressure sensors based on graphene-silly
putty composites.” There is a significant need for site-specific

maximizing S for a high 6/K ratio.””"" Bi,Te; is of particular

12,13
and thermo-

interest as it is both a topological insulator
electric material.'* Bulk Bi,Te, is one of the principal industrial

thermoelectric materials having one of the highest thermo-

and on demand cooling in electronic, optoelectronic, and electric figures of merit, ZT between 1.1 and 1.2 at room
bioanalytical devices, where cooling is currently achieved by the temperature. >~ "’

use of bulky and/or overdesigned system-level solutions.”*

Thermoelectric devices can address these limitations by Received: June 6, 2017

nanostructured layered thermoelectric (TE) materials with Revised:  August 9, 2017

enhanced figures of merit (ZT). The figure of merit ZT = Published: August 9, 2017
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For electrical conductivity control, quantum confinement of
charge carriers in quantum wells can lead to a considerable ZT
improvement as the carrier density-of-states (DOS) near the
Fermi level is boosted to increase the resultant thermo-
power,"®"” but this depends on a material being crystalline,
with thickness on the order of a few atomic layers. To fulfill
these conditions, 2D materials that maintain or enhance their
direct-gap semiconductivity with a high carrier density are
potentially very useful. Low-dimensional structures, in
principle, should also contribute the other necessary effect to
increase the ZT, ie. reduce the thermal conductivity through
spatial confinement of heat-carrying acoustic phonons. At the
same time, disorder can negatively affect electron mobility and
affect electrical conductivity via electron scattering, thereby
preventing maximum ZT enhancement. To become more
useful, these layers need to be exfoliated down to smaller
dimensions, such as its 2D form. Then, its thermoelectric
response improves as the overall nanostructured composite
approximates an electronic crystal but behaves as a phonon
glass. Slowing the acoustic phonon group velocity through
confinement and introducing grain boundary and point defect
contacts to enhance the reduction in thermal conductivity is
possible if suitable methods for 2D materials or crystallographic
engineering of alloys can be developed.”” Many methods have
been used by others to create thin films of bismuth telluride
and its related polymorg)hs, and a wide range of graphene-like
materials and methods,”' ™’ such as coevaporation of bismuth
and of telluride’® ion-beam sputtering deposition,” electro-
chemical deposition,”” along with many more. The method that
interested us was chemical exfoliation due to the recent
advances in this area for high-throughput and high-quality
dispersions of graphene and related 2D transition metal
dichalcogenides (TMDs), for example.””*"** Being able to
apply this material to almost any surface or shape was explored
in this work, to use sheering of 2D layers similar to solid
lubricants, such as graphite/graphene® or MoS,, to affect the
directional control over electrical connectivity and conductive
pathways.”* Advances are being made currently”” in thermo-
electric composites and 2D material—polymer mixtures for a
range of uses, and combining 2D crystal of a material with the
highest ZT, as a paint, is a promising development. Since the
phonon scattering mechanisms are established for some low-
dimensional materials, methods to create functional materials
and coatings using such structure, while maintaining or routing
electrical conductivity, are important in thermoelectrics. Most
recently, a thermoelectric paint using molecular Sb,Te
chalcogenidometalate was used to help sinter thermoelectric
particles, achieving high thermopower output when painted
onto surfaces such as p—n junction devices.

Here, we demonstrate a method whereby optimized solvent
exfoliation of Bi,Te; into solution-dispersible 2D nanosheets
can form a practical thin film paint when fashioned into a
smooth, uniform composite once the 2D material surface is
PEGylated with (poly)ethylene glycol (PEG-400), limiting
restacking/agglomeration in solution. The result is a soluble 2D
Bi,Te; paint, that can be painted onto most surfaces. Atomic
force microscopy, transmission electron spectroscopy, Raman
spectroscopy, and scanning electron spectroscopy show that the
2D Bi,Te; material is uniformly dispersed by brush painting,
forming a coherent (nonsegregated or clumpy) film. Electrical
transport studies confirm that the films are conductive. By using
a nonconductive binding polymer (PEG400) added to the
solution to PEGylate the nanosheet and few quintuple layer
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surfaces, the nature of the electron transport pathways in a
range of paints with different aspect ratios (A.R.) but identical
brushstrokes (direction of painting) was determined. Our work
demonstrates that the paint conductance at high fill fractions of
exfoliated nanosheets is controlled by the AR. along the
painting direction. The lowest conductance occurs for long,
narrow painted strips. Conductance increases as length is
reduced as expected, but as the A.R. approached 1 (or less), the
width perpendicular to the brush stroke provides conduction
pathways that markedly enhance conductivity compared to
similarly short but narrow paint strips. Wider strips for a fixed
length increase conductance, and this is consistent for different
2D nanosheet fill fractions, and also as a function of
temperature. This 2D nanosheet paint, and new physical
insights into the correlation between paint application and its
conductance, has scope for diverse surface coating as a cohesive
and conductive thin film (when conducting polymers are used)
particularly for higher ZT materials for flexible or uniquely
shaped energy harvesting or thermoelectric applications. It may
also be applicable in general to solvent-exfoliated 2D materials
for a range of uses from printable, flexible large area electronics
to composite coatings with chemical, catalytic, or other activity
and for pencilling, writing, or painting of 2D nanosheet
composites for writable circuity on plastics or nonplanar
substrates.

B EXPERIMENTAL SECTION

Preparation of 2D Bi,Te; Nanosheet Dispersions. Bismuth-
(110) telluride (Bi,Te;) powder, isopropyl alcohol (IPA), NMP, and/or
CHP were used. All materials were purchased from Sigma-Aldrich and
used as supplied. Bi,Te;, NMP/CHP, and IPA were added to a round
bottomed flask in varying ratios of 1:2:15 (v/w/v) (1:1:15/2:1:15);
heat was then supplied (423 K) and the mixture was refluxed for 6 h
under stirring. It was then allowed to cool for ~1 h, and was and
subsequently distilled for 24 h.

Processing of 2D Bi,Te; Ink and Paint. 2D Bi,Te; nanosheet
dispersions were created using either 1-cyclohexenyl pyrrolidine
(CHP) or N-methyl-2-pyrrolidone (NMP) as solvents. Sonication
was performed for 800 min to obtain the dispersions. After the
preparatory distillation step and sonication, polyethylene glycol (PEG,
M, = 400 g/mol) was added to each mixture and subsequently
allowed to cool while being stirred continuously for 60 min. The
mixtures were then sonicated for 90 min. The 2D Bi,Te; solution was
then centrifuged at 4500 rpm for 45 min. For each nanosheet
dispersion, the supernatant was removed and the mixture was then
painted onto substrates (glass, Si and SiO,) of known areas. The
material was distributed evenly across the glass slides in predetermined
ARs that allow examination of length/width dependence. The
substrates were then dried at 100 °C for 3 h.

Characterization Methods. Transmission electron microscopy
(TEM) was performed using a JEOL 2100 at 200 kV. Energy-filtered
TEM characterization was performed using a JEOL 2100F TEM
equipped with field emission gun and Gatan Tridiem Imaging filter
model 863 operating at an accelerating voltage of 200 kV. Depending
upon the characterization requirement, the microscope was operated
both in Conventional TEM (CTEM) and Scanning TEM (STEM)
modes. The CTEM mode of operation was primarily used for selected
area electron diffraction (SAED), high-resolution and energy filtered
(EFTEM) imaging, while STEM was used for high-angle annular dark
field (HAADF) and spectrum imaging. All the chemical character-
ization was performed using electron energy loss spectroscopy (EELS)
technique in CTEM and STEM mode of operations. The microscope
was set to have a convergence and collection angles of 15.7 and 22.35
mrad respectively and an energy spread of 0.9 eV full width at half-
maximum (fwhm) for the zero-loss peak. Unfiltered and zero loss
images were acquired using a 10 eV energy slit and subsequent relative
thickness (/1) maps were generated from the electron mean free path
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Figure 1. (a) Optical images of the 2D Bi,Te; paint on glass. The lengths () of the strips are ~5 cm, 2.5 cm, and 1 cm. AR. = X w. (b) AFM
images of starting Bi,Te; prior to exfoliation and SEM image of the surface morphology of the dried paint. (c) EDX analysis of the exfoliated
nanosheet composition. (d) HRTEM image of the plan-view structure of the restacked composite layered structure of the 2D Bi,Te,. (Inset)
Corresponding SAED pattern acquired along the [01—10] zone axis. () HRTEM images of individual 2D and few-layered Bi,Te; nanosheets with
inset ED pattern, and (f) of PEG-coated few QL nanosheets.
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Figure 2. (a) Optical transmittance at A = 532 nm of 2D Bi, Te; suspensions in 0.2 mL of NMP + 1.0 mL of PEG monitored over a 6-week period.
Two separate suspensions (6 solutions overall) were measured for each mass (0.25, 0.5, and 1.0 g) of Bi,Te;. Inset: Photograph of a typical 2D
Bi,Te, suspension. (b) Optical transmittance of 0.125 g of 2D Bi,Te; suspensions in 0.1 mL of NMP over a S-week period with different volume
additions of PEG (0.5—2.0 mL). (c) Transmittance data from (b) plotted as a function of 2D Bi,Te; concentration in NMP with incremental
increase in PEG volume. (d) Electron energy loss mapping of the O K-edge and Te M-edge and corresponding HAADF STEM image of the few QL

Bi,Te, nanosheets. (¢) HRTEM image of 2D Bi,Te, prior to PEG addition.

estimation. Scanning electron microscopy (SEM) was carried out with
a Hitachi $4800 FESEM and FEI Quanta 650 FEG high-resolution
SEM equipped with an Oxford Instruments X-MAX 20 large area Si
diffused EDX detector. Images were collected at operating voltages of
10—20 kV. Attenuated total reflection Fourier-transform infrared
(FTIR) spectroscopy was performed on a Nicolet 6700 FTIR.
Thermogravimetric analysis (TGA) was carried out using a Mettler
Toledo TGA/DSC 1 STARe System in air to replicate temperature-
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dependent measurments of painted films. Raman scattering measure-
ments were acquired using a Renishaw InVia Raman spectrometer
using a 514 nm 30 mW Ar" laser. Spectra were collected using a
RenCam CCD camera. Electrical conductivity measurements were
conducted in 2-probe geometry using tungsten probes and In—Ga
eutectic metal contacts using either a Biologic SP150 potentio/
galvanostat or a Keithley 2612B SourceMeter. Conductivity derived
from ohmic response I-V curves is plotted as conductance which here

DOI: 10.1021/acs.chemmater.7b02321
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we define as conductivity as a function of the length () along the
painted direction. To determine the degree of solubility of 2D Bi,Te;
in NMP mixed with PEG400, we measured the variation in total
transmittance of a Laser Quantum GEM DPSS single transverse mode
c.w. green laser emitting at A = 532 nm, through each solution of 2D
Bi,Te;, NMP and PEG (see figure captions) in a cuvette with a 1 cm
optical path length. Spectra were acquired over a sedimentation period
of 6 weeks, and also re-examined after a period of 1 year to confirm
solution stability.

B RESULTS AND DISCUSSION

After solvent exfoliation the 2D and few quintuple layer (QL)
Bi,Te; flakes retain the crystallinity of the parent crystal
Solutions of exfoliated 2D Bi,Te; form a paint with the addition
of PEG-400 (see Experimental Section and Figure 1(a)) and
can be painted across a surface using a standard fine haired
brush. Optical images in Figure 1(a) show various examples of
low and high-A.R. strips painted in one direction. The dried
paint comprises densely stacked 2D and few QL layer sheets in
a partially porous (Figure 1(b)) but consistent morphology.
Stoichiometric Bi,Te; composition was confirmed by EDS
(Figure 1(c)) over large (several mm?) areas. AFM imaging of
scored films gave an estimate of 4—5 yum thickness; see Figure
SL.

The lattice-resolved HRTEM image in Figure 1(d) confirms
the identical crystal structure of the 2D nanosheets. In regions
where thickness contrast is evident, and Moiré fringing from
restacked nanosheets can be seen in the thicker regions and
throughout this composite, overlapping sheets postsonication
and mixing are common.

Exfoliation of nanosheets provides single 2D sheets and few
QL crystals. Once painted, the nanosheet thickness is several
molecular layers (quasi-2D) in regions—all nanosheets exhibit
identical crystal structure with no in-plane defects, kinks, or
layer-on-layer mismatch or changes in registry where more than
one molecular layer is present. HRTEM examination in Figure
1(e) shows a lattice resolved image of a few QL Bi,Te; flakes
comprising the (111) and (011) planes of Bi,Te; with the
rhombohedral R3m space group with D;;° point symmetry.
The few QL and 2D nanosheet stacks within the composite are
PEGylated and encapsulated in a very thin (~2 nm) outer
surface coating of PEG (Figure 1(f)).

The solution exfoliation of graphene using N-methyl-2-
pyrrolidone (NMP) and related methods for transition metal
dichalcogenides (TMDs) and 2D materials in general is now
well established.’’ In our 2D ink, we investigated the “shelf life”
of the 2D Bi,Te; nanosheet dispersion over a 6-week period, as
a function of solvent volume, PEG-400 volume addition, and
the soluble Bi,Te; concentration, in Figure 2. After exfoliation
and sonication, solutions are uniform dark suspensions (see
Figure 2(a) inset). The optical transmittance at A = 532 nm was
monitored over 6 weeks, and 2D Bi,Te; suspensions remain
well dispersed in solutions of solvent and PEG at
concentrations as high as 830 mg mL™'. The spectral
absorption of the suspension measured separately was
consistent as a function of wavelength in the visible range, as
Bi,Te; band-edge absorption is in the far-IR region reported in
the range 0.13—0.21 eV (~6—9 um).”” Typical graphene
suspension concentrations are of the order of ug mL™" but
remain in suspension for longer periods.2 In our case, no
agglomerates were found necessary to centrifuge out from the
suspension.

The mild settling approaches 30% (decrease in absorbance)
over 6 weeks (Figure 2(a) and Figure S2 for each
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concentration, measured for two separate suspensions in each
case). Concentrations in the range 0.06—0.288 kg dm™ (using
1 and 4 kg dm™> of Bi,Te; with subsequent dilution) are shown
in Figure 2(b), where the PEG content was increased in 0.1 mL
increments to separate solutions of 0.125 g of Bi,Te; sonicated
and exfoliated in NMP, and the suspension remains dense over
6 weeks. Overall, 0.5 mL of PEG reduces settling by 10% in the
first week but results in an absorbance decrease of 60 m™ (30%
transmittance) increase of S weeks. With a monotonic (0.1 mL)
increase in PEG volume for a consistent Bi,Te; and NMP
concentration, it has the most significant effect on the 2D
nanosheet dispersion, causing faster settling due to surface
PEGylation and thus an increase in weight of the nanosheets
and reduced overall solubility in NMP. Overall suspension
density (absorbance) is similar for exfoliated masses of 0.125
and 1.0 g of Bi)Te; with similar PEG and NMP volumes
(Figure 2(a)). The sonication and exfoliation produce high
yields of 2D and few QL Bi,Te; with PEG as a paint that is
stable for useful periods of time, and the suspension is reformed
when resonicated. When the volume of PEG in the paint is
increased, the suspension stability is consistent across a S-week
period, particularly at a higher Bi,Te; concentration (Figure
2(c)). After S5 weeks, the sedimentation rate occurs more
rapidly with higher volume fractions of PEG-400 in the
solution. In Figure 2(c), this solvent—polymer solution of 2D
Bi,Te; shows a reduction rate in absorbance at higher
concentrations, after the first week and up to S weeks. The
absorbance difference corresponds to the sedimentation
observed in Figure 2(b).

Unlike standard solvent exfoliation methods for high-yield
production of 2D graphene and TMDs, for example, relatively
few studies have developed exfoliation protocols for Bi,Te;. In
Figure 2, we prove that soluble polymer addition does not
result in agglomeration of 2D nanosheets in suspension and the
solid does not crash out of solution—rather, the absorbance
shown for each week in Figure 2(c) shows remarkable stability,
week after week.

We observe that PEG volumes of 1.3 mL or greater in this
solution markedly improve colloidal stability as measured by
absorbance. At higher PEG volume addition to the solution, the
stability of 2D Bi,Te; dispersion improves from 75 to 115 m™
in absorbance. Normally, dispersion of 2D materials in solvents
postexfoliation follows a Beer—Lambert absorbance profile with
increase in concentration. This is observed in our case also for a
fixed volume and various nanosheet concentration. As a paint
solution, however, the experiment in Figure 2 demonstrates
that for a fixed 2D material concentration in NMP solvent,
successive addition of PEG after solvent exfoliation by
sonication improves colloidal stability and dispersion in
solution—the concentration change includes the additional
PEG volume. Electron energy loss spectroscopic mapping of
the O K and Te M edges was also acquired to confirm the
coating of the nanosheet and few QL structures. The STEM
HAADF image and energy loss mapping confirm site specific O
presence (Figure 2(d)) at the edges after sonication/exfoliation
with PEG addition. The O from the poly(ethylene oxide)
(PEG) in this case coats the nanosheets preferentially at the
outer edges, which as HRTEM data in Figure 2(e) confirms,
were unaffected by the procedure prior to PEG addition and
subsequent sonication.

We then isolated and separated individual nanosheets to
examine the crystal quality, composition, and PEGylation. The
reduced thermal conductivity by crystalline anharmonicity®® to
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a lower but finite value (avoiding infinite values associated with
divergence in a true 2D material), variations in the thickness of
super- and submonolayer 2D nanosheets would be advanta-
geous for suppressing heat conduction, and for high-volume-
fraction addition to various composites. Few QL and
submolecular layer thickness sheets could also alter topological
insulating properties by redefining the surface states of the
material.'>*” Ideally, these effects could be facilitated by
inhomogeneous exfoliation from bulk where thicknesses less
than and greater than a single molecule are possible within the
same nanosheet, possibly through bottom up synthetic
methods.”” Subsequent restacking or electrical connection,
and how the paint application affects directionality of
conductivity, is unexplored for 2D material of Bi,Te; and
related topological insulators.

To examine and compare the 2D or few QL nature of the
Bi,Te; nanosheets in the paint after exfoliation with 1-
cyclohexenyl pyrrolidine (CHP) or N-methylpyrrolidone
(NMP) solvents, Raman scattering measurements were
acquired and shown in Figure 3(a) and 3(b). Raman scattering
that convolutes the 2-fold degenerate E;, and A,; optical
phonon modes is sensitive to variations in thickness caused by
reduction from 3D to 2D (single molecule thickness)."' ~** The
bulk material exhibits two main modes: ]52g and the Azlg in-
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Figure 3. (a) Raman scattering spectra of CHP-exfoliated and (b)
NMP-exfoliated 2D and few QL Bi,Te; nanosheet paint. (c) Zero-loss
HRTEM image of a few QL Bi,Te; nanosheet paint flake and (d)
corresponding jump-ratio thickness map image. (e) Core-loss EELS
spectrum of the nanosheets and (f) corresponding log-ratio plot of
thickness variations measured across the area and direction marked in
(d) comprising two 2D sheets partially overlapped.
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plane phonons. After exfoliation in NMP, the 2D sheets
maintain a similar frequency for in-plane E2g phonons, but the
A2lg is shifted slightly and displays a narrower fwhm. The AZlg is
peculiar for the Bi,Te; system as this phonon dispersion in
nonmonotonic, and from 2D confinement, these phonons
(with nonzero wavevectors) may have frequencies higher or
lower than the Brillouin zone center.** As such, we cautiously
assign this fwhm variation to a reduction in thickness toward a
single molecular layer. However, this vibrational mode does not
include interactions between terminating Te'—Be-— of two
quintuple molecular layers, making assignment to 2D or sub-
2D thickness inconclusive.

Exfoliated nanosheets with single molecular layer thickness,
ie. 2D or possibly thinner (3.045 nm corresponding to the
Te(V—Bi—Te®—Bi—Te" quintuple),* can allow IR active out
of plane modes to become active, as a signature of reduced
dimensions for this quintuple molecular layer.

The intensity of the Raman tensor for out-of-plane A,
modes increases significantly because of inversion symmetry
breaking, and this is a signature of crystallographic phonon
confinement that allows IR-active modes to be seen in our 2D
Bi,Te;, as it has in some other 2D TMDs, for example,* that
exhibit nonlinear optical properties and valley polarization.*”
This IR-active phonon mode has been observed in mechan-
ically isolated 2D sheets of Bi,Te;"® and hexagonal nanoplates
by vapor transport using Bi,Te; powder,”” and also from Bi,Te,
from solvothermal growth using Bi,O; as the Bi source.”” We
observe this mode as the highest intensity phonon mode in
Figure 3(b). Exfoliated 2D Bi,Te; is typically described as being
3D, quasi-2D (several multiple of one molecular layer), or 2D.
Bulk as-received Bi,Te; and CHP-exfoliated materials show no
obvious confinement effect on Raman intensity or the
emergence of A;, modes (Figure 3(a)). The I(A,)/I(E,,)
intensity ratio is 0.62 (bulk is ~0.6). CHP exfoliated sheets are
not reduced to 2D thickness even after extended processing.”’
NMP-exfoliated nanosheets exhibit characteristic 2D spectra,
with dominant symmetry breaking in acoustic phonon
modes—the A}, phonon mode is observed together with a
suppression in the E,, mode intensity, and a corresponding
integrated ratio as high as I(Azlg)/I(Ezg) = 4.2 is measured.
Even after mechanical sonication, chemical exfoliation,
PEGylation, filtering, and drying, the phonon features remain
robust.

Importantly, these signatures evidence 2D Bi,Te, from
exfoliation in NMP, PEGylated by solubilization with PEG 400
from the entire centrifuged mass, not only the more disperse,
filtered supernatant. The addition of the polymer binds the
nanosheets into restacked mismatched superlattice arrange-
ments, as evident from HRTEM data in Figure 1595175 We
obtained additional scanning transmission electron microscopy
(STEM) in high-angle annular dark field configuration
(HAADF) and high-resolution TEM (HRTEM) combined
with electron energy loss spectroscopy analysis (EELS). In
Figure 3(c), we show a zero-loss filtered (10 eV window
excluding inelastically scattered electrons) lattice-resolved
HRTEM image of few 2D layer stacks. Figure 3(d) together
with the thickness map based on elastic mean free path
determination to obtain relative thickness differences. The low-
loss EELS spectrum in Figure 3(e) of Bi O, and Te N, in
tandem with selected area electron diffraction measurements
across the sample (see Figure S4 for details, and Figure SS for
EELS low-loss spectrum processing) confirms stoichiometric
rhombohedral Bi,Te;. Correspondingly, restacked few QL
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nanosheets can be directly observed from the log-ratio plot in
Figure 3(f) from a distribution in inelastic scattering events per
electron (t/1), identifying individual 2D sheets overlapped in
projection.

Individual few QL flakes of the solution-processed, exfoliated
nanosheet flakes were also examined by EELS. From the
HAADF STEM image in Figure 4(a), core-loss spectra were

>
T

EELS Intensity (a.u.)

600 700
Energy Loss (eV)

800

Figure 4. (a) High-angle annular dark field STEM image and
corresponding Te M-edge electron energy loss map from the primary
STEM image underneath of a few-QL flake of the Bi,Te; paint
material. (b) Core-loss EELS spectra of O K and Te M, edges
acquired from the 8 spots indicated in (a) probing the inner surface
and the outer edge regions of solution-processed Bi,Te; material. The
spectra were background subtracted using a width of 49.2 eV between
476.8 and 526 eV.

acquired from 8 spots around the edges and also at a near-
central region. The spectra in Figure 4(b) confirm that
processed Bi,Te; retains the composition and electronic
structure of the bulk material in central regions, and the
Oxygen K-edge peak at ~537 €V is localized to edge regions
following functionalization and interaction with PEG. Away
from the edges, no appreciable O content is found.
Electrically conductive materials with reduced thermal
conductivity can be made so that phonons are confined and
scattered. Such thermoelectric paints should retain good
electrical conductivity without significant electron specific
heat. With 2D materials in a paintable format, it is not
known if a directional conductivity (regardless of fill fraction) is
likely, and if this effects results from the direction of paint
application for any A.R. This also applies to applications where
electronic conduction is necessary or needs to be well-defined.
While a conductive polymer that facilitates smooth, wettable
paint to a surface and ensures the highest overall composite
conductivity is useful, we chose to determine any influence on
conductivity from high-fill-fraction 2D nanosheet orientation of
applied paint A.R. using the PEG that helped maintain a stable
disperse colloid. The addition of PEG to the bulklike 2D
nanosheet dispersion in both NMP and CHP created a smooth
paintable film that uniformly coated various substrates, as
shown back in Figure 1 and also in Figure S3. The internal
structure of the paint from exfoliation in NMP shows layer
upon layer of nanosheets, some microns in length, stacked on
top of one another without epitaxial arrangement of layer-by-
layer order in the restacking—the microscopy examination
appeared to show a random orientation of flakes that did not
have a consistent flake size or shape. Preferential granular
texture analysis via X-ray diffraction also proved inconclusive in
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relating a specific crystallographic orientation to the painting
direction. The Bi,Te; paint after exfoliation and processing in
CHP shows larger clumps (Figure S6), consistent with Raman
evidence of more bulklike structure—we observe larger grains
and few grain boundaries throughout the paint. The sheared
and restacked NMP-exfoliated nanosheets after painting retain
their nanostructure. Upon mixing with PEG, intercalation of
PEG in a manner similar to organic molecules intercalated
within V,0O using primary alkanes or PEG, is not found.”>~’
Instead, the few-layer and 2D nanosheet crystals are
encapsulated by a thin layer of PEG in sectional TEM images
in Figure 1(f). We believe that nanosheet alignment along the
painting direction is facilitated mechanically, but sheet-on-sheet
assembly is a noncovalent contact of PEG-coated 2D and few
QL sheets in the assembly (separated by polymer) during the
painting process. The result is relatively uniform and avoids the
formation of nanosheet clumps separated by domains of
polymer. We propose this is feasible as the low-m.w. PEG
effectively coats the outer edges of the sheets rather than
forming a material-polymer mixture. In CHP, the clumps we
observed in Figure S6 are due to inefficient exfoliation of source
material after sonication. We suggest this process is feasible (see
below) as long as there is enough polymer to provide effective
separation of the nanosheets.

Inside the painted strips, microscopy examination shows the
granular morphology comprises irregularly sized grains of
exfoliated and restacked 2D and few-QL sheets, often
overlapping. HRTEM examination of manually exfoliated
paint material confirms crystalline 2D and few-QL stacks
throughout. Electrical transport measurements in Figure S(b)
show that the painted thin films are ohmically conductive, and
grain boundary-like intersheet contacts dominate over the free
carrier conductivity of a bulk Bi,Te; (~10° S cm™). The
conductivity of a painted thin film of PEG is just ~6 pS cm™".
The observation of a current through the 2D Bi,Te;—PEG
composite paint confirms the restacked Bi,Te; nanosheets are
interconnected and electrically bridge the conduction pathways
around the nonconductive host polymer coatings. The
conductivity of the nanosheet paint is ~0.2 uS cm™’, and the
value is low due to the density of grain boundaries in a
nominally low-conductivity material. In polycrystalline gra-
phene by comparison, better intergrain connectivity improves
in-plane conductivity by over an order of magnitude in a 2D
deposit,”” but high-volume-fraction composites are more
resistive when calendared onto a surface; flake orientation by
mechanical shearing during painting has not been examined.

This paint has a high 2D Bi,Te; “filler” content in a polymer
matrix that is the coating on the Bi,Te; between grains and
overlapping 2D nanosheets. As such, the conductivity of the 2D
Bi,Te; should be an upper bound; a reduction in 2D material
content (and increase in polymer content) would reduce the
conductivity significantly following known mixture rules for
percolating electronic conductivity in polymer—material
composites. "> We examined the effect of Bi,Te; nano-
sheet reduction (but at concentrations that retain a high
enough volume fraction to avoid strong percolating depend-
ence).

In dc I-V measurements in Figure 5, we consistently observe
an ohmic response from the 2D Bi,Te; paint at both
concentrations. The filling fractions of the high (4 kg dm™)
and low (1 kg dm™) Bi,Te; are far above what is considered to
be the coagulation threshold in extruded, melt, or similar
composites. Even for few QL Bi,Te; sheets of 1-3 nm in
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Figure S. (a) Plan-view SEM, cross-sectional SEM, and HRTEM images of the 2D Bi,Te, paint material. (b) I—V measurements showing the
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of length, (f) total area, and (g) aspect ratio for 2D Bi,Te; paints.

thickness, the contacts to other nanosheets are separated by the
PEG coating (the radius of gyration of the PEG400 is under 1
nm and can easily infiltrate the nanosheet matrix when
exfoliated in NMP). Figure S7 demonstrates that, at the high
concentration, paints exfoliated in CHP are lower in overall
conductance versus painted area compared to 2D nanosheet
paint exfoliated from NMP. In Figure S8, the conductance
values from Bi,Te; paints exfoliation in CHP are higher (typical
X2 more conductive) at lower (1 kg dm™) Bi,Te,
concentration. We observe little dependence of conductance
on AR at the lower concentration for similar paint thickness.
The clumpier paint from exfoliation in CHP reduced grain
boundary contacts from high-density 2D grain boundaries and
increased conductance overall, but the sensitive dependence on
painting direction and A.R. requires the higher (same as NMP)
concentration of Bi,Te;. We believe this effect is due to Bi,Te;
nanosheets in 2D of few QL form that undergo directional
shearing during painting,

In Figure 5(c), we show measurements of ohmic conduction
from a single painted strip (NMP exfoliation, 2D) at full length
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and at two point contacts of shorter distances. Current flow is
measured along the direction of painting, and the conductivity
increases with shorter nominal path length consistent with
Matthiessen-like resistivity along a transmission line. In Figure
5(d), the I-V data from a range of separate, individual paint
strips of various lengths are measured, and the data show that
shorter strips (all with the same width) are more conductive.
Note, EELS data confirmed that the PEG is not intercalated in
the van der Waals spacing between quintuple molecular thick
layers and resides on the outer edges, and as such is not
believed to be involved in any considerable host—guest charge
transfer interactions between the basal planes of Bi,Te; that
may fundamentally alter the conductivity of the Bi,Te;
nanosheets. Any charge trapping by the glass surface is a
background and maintained in the overall conductance analysis.
The use of a nonconducting polymer that was soluble in NMP
was chosen so that the effect of painting and 2D sheet shearing
and stacking on strips of various A.R.s could be examined.
Estimates of conductivity variation with the length of the 2D
nanosheet paint are shown in Figure S(e) for a series of
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Figure 6. Conductance measured from individual I—-V measurements on 2D Bi,Te; nanosheet paints exfoliated in CHP and PEG with a range of

AR’s from 1 cm X 1 to 5 cm X 0.5 cm with nominal Bi,Te; concentrations of (a) 4 kg dm™

and (b) 1 kg dm™. (c) ATR-FTIR spectrum of the

Bi,Te; paint after heating. Remnant low-intensity -CH,/-CH, vibrational modes (inset) are found, but the primary PEG signature is thermally

decomposed. The low-frequency vibrations are of Bi—Te.

individually painted strips of different widths, with exfoliation in
both NMP and CHP and also in CHP at the lower Bi,Te,
concentration. The conductance values for I-V curves follow a
clear reduction with longer paint strips (the best fit is a power
law), measured along the direction of paint application in all
cases. Conductance suppression is also consistent for all paint
strips as a function of the total area, when measured parallel to
the direction of painting (Figure 5(f)). When scaled as a
function of AR, the trend is similar to the painted length
dependence. A power law reduction on conductance

(6 ~ 0.002//[A.R. ] and 6 ~ 0.002/[A.R.] for CHP and

NMP exfoliation nanosheet paints, respectively) is character-
istically found for all similarly thick paint strips. The
measurements do confirm the effect of painting direction on
the dispersion of the 2D material on the surface. At low AR,
conductance is improved by a factor of 2—4X. For our
investigations of the highest conductivity, square (AR. = 1 or
those with lower A.R.), we discovered that the conductivity
both parallel and perpendicular to the painting direction is
similar. For an AR. = 1 (1.5 cm X 1.5 cm), the conductance is
similar in both directions (parallel and perpendicular to the
painting direction) for standard thickness and for thinner paint
strips; the latter exhibit lower conductance, shown in Figure S9.
This observation is consistent with length, area, and AR
dependence shown in Figure 5(e—g). At AR. < 1, the highest
conductance is perpendicular to the painting direction, yet the
highest of any A.R. paint strip is for shorter strips of similar
width.

Finally, we examined the stability of these paints as a function
of temperature. Bi,Te; has a low melting temperature close to
580 °C in bulk form and likely undergoes a melting point
suppression in 2D form, which has implications for thermo-
electric applications and the surface transport properties of
topological insulators. The thermogravimetric analysis in Figure
S10 confirms PEG decomposition without associated mass loss.
Thermal activation of conductance mechanisms (barrier
penetration to polaron hopping), and the stability of the
surrounding polymer that facilitates a paint, are also important
to examine.

Mo et al. also show that reducing the thickness of ultrathin
Bi,Te; films (to 8 nm, still thicker than 2D or few QL exfoliated
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films) invokes a dominant role of two-dimensional surface
conduction in this material.”® Those films were placed onto
substrates and exhibited a defined sheet—substrate interaction
that influenced conduction at the Bi,Te; contact surface and
did not contain polymeric surface coatings. Figure 6 shows the
temperature dependence of conductance for paints of all
lengths, widths, and AR’s examined in this work (NMP
exfoliation, 4 kg dm™ Bi,Te;). Notably, paints with high A.R.
and narrow (0.5 c¢cm) widths maintain relatively stable
conductance from room temperature to 200 °C, implying
limited thermal effect on the PEG coating and nanosheet
contact along the painting direction. As the A.R. was decreased,
the paint conductance reduced with higher temperatures. We
find a rather unique trend that square paint conductivity along
the painting direction is most affected (suppressed by a factor
of 3—6X) by higher temperatures up to 200 °C. The trend is
clearly dependent on length and aspect ratio at the same
nanosheet density and film thickness. Modifications to the PEG
coating (melting) would be expected to influence the overall
conductivity and nanosheet-to-nanosheet contacts, especially if
carbonized. The upper temperature prevents graphitization of
the polymeric carbon, yet no clear variation of conductance is
found for higher aspect ratios of narrow 2D nanosheet paints.

The direction of the applied paint possibly orients the
nanosheet stacks for suppressed conductance in the paint
direction. Since longer painted strips increase the overall net
resistance, it is ascribed to an increase in grain boundary
contacts sheared by unidirectional painting application.
Preferential orientation of 2D sheets of approximately similar
morphology in one particular direction is similar to an isospatial
distribution of filler material, where that material itself has an
AR. (e.g, tubes or fibers). At such high fill fractions used in our
paint, this observation was unexpected. 2D nanosheet paints
with greater overall area are more conductive if the painted
width (perpendicular to the path of the applied voltage) causes
an overall painted AR. < 1.

In a restacked layered assembly via mixing with a
nonconducting polymer, the electronic transport is efﬁaent
along the layers but limited in the perpendicular direction.®*
Grain boundaries also form intergrain contacts, increasing the
overall resistivity as a function of length. While polymer located
between the grains of restacked and few-layer 2D sheets
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aggregates and is also nonconductive, it must facilitate
intergrain contacts to maintain end-to-end conductivity though
the painted film—our results demonstrate that increasing the
conductivity of the painted 2D sheet composite requires a
wider (short along the paint direction) painted strip. Carrier
scattering and grain-boundary barriers are distributed through-
out the composite, separated by porous regions.*®

2D nanosheets of semiconductors mimic quantum wells with
a high potential barrier, and in the Bi,Te; paint, restacked
sheets in a nonconducting polymer composite matrix force a
percolating current through the layer, and through the polymer
connections between grains, the percolation threshold is likely
minimum at very high fill fractions such as our paint. Typically,
this threshold follows ¢ = o6,(V; — VP)", where V, is the
percolation threshold fill fraction and the exponent typically
ranges from 0.5 to 2 (for 3D transport) and o, approximates
the innate conductivity of the filler materials,” i.e. Bi,Te; in
bulk or nanoscale form. Our fill fractions are close to 100%;
PEG is the coating of the nanosheets and few-layer sheets
throughout, and the percolation threshold is ill-defined. Rather,
we propose the threshold discussed below is a function of a
tortuous current path through the 2D Bi,Te; sheet®” ™" grain
contacts along the minimum resistivity path. The presence of
PEG between the contact ends of encapsulated few-layer
nanosheet grains may also contribute to the internal resistance.

In porous conductive materials, pores that scatter charge
carriers can do so by a distribution of potential perturbations
and localized electric field enhancement, but the effect porous
scattering is less pronounced for pores interspersed in a
granular network. The total resistivity includes contributions
from the material, pores, impurities, nonconductive barriers
such as the PEG coating, and, of course, grain boundaries,
linearly summed according to pr = Py + Pimp + Ppore T Porain +
Ppoly + - In addition to the intrinsic conductivity of Bi,Te; in
2D or few QL form’' measured in experiments, the grain-
boundary and pore contributions to resistivity are controlled by
painting and by the density of 2D vs clumps of the material
throughout the painted film. Grain boundary contacts are
similar in all directions, comprising overlapping 2D and few QL
materials coated with PEG. Wide paint strips provide
conduction paths around pores that were shown to maximize
conductance especially in cases where the length is the smallest.
This supposes that short strips along the paint direction at a
given width (that is less than the length) are not the best way to
enhance conductivity in Bi;Te; 2D nanosheet paints of high-
volume fill fraction, and likely are the case for other 2D
materials that are not as conductive as graphene. Instead, to
increase conductivity along the short length direction, the 2D
nanosheet paint strip can be made wider for a constant
thickness.

This work proposes a facile method of Bi,Te; exfoliated to
2D or few QL dimensions in NMP and CHP solvents, with
direct coating by PEG, while maintaining a stable solution as an
ink. The 2D nanosheet suspension ink was shown to be a
conductive paint. This deposition method allows a 2D material
to be painted on a wide range of surfaces and substrates. The
solution-phase approach is scalable and versatile for application
to a range of substrate and device constructs as a paint, and the
polymer portion of the composite is minimal, added to solution
directly to coat the 2D materials. The possibility of adding
alternative conducting polymers and conductive additives and
the use of flexible substrates are presently being explored. Such
composite may form a more stable and conductive thermo-
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electric material coating of p-type and n-type analogs for use in
heat producing devices for energy harvesting applications.
However, the insights reported here confirm that the nature of
2D materials and efficacy of solvent exfoliation seem to
influence conductance in painted films in a particular way. Prior
to this, the effect of A.R. on a 2D nanosheet paint with polymer
added as a coating and the solvent exfoliation state was not
known, and it remains to be seen if this effect will be observable
in 2D composite of more conductive materials or with
conductive polymer additives. A fundamental dependence on
AR of 2D paints was uncovered using a nonconducting,
soluble binding polymer. There are likely some implications for
high-density 2D materials as filler or additives to polymers,
rubbers, and other composites, and painting direction,
thickness, width, and aspect ratio can influence conductance.
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