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Constructing nanostructured composite architectures has been considered as an effective strategy to
reduce the lattice thermal conductivity (k) and enhance the dimensionless figure of merit (Z7) of
thermoelectric materials. Herein, a series of SnSe/reduced graphene oxide (rGO)-x (x = 0.1, 0.3, 0.5,
0.7 wt%) nanocomposites are controllably synthesised in situ via a facile single-step bottom-up solution
method, where rGO nanosheets are incorporated intimately into the SnSe matrix. Nanocompositing
performs two key functions: (i) significantly reducing the lattice thermal conductivity of the material,
which can be attributed to enhanced phonon scattering from high-density SnSe/rGO interfaces, and (ii)
improving the electrical conductivity over the low temperature range, as result of an increased carrier
concentration. The subsequent thermoelectric performance of SnSe/rGO sintered pellets has been
optimised by tuning the rGO mass fraction, with SnSe/rGO-0.3 achieving k. = 0.36 W m™' K™ at 773 K
(cutting the k of SnSe by 33%) to yield a maximum ZT of 0.91 at 823 K (representing a ~47% increase
compared to SnSe). This study provides a new pathway to improve the thermoelectric performance of
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Introduction

The manufacture of disruptive and sustainable energy conver-
sion and storage devices is an important technological response
to the global energy crisis. The rational design of new and
advanced materials underpins the development of such devices.
Thermoelectrics, capable of converting electrical to thermal
energy and vice versa, offer the prospect of sustainable power
generation from waste heat.' A material's thermoelectric
energy conversion efficiency is characterised by its dimension-
less figure of merit, ZT = S*¢T/k, where S, ¢, T and « represent
the Seebeck coefficient, electrical conductivity, absolute
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temperature and total thermal conductivity (the sum of the
electronic and lattice thermal conductivity), respectively.**
Consequently, an effective thermoelectric material should
exhibit a large Seebeck coefficient, superior electrical conduc-
tivity and low thermal conductivity. However, all these param-
eters are interdependent, leading to limited possibilities for
decoupling them.® To date, intensive efforts have been focused
on enhancing the power factor, S%a, via carrier concentration
optimisation,”® resonant doping® and band convergence," as
well as reducing « by nanostructuring”** and hierarchical
architecturing.™

Layered tin selenide (SnSe), with an almost unique combi-
nation of Earth-abundant, environmentally compatible
elements and outstanding thermoelectric properties, is
a standout candidate for mid/high-temperature applica-
tions.’**" Benefiting from its meagre thermal conductivity,
single-crystalline SnSe reached a record-high ZT of 2.6 along the
b axis at 923 K.'® Additionally, the Na-doping of SnSe single
crystals delivered a peak ZT of 2.0 (at 773 K) and an exceptional
device ZT of 1.34 across a wide temperature range (300-773 K),
principally as result of exceptional electronic properties.”
However, practical application of SnSe is likely to be restricted
by the poor mechanical properties of the single crystals. This
issue could only be addressed by polycrystalline SnSe if analo-
gous thermoelectric performance can be replicated.”

This journal is © The Royal Society of Chemistry 2020
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Compositional modification, such as Ag or alkali metal
doping®™* and creation of Sn vacancies,”®*” can improve the
electronic properties of polycrystalline SnSe and/or reduce its
thermal conductivity, but performance has not yet matched that
of single crystals.

An alternative approach could be to craft composite or
hybrid architectures in which (in)organic secondary structures
are integrated with SnSe at the nanoscale. The prospect of
“quenching” thermal conductivity at multiple phonon-
scattering interfaces and inducing low-energy carrier filtering
to raise $%¢,? is an attractive one and has been implemented in
Sb,Te;-Pt,> Bi,Te;-Ag*® and PbS-Ag composites.** Recently,
metal chalcogenide/low-dimensional carbon composite mate-
rials have demonstrated remarkable thermoelectric properties.
For example, Cu,Se/carbon nanotube (CNT) hybrid materials
were prepared by ball milling and sintering, and achieved an
exceptional ZT of 2.4 at 1000 K, that could again be attributed to
the drop in « inspired by the introduction of a high density of
interfaces.®® Graphene is hailed as a revolutionary material
given its excellent electrical conductivity, large specific surface
area, high mechanical strength and ease of functionalisation,*
making it ideal for energy storage devices, such as Li/Na-ion
batteries* and supercapacitors.®® Graphene (and the closely
related reduced graphene oxide (rGO)), has also had an imme-
diate impact on the properties of thermoelectrics when intro-
duced to make composites such as CoSb;/rGO,*®
Ceg gsFe;CoSb,,/rGO,*” PbTe/rGO,*® Cu,Se/graphene,* and
Cu,_,S/graphene* and when added to conducting polymers.****
The common effect is to reduce x and/or improve the electronic
properties. As such, it is anticipated that forming composites of
SnSe and graphene-based materials could be a potent approach
to enhance the thermoelectric properties of polycrystalline
SnSe. The original precedent for SnSe/rGO materials was in the
use of ball milled composites for electrochemical applica-
tions,* but such a processing approach would likely not be
appropriate in facilitating the level of interfacial control at the
nanoscale required for thermoelectric applications. In an
alternative approach, it was recently demonstrated that SnSe
could be incorporated into modified GO matrices, which has
profound effects on the thermal and electrical properties of
each component.*

In this study, we have focused on the role of reduced gra-
phene oxide and its role as an additive rather than as a matrix.
The purpose was to assemble nanoinclusions of rGO into well-
defined 2D nanosheets of SnSe and to investigate the micro-
structural effects on the interfacial chemistry and physics as
a function of composition systematically. GO possesses hydro-
philic functional groups on its surface,* allowing efficient
dispersion in water and facilitating the formation of homoge-
neous composites of SnSe and rGO (when reduced from GO). A
series of SnSe/rGO-x (x = 0.1, 0.3, 0.5, 0.7 wt%) nanocomposites
were synthesised in situ via a single-step, bottom-up solution
method. The processing approach is energy-efficient, scalable to
bulk (gram) quantities, uncomplicated and fast. Pellets were
spark plasma sintered from the nanocomposite powders and
demonstrate both enhanced electrical conductivity (over the low
temperature region) and significantly diminished lattice
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thermal conductivity compared to pellets of SnSe itself. It is
possible to optimise the thermoelectric properties by carefully
tuning the rGO mass fraction, and pellets of SnSe/rGO-0.3 hit
aminimum k;, value of 0.36 Wm ™" K" (773 K) and a maximum
ZT of 0.91 (823 K) which is almost 150% of the value obtained
for SnSe.

Experimental

Chemicals

SnCl,-2H,0 (Aladdin, 99.99%), Se powder (Aladdin, 99.99%),
NaOH (Aladdin, 97%), NaBH, (Alfa, 98%) and graphene oxide
(XFNANO, ~99%) were used as supplied.

Materials synthesis and consolidation

SnSe nanomaterials were synthesised and in situ combined with
various mass fractions (0.1, 0.3, 0.5, 0.7 wt%) of rGO in aqueous
solution to form SnSe/rGO nanocomposites. Initially, 100 mmol
NaOH, 10 mmol SnCl,-2H,0 and an appropriate amount of
NaBH, were dissolved in 40 ml ultrapure water within a three-
necked flask to obtain a transparent solution (NaBH, was uti-
lised in this case to (partially) reduce the graphene oxide that is
added in the next step). An ultrasonic homogenous dispersion
of graphene oxide (GO) in 10 ml of ultrapure water was added
dropwise to the above solution at room temperature while
stirring. The aqueous reaction mixture was heated to its boiling
temperature using an oil bath. Freshly prepared NaHSe(,q)
(50 ml; 0.2 mol 1™") was promptly added to the above boiling
solution, boiled for 2 h and cooled to room temperature under
Ar (Wangmiao, 99.999%). The products (ca. 1.75 g) were
collected by centrifuge, washed with ultrapure water and
ethanol several times, and dried at 60 °C under vacuum over-
night. For comparison, SnSe was prepared by a similar route
without the addition of GO. All the samples were stored in an Ar-
filled DELLIX glovebox (<0.1 ppm H,0/0,) to prevent possible
oxidation. SnSe/rGO-x (x = 0, 0.1, 0.3, 0.5, 0.7 wt%) powders
were compressed by spark plasma sintering (SPS-625) at 550 °C
for 5 min into cylindric pellets under vacuum and a uniaxial
pressure of ~40 MPa.

Materials characterisation

The phase composition and crystal structures of the
samples both in the form of powder and pellet were identified
by X-ray diffraction (XRD) using a PANalytical X'pert diffrac-
tometer (Cu Ko radiation). Diffraction data were collected
from 10 = 260/° = 80 with a step size of 0.026° for 10 min. The
chemical composition of the solution-synthesised SnSe nano-
plates was measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima 8000).
The morphology of the samples was characterised by scanning
electron microscopy (SEM, Thermo Fisher Scientific Quattro S
and JEOL JSM-7800F microscopes, operated at 5 kV). The
structural and compositional characteristics were investigated
by transmission electron microscopy (TEM, Thermo Fisher
Scientific Talos F200S G2, operated at 200 kV). Thin specimens
for TEM were prepared from bulk pellets by ion milling (LEICA
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EM RES102). Raman spectra were recorded using a HORIBA
LabRAM HR Evolution spectrometer with 532 nm laser at room
temperature. The oxidation states of Sn, Se and C were analysed
by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher
Scientific ESCALAB250Xi equipped with monochromatic Al Ko
X-ray radiation). The C 1s peak (284.8 eV) was used as the
reference to calibrate the binding energies of the other
elements’ core level spectra. Fourier transform infrared (FTIR)
spectra were collected on a Thermo Fisher Scientific Nicolet
iS50 spectrophotometer (with a resolution of 4 cm™') at room
temperature.

Thermoelectric performance evaluation

Due to the anisotropic thermoelectric properties of SnSe, the
electrical and thermal properties of all the pellets were both
measured along the same direction, i.e. perpendicular to the
pressing direction. The electrical conductivity (¢) and Seebeck
coefficient (S) were evaluated using a ULVAC ZEM-3 instrument
under He within a temperature range of 300-823 K. The thermal
conductivity (k) was calculated through « = DCp,p, where D, C,
and p represents the thermal diffusivity, heat capacity and
density, respectively. The D values of the composite samples
were measured using a Netzsch LFA 457 instrument under Ar
from 300-823 K. The value of C}, was taken from that reported
for SnSe,'® assuming that the small mass fractions of rGO in the
samples would have a negligible effect on the heat capacity. The
electronic component of the thermal conductivity, ., was
calculated based on the Wiedemann-Franz law (see ref. 46 for
details), and the lattice thermal conductivity, «;, was then esti-
mated from k;, = k — k.. The density of the SnSe/rGO-x
composites was calculated from the respective masses and
volumes of the pellets in each case. Finally, the dimensionless
figure of merit, ZT, of the composites was calculated through ZT
= S%0T/x. Hall measurements were performed to determine the
charge carrier density and mobility (Quantum Design DynaCool
9 Physical Property Measurement System, PPMS).

Results and discussion

Fig. 1 shows the XRD patterns for the SnSe/rGO-x (x =0, 0.1, 0.3,
0.5, 0.7 wt%) composites as synthesised through the in situ
solution method. All the diffraction peaks in each sample
pattern can be indexed to orthorhombic SnSe (space group
Pnma, JCPDS No. 48-1224). Scrutiny of the diffraction patterns
reveals no indication of GO or rGO, which is perhaps not
unexpected given the low additive content in the synthesised
composites. To strengthen this assertion, an SnSe sample with
3 wt% of rGO (“SnSe/rGO-3”) was synthesised by the same
method, and its XRD pattern (Fig. S17) reveals a diffraction peak
at ~23.6° 20 that corresponds to (002) plane of rGO,*” demon-
strating the existence of crystalline rGO and the successful
reduction of GO as part of the synthetic process.

To confirm the existence of rGO in the composite and
understand the degree to which GO was reduced during the
in situ synthesis, Raman spectra of SnSe, GO and SnSe/rGO-0.3
composite were collected (Fig. 2). The three characteristic peaks
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Fig.1 XRD patterns for the as-synthesised SnSe/rGO-x (x =0, 0.1, 0.3,
0.5, 0.7 wt%) samples.

at around 71.8, 154.5 and 180.1 cm™ " in the spectrum of SnSe
correspond to the A, phonon modes, which originate from the
planar vibrations of SnSe in the b direction.”®* The peak at
~108.7 cm ™' can be assigned to the B;, phonon mode that is
derived from the rigid shear modes of SnSe in the ¢ directions.*®
Such peaks are also observed in the spectrum of SnSe/rGO-0.3,
although there is a small but discernible red shift, indicating
the possible interaction between SnSe and rGO in the
composite. The characteristic carbon D (~1350 ecm™ ') and G
bands (~1585 cm™ ') appear in the spectrum of SnSe/rGO-0.3,
which are related to the vibrations of sp>-type carbon atoms
(typical of disordered, activated carbon) and the sp*-like carbon
atoms typically found in graphitic layers, respectively.*”® It is of
interest to note that the intensity ratio of D to G bands increases
from 1.56 for GO to 1.67 for SnSe/rGO-0.3, indicating the
removal of oxygen-containing function groups (i.e. the reduc-
tion of GO) and decrease in the average size of the sp> domains
after GO reduction.*”** In addition, the distinct peaks at
~2700 cm™ ' and ~2900 cm " refer to 2D and D + G modes in
carbon-based materials, respectively.® Further evidence of GO
reduction could be gleaned from a comparison between the
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Fig. 2 Raman spectra of SnSe, GO and SnSe/rGO-0.3 composite.
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FTIR spectra of GO and SnSe/rGO-0.3 (Fig. S21). These spectra
indicate that the C=0 and C-O vibrations diminish consider-
ably in the composite as compared to GO itself.

XPS analysis was performed to investigate the chemical
composition of the SnSe/rGO-0.3 surface and to make
a comparison with the surface of GO (Fig. 3). The survey
scan spectra (Fig. 3a) reveals the presence of Sn, Se, C and O in
the composite as compared to C and O only in GO. The C 1s
spectrum of GO (Fig. 3b) can be resolved into four peaks at
binding energies of 284.8, 286.7, 287.1 and 288.6 eV, assigned to
C-C/C=C, C-O0, C=0 and O-C=O0 bonds, respectively.*
These same peaks can be observed in the C 1s spectrum of
SnSe/rGO-0.3 at 284.8, 285.9, 287.1 and 289.0 eV, respectively.
The strong relative intensity of the C-C/C=C bond peak in the
spectrum of the composite contrasts to that of GO, indicating
a high degree of GO reduction in the SnSe/rGO-0.3 material.* In
addition, a peak at ~282.8 eV is also resolved. Previously, such
a feature has been attributed to C-Sn bonding in SnSe,/rGO
composites,® but it is unclear at present as to how such
a bonding scheme can be easily rationalised in SnSe/rGO-0.3.
The Sn 3d core level (Fig. 3c) can be fitted to two peaks at
~485.9 eV and ~494.3 eV that are assigned to Sn 3d;/, and Sn
3ds,, respectively, suggesting the divalent nature of the Sn
ion.* The peaks with slightly higher binding energy of
~487.2 eV and ~495.7 eV correspond to Sn*', which can be
ascribed to surface SnO, given the easily oxidizable nature of
SnSe® and the inevitable contact with air during sample
loading. The Se 3d peak (Fig. 3d) can be resolved into two sets of
Se 3ds,, and Se 3d;/, peaks. The binding energy of one set of Se
3ds), and Se 3dj, is centred at 53.9 and 54.8 eV, respectively,
suggesting the Se*~ valence state.” The peaks at higher binding
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Fig. 3 XPS spectra of GO and SnSe/rGO-0.3 composite: (a) survey
scan, (b-d) high-resolution scans for C 1s, Sn 3d and Se 3d,
respectively.
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energy of 54.6 eV for Se 3ds,, and 55.6 eV for Se 3d;,, indicate
that the surface Se>~ was slightly oxidised, considering the Se
3ds, of Se® has a much higher binding energy of ~55.6 eV.*
A typical SEM image of the SnSe/rGO-0.3 nanocomposite is
presented in Fig. 4a, revealing that fine, thin and wrinkled
sheets are embedded within clusters of nanoplates. TEM
images (Fig. 4b-d and S3t) show that thin sheets are entwined
around the particles (confirmed as SnSe as follows) and are
themselves relatively transparent. HRTEM images (for example,
Fig. 4e) exhibit a series of lattice fringes with a spacing of 3.0 A
for the nanoplates which corresponds to the {011} planes of
SnSe,* and a lattice spacing of 3.4 A for the sheets that is in
accordance with the {002} planes of rGO.* SnSe nanoplates are
“bound” within the rGO sheets. Fig. 4f gives the high angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) image and the corresponding elemental maps
of C, Sn and Se. These demonstrate the high homogeneity of the

SnSe \

Ry '.d(011)=3.0 A/

Fig. 4 Electron microscopy characterisation of the SnSe/rGO-0.3
nanocomposite: (a) SEM and (b) TEM images revealing the general
morphology, (c and d) higher-magnification TEM images of specific
regions marked by a blue square (labelled c) and a red square (labelled
d), respectively in (b), (e) HRTEM image showing the lattice fringes of
SnSe and rGO, (f) HAADF-STEM image of the region in (b) and the
corresponding elemental maps of C (cyan), Sn (green) and Se (red).
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samples, the uniform distribution of Sn and Se within indi-
vidual SnSe nanostructures, existence of C within thin rGO
nanosheets and the co-existence of SnSe and rGO throughout
the composite. Additionally, based on HRTEM images of rGO
nanosheets aligned parallel to the incident beam direction, the
thickness of rGO is estimated to be approximately 3-5 nm.

The as-synthesised SnSe/rGO-x (x = 0, 0.1, 0.3, 0.5, 0.7 wWt%)
powders were pressed into pellets via SPS in order to evaluate
their thermoelectric performance. Fig. 5 shows the XRD
patterns for the sintered pellets collected along both the parallel
and perpendicular to the pressing directions. The diffraction
peaks can be indexed exclusively to orthorhombic SnSe (JCPDS
No. 48-1224). In addition, the intensities of the (400) peaks are
much enhanced in the XRD pattern collected perpendicular to
the pressing direction (Fig. 5b), suggesting that strong preferred
{h00} orientation occurs in the SnSe pellets.***

Fig. 6 and S47 show cross-sectional SEM images for SnSe/
rGO-x (x = 0, 0.1, 0.3, 0.5, 0.7 wt%) pellets taken perpendicular
and parallel to the pressing direction. The microstructures of
the pellets are composed of microplates, indicating that
solution-synthesised SnSe nanostructures grew further during
the high-temperature SPS process. The images illustrate the
alignment of the microplates parallel to the pellet surface
(Fig. 6¢, d and S4d-ft), as manifested in the preferred orienta-
tion in XRD patterns (Fig. 5b). Additionally, SEM also reveals
that the nanostructure of the rGO was incredibly well preserved
in a series of sintered SnSe/rGO-x pellets (e.g. x = 0.3, 0.5,
0.7 wt%; insets in Fig. 6d, S4e and ff). The rGO sheets are
embedded at various locations among the densely packed SnSe
microplates within these composite pellets.

Fig. 7a is a TEM image of a SnSe/rGO-0.3 thinned sample
that was prepared from its pellet by ion milling, which unam-
biguously establishes the two contrasting morphologies of each
component; SnSe and rGO. EDS mapping analysis (Fig. 7b) of
the region shown in Fig. 7a confirms the co-existence of SnSe
plates and rGO nanosheets, as well as providing evidence of the
uniform distribution of Sn and Se within the individual SnSe
plates (see also Fig. S51). High magnification TEM images
(Fig. 7c, collected from the red inset region in Fig. 7a) further
demonstrate the close contact between SnSe plates and the
crumpled, almost transparent rGO nanosheets in the composite
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Fig. 5 XRD patterns of SnSe/rGO-x (x = 0, 0.1, 0.3, 0.5, 0.7 wt%)
sintered pellets measured (a) parallel and (b) perpendicular to the
pressing direction.
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Fig. 6 Cross-sectional SEM images collected from fractured pellets (a
and b) perpendicular and (c and d) parallel to the pressing direction for
the sintered SnSe/rGO-x pellets: (a and ¢) x = 0 wt%, (b and d)
x = 0.3 wt%. The inset in (d) is a magnified SEM image of part of the
SnSe/rGO-0.3 pellet.

pellet. An HRTEM image (Fig. 7d, collected from the white inset
region in Fig. 7¢) reveals the unchanged crystal structure of SnSe
after sintering. The SnSe/rGO interfaces in the composite
pellets are expected to significantly enhance phonon scattering,

d@i0y=4.2 A
d@o0)=5:7 A;

Fig. 7 TEM characterisation of the SnSe/rGO-0.3 pellet: (a) a TEM
image of the thinned sample showing the co-existence of SnSe plates
and rGO sheets, (b) HAADF-STEM image of the region in (a) and its
corresponding element maps of C (cyan), Sn (yellow) and Se (red), (c)
a TEM image of region marked by a red square in (a), (d) an HRTEM
image of the region marked by a white square in (c).

This journal is © The Royal Society of Chemistry 2020
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thus providing a route to reduce the lattice thermal conductivity
(as compared to pristine SnSe pellet). This premise was subse-
quently tested by property
measurements.

Thermoelectric transport properties were measured perpen-
dicular to the pressing direction, as shown in Fig. 8. Fig. 8a
presents the electrical conductivity (o) as a function of temper-
ature for SnSe/rGO-x (x = 0, 0.1, 0.3, 0.5, 0.7 wt%) pellets. For
each of the samples, ¢ initially increases with increasing
temperature (up to a temperature of 473-573 K, depending on
the mass fraction of rGO), exhibiting semiconducting behaviour.
The electrical conductivity then gradually decreases with rising

electrical and thermal

temperature, such that the samples behave more like metals,
until a threshold of ca. 723 K is reached. Above this temperature,
the electrical conductivity once again increases, consistent with
the thermal activation of the carriers.*® Such variations in ¢ with
temperature have been commonly observed in polycrystalline
SnSe.?5¢5%60 All the composite pellets (x > 0) exhibit higher
values of ¢ than that of SnSe over the lower temperature range,
while at higher temperature (e.g. 773-823 K), the values of ¢
show less compositional dependence. Interestingly, in the lower
temperature region (300-473 K) ¢ increases monotonically with
rGO content, for x = 0.1-0.5, at any given temperature. This
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Fig. 8 Temperature-dependant thermoelectric properties of SnSe/
rGO-x (x =0, 0.1, 0.3, 0.5, 0.7 wt%) pellets measured perpendicular to
the pressing direction: (a) electrical conductivity, (b) Seebeck coeffi-

cient, (c) power factor, (d) total thermal conductivity, (e) lattice thermal
conductivity, and (f) the figure of merit, ZT.
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increase in ¢ can be attributed to the increased carrier concen-
tration (ny) as evidenced from room temperature Hall
measurement (Table 1). As has been observed previously, rGO
demonstrates p-type conducting behaviour®® and has been
postulated to  provide charge carriers to  p-type
thermoelectric materials, such as CoSbs,*® Biy 5Sb, sTe; (ref. 62)
and Ce, gsFe;CoSb,,,*” leading to enhanced electrical conduc-
tivity in these materials. Addition of rGO may play a similar role
in our composites, thus leading to enhanced carrier concentra-
tion and electrical conductivity at room temperature. When the
rGO mass fraction reaches 0.7 wt%, the room temperature
carrier mobility is significantly decreased as compared to SnSe
and its composites with lower rGO mass fractions, leading to
a decrease in electrical conductivity. This may well be due to
enhanced carrier scattering at SnSe/rGO interfaces, which has
also been reported in PbTe/rGO,*® Bi, sSb, sTes/expanded gra-
phene®* and Ce, gsFe;CoSb,,/rGO*” composites.

The temperature dependence of the Seebeck coefficient (S)
for all the samples is displayed in Fig. 8b. The positive value of S
demonstrates p-type transport behaviour for all compositions
and its magnitude first rises with temperature up to 673-723 K
and then diminishes (due to bipolar effects) with increasing
temperature. Combining the moderate values of S with the
relatively high values of ¢ over the lower temperature range
leads to accentuated power factors for the SnSe/rGO composites
(Fig. 8c). However, by 823 K the difference between any of the
composites and SnSe is not so striking and all the power factor
values lie between 0.4 and 0.6 mW m ™' K2

More extraordinary is the significant reduction in thermal
conductivity shown by the nanocomposites. Fig. 8d and e depict
the variation in total thermal conductivity (ki) and lattice
thermal conductivity (k) with temperature for all the samples,
which first declines to a minimum value at ca. 773 K and then
increases with temperature (up to the measurement limit of 823
K). This behaviour can be ascribed to a change in the thermal
conductivity at the Pnma-Cmcm structural phase transition'® as
well as the bipolar effect.** In terms of the significance of the rGO
content, as x increases from 0 through 0.1 to 0.3 wt%, i,
dramatically decreases over the whole temperature range.
Specifically, the minimum «, reached at 773 Kis 0.36 Wm™ " K *
for the SnSe/rGO-0.3 pellet, which is reduced by 1/3 compared to
SnSe. The depression in «y, suggests that a higher density of
SnSe/rGO interfaces are responsible for heightened phonon
scattering over and above the phonon scattering from the grain
boundaries of SnSe itself.***® As x increases further to 0.5 and

Table 1 Electrical conductivity (), Hall carrier concentration (ny) and
carrier mobility (uy) at room temperature of the SnSe/rGO-x (x = O,
0.1, 0.3, 0.5, 0.7 wt%) pellets

SnSe/rGO-x a ny M

pellets [Sm™] [10™ em™?] [em®> V™t s
x=0 208 0.39 3.36

x=0.1 1005 2.34 2.68

x=0.3 1182 2.88 2.56

x=0.5 1405 3.17 2.76

x=0.7 656 3.05 1.34
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0.7 wt% however, k., and «p begin to increase again across
the whole temperature range. This behaviour is suggestive
that once the rGO concentration reaches a critical value
(close to x = 0.3 wt%), then the thermal conductivity of the rGO
component itself becomes more dominant. Graphene, and to
a lesser but still significant extent rGO, possess high thermal
conductivity and previous reports also reveal that a high
concentration of rGO inclusion increases the thermal conduc-
tivity of composite thermoelectrics with the Yb,Co,Sb;,/rGO and
ZnO/rGO systems as notable examples.®*** Our research rein-
forces the notion that there is a subtle interplay between inter-
facial and bulk effects in the rGO component in inorganic/rGO
nanocomposites and only at sufficiently low rGO concentration
does the interfacial phonon scattering prevail in reducing ;..

The variability in the dimensionless figure of merit, ZT, as
a function of temperature is depicted in Fig. 8f. As compared to
SnSe, improved ZT values are obtained in the SnSe/rGO-x
(x = 0.1, 0.3, 0.5 wt%) composites over the whole temperature
range, whereas the SnSe/rGO-0.7 exhibits ZT values that are
lower than SnSe at all but the lowest measurement tempera-
tures < 500 K. A peak ZT value of 0.91 is obtained at 823 K in the
SnSe/rGO-0.3 composite, representing almost 150% of the
figure obtained from unmodified SnSe. This ZT is superior to
many un-doped polycrystalline SnSe prepared by other
approaches, such as solvothermal synthesis (e.g. ~0.6 (ref. 51)
and ~0.8 (ref. 59) at 773 K) and comparable with SnSe prepared
via zone melting (0.92 at 873 K).** Additionally, this ZT also
compares favourably to that of SnSe/carbon black composites
(ca. 0.77 at 823 K),* and is similar to the maximum value for Na-
doped SnSe/CNT composites fabricated by cryogenic grinding
and SPS.” Considering that the power factors of our samples
are still below the optimal values (see ref. 68 for an example), we
expect that by combining doping strategies with texture control
in optimised SnSe/rGO composites, it should be possible to
improve ZT values by a considerable margin.

Conclusions

In summary, we have employed a facile and scalable single-step
solution-based approach for the bottom-up synthesis of SnSe/
rGO nanocomposites in situ. Detailed characterisation demon-
strates that rGO nanosheets are intimately embedded among
a matrix of SnSe nanoplates. The synthesis approach facilitates
the control of the rGO concentration in the nanocomposites
and introduction of as little as 0.3 wt% rGO results in a signifi-
cant decrease in the lattice thermal conductivity with the
minimum value of 0.36 W m™' K" at 773 K, representing
a ~33% reduction compared to SnSe. This is attributed to
a myriad of SnSe/rGO interfaces and SnSe grain boundaries
which can effectively scatter phonons. The electrical conduc-
tivity over lower temperatures benefits from an increased carrier
concentration such that the ZT for SnSe/rGO-0.3 peaks at 0.91
(~47% higher than equivalent SnSe samples). This research
provides a new perspective in polycrystalline SnSe materials
design. This blueprint should be readily extendable to the
synthesis of other metal chalcogenide/rGO nanocomposites
with similarly tuneable electronic and thermal properties.
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