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High-Performance Solution-Processable Flexible SnSe
Nanosheet Films for Lower Grade Waste Heat Recovery
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Lower grade waste heat recovery near room temperature is limited due

to multiple technology challenges including low efficiency, high cost, and
scalability. Here, a low-cost and scalable solution process is reported

to fabricate a nanostructured SnSe thin film, and a high thermoelectric
performance near room temperature is demonstrated. This transport study
reveals strong phonon scattering near the interfaces between SnSe nanosheets
that introduces a large thermal boundary resistance and an ultralow thermal
conductivity of 0.09 W m~" K-1. Moreover, it is demonstrated that the SnSe thin
film can be readily implemented on flexible plastic substrates and preserve

the high thermoelectric performance over 1000 bending cycles. Together,

this study demonstrates a low-cost and scalable approach to achieve high-
performance flexible thin film energy harvesting devices to power electronics

emerging in literature,”! such efforts con-
tinue to be primarily limited in applica-
bility due to low efficiencies far below the
thermodynamic limit.

On the other hand, thermoelectrics,
a solid-state technology that directly
converts between heat and electricity
attracted decades of investigations and has
been matured for applications in radioiso-
tope thermoelectric generators and Peltier
coolers. The benefits of using thermoelec-
tric materials manifest in their reliability,
low-maintenance, and no moving parts,
but have thus far been limited from lower
grade waste heat recovery applications due

and sensors near room temperature.

The growing demand for energy continues to represent a
dichotomy in the struggle against increasing greenhouse gas
emissions. In this endeavor, research has shown that over
15 quadrillion Joules of this energy is lost as waste heat, and
among which, 80% of the waste heat is lower grade, i.e., below
400 K.[-81 Despite that various approaches including traditional
steam cycles, Kalina cycles, and organic Rankine cycles have
already been implemented in various industries for mid- to
high-grade waste heat recovery, resulting in millions of saved
dollars over long-term operation, such efforts are not yet eco-
nomical for lower grade waste heat.'™ In addition, most
current approaches are limited to recovering waste heat from
hot-water based systems,! while the opportunities and require-
ments for wide-spread recovery of lower grade waste heat can
be highly specific based on the industry of interest. Despite that
a variety of novel solutions rooted in nanotechnology have been
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primarily to their low energy efficiency.!'%
Recent efforts have focused on and suc-
ceeded in improving thermoelectric
energy efficiency and identifying new records of thermoelec-
tric materials. However, the peak performance and associated
temperature range of operation for most thermoelectric mate-
rials such as SiGe,"] PbTe,'? Clathrates, 'l skutterudites,'
CuSe,! and Cu,S are currently focused on high temperature
applications,['®l and retain limited efficiency at low tempera-
tures, below 400 K. The efficiency of these materials indeed
benefits with increased temperature, as defined through the
oS

thermoelectric material figure of merit, ZT = T, where o

K

is the electrical conductivity, S is the Seebeck coefficient, k is
the thermal conductivity, and T is the average absolute
temperature. The state of the art room temperature thermo-
electric materials remain to be alloys of expensive bismuth
telluride1-181 (Biy sSb, sTe; with ZT = 1.86 £ 0.15 at 320 K),
which continue to benefit from and improve in performance
with the development of new techniques to modify and
enhance the properties of the compound as needed, such as
through solid-solution alloying,['¥! porosity control,?% band
engineering,2!l topological states,?>?*] resonance states,?*l
and hierarchical micro- and nanostructuring.') While com-
mercialization of thermoelectric materials and devices in the
waste heat recovery market is expected to rapidly expand with
a material ZT around 2-3 (=10-15% Carnot efficiency) at room
temperature, these values have previously only been accessible
in lab-environments or at high temperatures.*1%25-71 New
materials and geometries have emerged that may rival these
compounds in terms of both cost and performance, including
tin selenide (SnSe) with a record high ZT of 2.6 at 923 K in the
Cmcem structural phase.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

MATERIALS

www.advelectronicmat.de

a b
Pressure Vessel
Y - — | Y —
¢ Na ] Heat to 453 K Cool to Ambient ‘
Q sSn \
o (. — —
) Se ™ 5 Hours 3 Hours %
32 iy |
>4 =
Solvation: Redox and Crystal Growth: Precipitation:
Nutrients: SnCl,-2H,0 + Se Sn2* + Se — Sn*4 + Se2 Sn?* + Se? — SnSe |
Solvents: H,0 + NaOH Sn2* + Se2 - SnSe
c S W—f
g n i 2 BB
g v JUTUTY
3 S
s
=
2
L =
= =)
& B

N
o
w
o

20 (degrees)

Figure 1. Chemical synthesis and structural characterization of tin selenide nanosheet stacks. a) Hydrothermal synthesis of tin selenide (SnSe)
nanosheets using the hydrothermal method. b) Scanning electron microscopy (SEM) of as-synthesized SnSe nanomaterials, verifying it's in the form
of nanosheets. The scale bar is 10 um. Inset, atomic force microscopy (AFM) image showing the thickness of single SnSe nanosheet of about 100 nm.
c) Powder X-ray diffraction (XRD) for SnSe with inset indicates its van der Waals crystal structure. d) Optical image of scaling up SnSe thin film, with
the scale bar of 5 mm. The packed bed structure of the SnSe film is obtained from the scalable solution process (bottom right) and its cross-section

is studied by SEM (top right with the scale bar of 50 um).

This record thermoelectric performance has excited the field
to try to understand its origin,”® and has led to a vast number
of investigations that document its synthesis, characteristics,
and applications.?-32l Moreover, SnSe has the highest reported
device ZT from 300 to 773 K at =1.34.3% Extensive efforts
have begun to explore ways to tune doping to modulate and
improve the performance of SnSe, including via the carrier
concentration,l?3334 and boundary scattering phenomena
(nanostructuring),®>3¢ that can lower the thermal conduc-
tivity and maintain sufficient electrical conductivity. Structural
control of SnSe has led to dramatic performance improvement
and record-high efficiency, however, exploration of this new
material for lower grade temperatures still lacks study.

Here, we report high-performance solution-processable
flexible SnSe nanosheet stacks in a packed bed structure for
lower grade waste heat recovery. The nanostructured SnSe
in the morphology of 2D sheets are prepared using a readily
scalable hydrothermal synthesis temperature difference
method. The significant improvement over its bulk form is
attributed to the largely reduced thermal conductivity due to
interface phonon scattering. Furthermore, to evaluate the func-
tional flexibility, SnSe samples are coated as a thin film on a
flexible polyethylene terephthalate substrate with a bending test
performed over 1000 cycles, showing highly stable performance
for flexible energy harvesting devices.

We synthesized SnSe to achieve the structural form of 2D
nanosheets using a surfactant-free hydrothermal synthesis
method. In this method, nutrients in a sealed, hydrothermal
autoclave reactor are dissolved in water-miscible solvents that
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are heated for reaction. As detailed in Figure 1a, SnCl, - 2H,0
and NaOH are successively dissolved via sonication in a 50 mL
beaker filled with deionized water (DI) water using 10 min
sonication increments. By placing the reaction mixture on a
preheated hot plate at 473 K for 5 h at 400 RPM, the high tem-
perature and pressure thermodynamic conditions create a slurry
of ions conducive for the reduction of the Se to Se? and oxida-
tion of some of Sn*? to Sn**, from which SnSe nanosheet crys-
tals can begin to nucleate and grow in a process as described
previously®>3”] (Figure 1a). Note that the growth condition is
designed to achieve a 2D surface morphology. Considering the
law of Bravais,?%3>3%-40] the morphology of the grown SnSe can
be controlled by carefully selecting precursors and their con-
centrations to avoid suppression of the {001} and {010} higher
surface energy planes in SnSe. In comparison, by utilizing a
reaction pathway incorporating oleylamine surfactant, the [100]
direction is only weakly suppressed to allow for growth of nano-
flowers,3% versus in this paper where the growth along the [100]
direction is strongly suppressed. Here, a 2D morphology of SnSe
enhances surface contact areas and provides strong interfacial
scattering events, from which a significant effect on the energy
transport properties is expected. In the final reaction steps, the
mixture is allowed to slowly return to ambient conditions under
continued stirring to ensure limited particle aggregation as the
newly synthesized particles precipitate out of the solution. The
products are washed and collected using a decanting and gravi-
tational sedimentation process that can capture the crystalline
SnSe nanosheets. Finally, the nanosheets are redispersed into
a suspension using DI water, sonication, and vortex mixing
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before drop casting solutions; further details on the reaction and
sample preparation are presented in the Supporting Informa-
tion. Single SnSe nanosheets are carefully characterized using
atomic force microscopy (AFM) (Figure 1b), showing a lateral
dimension of about 3 um and a thickness of about 150 nm.

Next, thin film of SnSe samples are prepared via drop casting
for further characterizations. The crystalline structure of SnSe
is determined by X-ray diffraction (XRD) shown in Figure 1c
and confirmed to be orthorhombic Pmna space group 62 phase,
whose crystal structure is illustrated in the inset of Figure 1c.
Note that the solution processing method allows scaling nano-
materials for macroscopic device applications. As demonstrated
in Figure 1d, a thin film of SnSe nanosheets was uniformly
deposited using drop casting onto a copper tape substrate over
an area of 1 cm?. A cross section scanning electron microscopy
(SEM) of the sample details the high density of this packed bed
structure, which is critical for thermoelectric transport.

To evaluate the potential for lower grade waste heat
harvesting, the thermoelectric properties of the SnSe thin
film in the cross-plane direction were measured near room
temperature. The temperature gradient versus voltage gra-
dient data are plotted in Figure 2a, indicating a p-type behavior
of the SnSe film. Seebeck coefficient are measured for
300-400 K shown in Figure 2b, with room temperature value
S = 1250 uV KL. As a control experiment, we also measured
bulk SnSe single crystal samples synthesized by chemical vapor

a
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deposition (see Supporting Information) and obtained a See-
beck coefficient of 809 uV K-!, consistent with literature.[?
Note that the measured near-room temperature Seebeck of
SnSe nanosheet films represents clear improvement over bulk
single crystal SnSe, which was attributed to a possible carrier
filtering effect from the high density of interfaces and low elec-
trical conductivity as previously reported in SnSe nanostruc-
tures.?” Next, standard electrical transport measurement is
performed across the SnSe nanosheet thin film. A linear -V
curve is measured in Figure 2c¢, indicating the Ohmic contact
and an electrical conductivity of =2.4 S cm™ at 300 K. Figure 2d
plots the temperature-dependent electrical conductivity, which
exhibits semiconductor transport behavior: the conductivity
decreases as temperature increases due to increased phonon
scattering, and is consistent with undoped bulk SnSe.?®! Note
that the measured electrical conductivity of our SnSe nanosheet
film is about 4.5 times lower than the single-crystal form.[2¢!
This reduced electrical conductivity is verified and expected as
a compromise from the boundary scattering of electrons at the
grain interfaces between the stacked nanosheets.

The thermal conductivity of SnSe thin film is measured
using the hot-wire method.*!l The hot-wire method is a
standard technique for measuring a wide range of mate-
rials.' =4 In this method, a platinum wire is embedded in the
SnSe powder, serving as both a line heat source and a tem-
perature sensor, as depicted schematically in Figure 3a. After

2500 F
2000 -
215005— I
> F § ¢t
P 1000 o
500 |-
0k 1 1 | | | 1
280 300 320 340 360 380 400
T (K)
3.0_—'
26F o
= - °
E - 5
o “F -
© C
1.5_—
105 I 1 1 l | I
280 300 320 340 360 380 400

T(K)

Figure 2. Seebeck and electrical characterization of the tin selenide thin film. a) Seebeck coefficient determination of tin selenide (SnSe) from 300
to 400 K, including nanosheets (NS, black) and bulk SnSe (gray) for comparison. b) Temperature-dependent Seebeck coefficient. c) Current-voltage

transport curve. d) Temperature-dependent electrical conductivity.
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Figure 3. Thermal transport measurement and modeling of the tin selenide thin film. a) Schematic for hot-wire measurement. b) Typical measurement
data and model fitting that determines the thermal conductivity. c) Temperature-dependent thermal conductivity, in comparison with bulk SnSe crystals.
d) Schematic illustrating thermal boundary resistance and reduced effective thermal conductivity due to strong phonon scattering at the interfaces of

SnSe nanosheets.

applying a constant current, uniform joule heating is generated
along the wire. Using an infinitely large boundary condition
and line heat source, the following heat conduction differential
equation can be solved!*]

T(r,t)zﬁ[ln(%)—y] (1)

where P is the Joule heating power, x thermal conductivity,
L length of the hot wire, o thermal diffusivity, ¢ time, r the
distance between wire center and interested point, and yhigher
order terms regarding ¢ and r, which can be neglected in our
experiment. Thus, the thermal conductivity of the sample can
be calculated from the slope of temperature rise versus the
logarithmic value of time

P

Ks——
47L-slope 2)

In our experiment, the temperature rise versus the
logarithmic value of time is plotted in Figure 3b, and the
temperature-dependent thermal conductivity is plotted in
Figure 3c. While the thermal conductivity of single crystals is
expected to decrease with an increase in temperature around
room temperature,*® the thermal conductivity of SnSe films
shows slight increase and indicates that the interface boundary
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thermal conductance dominates the phonon transport in
the nanostructures.**# Indeed, our experiment measures
a very low cross-plane thermal conductivity k¥ = 0.088 =*
0.004 W m~! K™! for piled SnSe nanosheets at room temperature
(Figure 3c), which is approximately seven times smaller than the
intrinsic bulk thermal conductivity of single crystal SnSe.[26:27]

We attribute such an ultralow thermal conductivity to the
thermally resistive interfaces between nanosheets. In the thin
film samples, individual SnSe nanosheets are piled together
and form multiple interfaces which are expected to dominate
the thermal resistance. To verify this expectation, a simplified
multilayer model is built to estimate the interface thermal
resistance R;. The total thermal resistance through the entire
material consists of two components: one is resistance due to
the interface, and the other is resistance due to the intrinsic
SnSe inside each individual nanosheet, i.e., the bulk crystal
resistance. For n layers of SnSe nanosheets with thickness at ¢
for each layer, then the total thermal resistance R, through the
whole material should be

Ry =n——=n—t—tnR, (3)
Kexp Kbulk

where K, and K, are the thermal conductivity of the bulk single-

crystal SnSe and the thermal conductivity of SnSe nanosheet

measured by our experiment, respectively. The thickness of our
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Figure 4. Thermoelectric performance of SnSe thin film on flexible substrate. a) Photography of the SnSe fhin film coated on a polyethylene terephthalate
substrate under mechanical bending. b) Room-temperature relative change of the Seebeck coefficient S, c) electrical resistance R, and d) thermal

conductivity k of the thin film in response to the cyclic bending.

SnSe nanosheet is estimated to be 100 nm for this calculation.
Based on Equation (3), the interface thermal resistance R; = 1.1 x
10° m? K WL In comparison, the bulk thermal resistance is
3.3 x 10”7 m? K W1, more than three times smaller than R;.

Hence, this large thermal boundary resistance dominates the
overall contribution to the thermal conductivity of SnSe thin
films. As illustrated in Figure 3d, the large thermal boundary
resistance in the system leads to a large temperature drop at the
interfaces and strong energy filter effects as expected. As a result
of the largely reduced thermal conductivity, the SnSe nanosheet
film provides high thermoelectric performance near 300 K. A high
room-temperature ZT exceeding 1.2 has only been observed pre-
viously in quantum confinement structures such atomically thin
Bi,Te;" and interface engineered bulk p-type Biy sSb, sTe; alloy.*”)

As a further step, we fabricated the SnSe film on a flexible sub-
strate and evaluated its promise as a building block for flexible
energy harvesting devices. In Figure 4a, the SnSe is deposited on
a polyethylene terephthalate substrate to demonstrate preserved
functional material properties after being subjected to cyclic
mechanical bending of the sample around a 4.5 mm radius of
curvature surface. The bending cycle dependent Seebeck coef-
ficient, electrical resistance, and thermal conductivity are plotted
respectively in Figure 4b—d. As a control in Figure 4c, and to refer-
ence the severity of the prescribed bending regime, an indium tin
oxide (ITO) film was subjected to the same bending configuration
and its cycle dependent electrical resistance is measured for com-
parison. The ITO film begins to degrade dramatically between 100
to 1000 bending cycles, resulting in a five times increase in resist-
ance. In contrast, the Seebeck coefficient, electrical resistance,
and thermal conductivity of our SnSe sample maintain stable
over 1000 bending cycles with a maximum fluctuation within 7%,
6%, and 5% respectively. The retention of the high-performance
thermoelectric performance after mechanical bending underscore
the promise of using SnSe nanostructures for powering flexible
electronics and sensors on curved heating surfaces.

In summary, we have reported a high-performance ther-
moelectric thin film fabricated from a low-cost and scalable
solution process for lower grade waste heat harvesting. The
resulting SnSe nanosheet stacks introduces strong interface
phonon scattering and exhibits an ultralow thermal conduc-
tivity of 0.09 W m™ K™ at room temperature, which are sig-
nificantly lower than values of other polycrystalline forms
reported in literature. Moreover, the SnSe thin film coated on
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plastic substrate shows a superior flexibility and stability for
integration with flexible electronics applications. The low-cost
and scalable fabrication routes, together with the demonstrated
high thermoelectric performance achieved in relatively earth-
abundant materials, represents an important step in harvesting
lower-grade waste heat and powering flexible electronic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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