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Tin selenide graphene nanocomposites (SnSe/GNPs) were fabricated with high-energy ball milling and hot
pressing by varying the milling time of graphene. The effect of ball milling time on the graphene integrity
and the dispersion homogeneity was investigated and the consequential variation in electrical properties of
SnSe/GNPs were analyzed. The evolution of graphene sheets during milling as well as the crystal structure
of SnSe/GNPs nanocomposites were systematically studied by X-ray diffraction, Raman analysis, scanning
electron microscopy, and transmission electron microscopy. It has been proven that graphene was able to

?ﬁ?ﬁ:ﬁectric materials keep its crystallinity at short milling times, but it exhibits agglomeration and poor dispersion within the
Milling time matrix. However, long milling time has a significant effect on increasing the disorders on graphene
Tin selenide, Graphene structure while it provides well dispersion of graphene. The calculated power factor increases with the
Composites addition of graphene and with increasing graphene milling time. The increased power factor is attributed to

Power factor the homogeneous distribution of graphene, which results in a significant increase in electrical conductivity.
At 773 K, the lowest power factor value was reported for the 1-min graphene-milled sample, whereas a 40%
enhancement was reported for the 2-h graphene-milled sample. Across a wide temperature range
(298-720 K), the 12-h graphene-milled sample shows the best performance owing to the simultaneous
increase of electrical conductivity and Seebeck coefficient. These findings indicate the positive effect of
milling time on the distribution of graphene, which in turn enables graphene to form a continuous net for
carriers to move. This study could provide a greater understanding of the control factors of the mechanical
milling process for preparing SnSe/GNPs nanocomposites in order to take full advantage of graphene’s
extraordinary properties by improving its distribution within the tin-selenide- based composite.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction properties under easily controlled production conditions, it could be

a feasible alternative candidate. However, compared with its single-

Thermoelectric materials are attracting significant research in-
terest as they offer a viable route to generate power from the mas-
sive amount of wasted heat resources such as in the automobile
manufacturing industry and intensive industrial operations. Among
several thermoelectric materials, layered single-crystal tin selenide
(SnSe) has gained significant interest as a promising material for
mid- to high-temperature thermoelectric applications [1]. However,
SnSe in its single-crystal form is not suitable for practical applica-
tions because of the high cost of production, weak cleaving prop-
erties, and highly anisotropic thermoelectric properties [2,3].
Therefore, as polycrystalline SnSe exhibits better mechanical
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crystal form, polycrystalline SnSe samples possess higher thermal
conductivity and lower carrier mobility [4,5]. Therefore, much at-
tention has been paid to the optimization of polycrystalline SnSe to
improve its thermoelectric performance [6-9]. Among several ap-
proaches that have been investigated, compositing by incorporating
external additive material into the SnSe matrix is considered to be a
promising strategy [10-13]. The role of the additive materials in
enhancing the thermoelectric performance of the thermoelectric
composite is threefold. First, the additive material can improve
electrical conductivity by increasing the carrier concentration and/or
the carrier mobility. Second, it can improve the Seebeck coefficient
by introducing interfaces with the matrix where low-energy charge
carriers can be filtered. Third, the additive materials produce high-
density interfaces with the matrix that suppress the thermal con-
ductivity via phonon scattering. For example, Li et al. [11] reported a
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ZT of 1.26 at 886 K for SnSe/1.5 vol% PbTe composite due to the in-
crease in the power factor (PF) and reduction of the thermal con-
ductivity. The increase in PF was attributed to the enhanced
electrical conductivity by increasing the carrier concentration. An-
other study [12] reported an approximately 69% increase in PF owing
to the enhancement of electrical conductivity when 2.5 vol% of
carbon black nanoinclusions were embedded into the SnSe matrix.
Juetal. [10] found that the introduction of 1 wt% of SiC into the SnSe
matrix enhanced the ZT value. The embedded SiC nanoinclusions
produced numerous interfaces within the matrix that acted as
phonon-scattering centers, thus reducing thermal conductivity. In
addition, these nanoinclusions served as filtering centers where
high-energy carriers only could pass through, thereby leading to an
increase in the Seebeck coefficient.

Graphene, a two-dimensional (2D) material with a high specific
area, is a promising additive material in the field of thermoelectrics
due to its extraordinary electrical, thermal, and mechanical proper-
ties [14,15]. In the last few years, graphene has been incorporated
into several thermoelectric systems [3,15-25]. However, researchers
encountered several challenges that reduced the effectiveness of
graphene in improving thermoelectric properties. For instance, the
agglomeration of graphene during processing caused poor disper-
sion and weak interface bonding, limiting its functionality in im-
proving the composites' thermoelectric properties [15,19-21,26,27].
It was found that a large 2D surface area, along with the flexible
characteristics of graphene, led to significant difficulty in achieving
uniform distribution within the matrix. Tang et al. [28] found that
carrier mobility decreased with increasing graphene content in the
CuygS matrix as a result of the poor dispersion and agglomeration of
graphene. Similarly, Feng et al. [21] observed better thermoelectric
performance of the CoSbs-graphene composites prepared by the in-
situ solvothermal process than that prepared by grinding. Even
though the same amount of graphene was used in both techniques,
the authors attributed this decrease in the performance of the
samples prepared by grinding to the agglomeration of graphene into
thick flakes.

Ball milling has been widely used to successfully prepare com-
posites with good graphene dispersion [27,29]| The shear forces from
the milling process and ball collisions help to exfoliate the graphene
sheets and prevent their agglomeration. Despite evidence that ball
milling would enhance the distribution of graphene, there is a lack of
information in the literature about the effects of these shear forces
and the severe plastic deformation during milling on the structural
integrity of graphene in thermoelectric materials. The high shear
forces with longer milling times might increase fragmentation,
plastic deformation, defects, and disordering in graphene, which in
turn could influence the overall PF values. Therefore, the present
study synthesized and examined the nanostructure of several SnSe/
graphene nanocomposites produced by ball milling and hot-pressing
techniques. In particular, this study focuses on the influence of
milling time on the graphene structure in the SnSe matrix and its
corresponding effect on PF values.

2. Experimental

Nominal compositions of SnSe and SnSe/0.5 wt% GNP samples
were prepared from elemental powders of Sn (Alfa Aesar, 99.995%
purity, and -325 mesh), Se (Alfa Aesar, 99.999% purity, ~100 mesh),
and GNPs (Sigma-Aldrich). The powders were loaded and sealed in a
stainless steel vial under an ultra-high-purity argon atmosphere
(02 <0.5 ppm) with a ball-to-powder ratio of 10:1 and milled for a
total of 12 h. The milling process was carried out in a SPEX 8000
high-energy mill at room temperature. To investigate the effect of
milling on the structural integrity of GNP, the 0.5 wt% GNPs were
added to different batches of the SnSe at various milling time in-
tervals (at the beginning of ball milling, 12 h; at the last 2 h; at the
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Table 1
The notation of the prepared samples according to the graphene addition time during
milling.

Sample notation GNPs addition time

GNP-12 h At the beginning of milling (12 h)
GNP-2 h At the last 2 h

GNP-1 h At the last 1 h

GNP-10 m At the last 10 min

GNP-1 m At the last 1 min

Pristine SnSe -

last 1 h; at the last 10 min; and at the last 1 min). Table 1 shows the
milling conditions of these samples and the corresponding sample
notation that is used throughout this study. Consolidation of the
milled powders was carried out using hot pressing under an ultra-
high-purity argon atmosphere. The hot compaction was performed
at 773 K for 10 min under a uniaxial applied pressure of 1 GPa. The
consolidated samples were in the form of discs measuring 12.7 mm
diameter and 3 mm thickness.

X-ray diffraction (XRD) was performed on the processed samples
using an Empyrean diffractometer (Malvern Panalytica, Ltd.,
Malvern, United Kingdom) with CuK;, (A = 0.1542 nm) radiation. The
XRD analyses were carried out at 45 kV, 40 mA, and 25 °C with a
scanning range from 20° to 70°, a step size of 0.013°, and a scan rate
of 0.044° s™'. The morphology and the structural characteristics of
the milled powders were investigated using a scanning electron
microscope (SEM; Nano Nova 450; FEI Company, Hillsboro, Oregon,
USA). Two transmission electron microscope (TEM) devices were
used to investigate the microstructure and the element distribution
in the processed samples (TECANI G2 field emission gun TEM; FEI
Company). The samples were prepared by dispersing a small amount
of the powder sample and sonicating it in isopropyl alcohol in an
ultra sonicator bath for 10-20 min. Then, using a micropipette, 10 pL
of the dispersed solution was taken and drop-casted onto the carbon
film copper grid of 300 mesh. When the mesh dried, it was taken to
the microscope for imaging. The other device is the field emission
gun TALOS (FEI Company, Hillsboro, Oregon, USA), which was
equipped with a high-angle annular dark-field (HAADF) detector and
an energy-dispersive X-ray detector (FEI Company) and operated at
200 kV. Esprit software from Bruker (Billerica, Massachusetts, USA)
was used to obtain qualitative element analyses. The cross-sectional
TEM lamella was prepared using the Versa 3D DualBeam focused ion
beam SEM (FEI Company). The thickness of the TEM lamellas was
between 25 and 75 nm. A DXR Raman imaging microscope (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) with a laser wave-
length of 532 nm was used to examine the structural integrity of the
GNPs in the milled samples at different time intervals.

For the PF measurements, the Seebeck coefficient and the elec-
trical conductivity of the consolidated samples were measured si-
multaneously using the SBA 458 Nemesis (NETZSCH-Gerdtebau
GmbH, Selb, Germany). These measurements were performed on the
samples from room temperature to 773 K under an ultra-high-purity
argon atmosphere. The measurements were repeated at least three
times for each sample. The Hall coefficient (Ry) experiments were
carried out using a calibrated Model 8404 Hall effect measurement
system (Lake Shore Cryotronics, Inc., Westerville, Ohio, USA) at room
temperature under air using a Differential Scanning Calorimetry
(DSC) magnetic field of 1 Tesla. The uncertainty for the experimental
determination of the power factor is about 5-11% for all samples.

3. Results and discussion

The XRD patterns for the pristine SnSe, as-received GNP and the
SnSe composites in which the GNPs were added at different milling
times are shown in Fig. 1. The XRD peaks of all the as- milled sam-
ples were indexed to the orthorhombic SnSe phase with space group
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Fig. 1. XRD for the pristine SnSe, the as-received GNP, and the SnSe/GNPs composites
at different graphene milling times. The (002) plane peak of the as-received GNP with
the matched (002) plane peak in the GNP-1 m sample is circled.

Pmna (JCPDS card number 48-1224). No extra peaks for a second
phase or contamination from the milling process were detected. The
broadening of the peaks indicates the refinement of the grain size.
This was analyzed by estimating the grain size using XRD data and
the Warren- Averbach method [30].

Bia A Buw
=Z +25
tan’?6 D\ tan8sin@ (&)

(1)

where Bpis the width of the peak at half-maximum intensity, 1 is
the wavelength of the x-ray beam, ¢ is the peak position, D is the
average grain size, and ¢ is the lattice strain. Fitting pni?/tan?¢ vs.
Bnw/(tand sing) gave a linear regression fit of at least 0.7 for all
measurements.

The calculated average grain size values for SnSe, GNP-1 m, GNP-
10m, GNP-1h, GNP-2h, and GNP-12h were 10nm, 9nm, 11 nm,
9nm, 11 nm, and 10 nm, respectively. TEM investigations were per-
formed in order to confirm the grain size values obtained from the
XRD analysis. Fig. 2 shows the dark-field, bright field image of the
GNP-2h sample and its corresponding selected area electron dif-
fraction (SAED) pattern along with the statistical distribution of grain
size. As presented, the average grain size is 14 nm, which confirms the
reliability of XRD calculations. It is worth mentioning that the sig-
nature (002) peak of graphene was only shown in the XRD of the SnSe
composite with GNP added at the last minute of milling (see Fig. 1).
The appearance of the graphene (002) peak only in this composite
sample could be attributed to the agglomeration of GNP at the short
milling time (1 min). These results are in good agreement with the
results obtained after milling the BigsSbys- 0.08%Gr composite [31].
However, the absence of graphene (002) peak in other composite
samples may either attributed to the loss of graphene crystallinity
with milling time [32] or to the low concentration of the distributed
graphene that could not be detected by XRD [16].

To assess the structural evolution and integrity of graphene with
increasing milling time, Raman analysis was conducted for the SnSe/
GNPs composites. These Raman spectra were compared with that of
the as-received GNPs (see Fig. 3). The spectra of all the samples
exhibit the two typical G and 2D fingerprint peaks of crystalline
carbon material. The G peak is the primary Raman active mode that
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is associated with the vibration of sp? bonded carbon atoms. It ap-
pears at around 1580 cm™'. The 2D peak is another characteristic
peak of the graphene structure. It appears at around 2700 cm™". The
spectra also exhibit the two peaks of the defected carbon materials:
the D peak, which is associated with the disorders in the lattice
structure and appears at around 1350 cm™!, and the D’ peaks, which
represent the finite graphite crystals and graphene edges, and they
appear at around 1620 cm™' [2,20,33-36] Table 2 illustrates the
range of the Raman shift values of the as-received graphene as well
as the powder composite samples and both the Ip/Ig and Irp/Ig ra-
tios. As revealed from the spectra of the as-received graphene, the D,
G, and 2D peaks are narrow with high intensities. However, the 2D
peak is much lower than the G peak, indicating that our starting
graphene nanoplatelets have multiple layers [37,38] It is worth
mentioning that the GNP-1 m sample does not show any Raman
peaks, even though we ran the test several times. However, the
presence of graphene in this sample is confirmed by XRD. The ab-
sence of the corresponding peaks in Raman spectroscopy could be
attributed to the agglomeration of graphene in this sample. After
increasing the milling time from 10 min up to 12 h, it is obvious that
the 2D peak is significantly weakened and broadened. The G peak
was broadening as well due to the presence of the D’ peak. The D
band gradually became the most prominent peak in the Raman
spectra. This finding indicates that graphene crystallinity has been
partially lost and there is a partial conversion of sp? carbon atoms to
sp? hybridization by the induced disorders and defects due to mil-
ling [35,38,39]. The broadening of the D’ peak with increasing mil-
ling time shows the presence of extra graphene edges, which could
represent extra fragmentations of the graphene sheets. As a con-
sequence, the Ip/Ig ratio increases gradually with milling time from
0.26 for the as-received GNP to 0.362, 0.690, 0.945, and 1.441 for
GNP-10, GNP-1 h, GNP-2 h, and GNP-12 h, respectively (see Table 2
and Fig. 3). These results show that a short milling time allows
graphene to preserve its crystallinity the most. A long milling time
led to fragmentation, defects, and disordering of the graphene’s
structure. Moreover, compared with the as-received GNPs, the in-
tensity ratio of the Ip/lg first decreases from 0.552 to 0.5 after
milling for 10 min, suggesting the existence of multiple graphene
layers [40]. Then, the ratio increases to 0.61 and 0.65 with longer
milling times (1 h and 2 h, respectively), suggesting that graphene
exfoliates only a few layers [27,39]. After 12 h of milling, the Iyp/Ig
ratio decreases to 0.27. Owing to the flexible nature of graphene and
the weak Vander Waals forces between its layers, graphene under-
goes severe plastic deformation and exhibits folding, bending,
wrapping, and crumbling when exposed to high impact forces after
12 h of milling. This could lead to extra bending and folding of the
graphene sheets in an effort to minimize the surface area and the
dangling bonds that are created during milling. These extra folding
of the graphene sheets could indicate a higher number of stacked
graphene layers by Raman analysis, which results in the observed
reduction in the I p/Ig ratio. These findings are in agreement with
the previously reported Raman analysis for the effect of milling on
the graphene structure [29,41-43] However, the presence of all the
characteristic peaks with significant intensities after up to 12 h of
milling indicates that graphene is able to partially maintain its
graphitic structure [44].

To further confirm the graphene integrity and its distribution in
the SnSe/GNPs composite samples with milling time, SEM-EDS
analysis has been performed. Fig. 4 shows the SEM-EDS images of
the as-milled SnSe, GNP-1m, and GNP-10 m composites. Fig. 4B
shows the GNP-1m sample in which graphene sheets were not
identified except with small sheets at certain areas. This finding is in
agreement with the XRD data and confirms the poor distribution of
graphene within the sample. Fig. 4C shows GNP-10m, in which
large graphene sheets are observed in different areas, indicating that
the graphene was able to maintain its structure during this short
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Fig. 2. (A) Dark-field image of the as-milled GNP-2 h sample, (B) Bright-field image of the as-milled GNP-2 h sample, (C) SAED pattern of the GNP-2 h sample, and (D) grain size
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Fig. 3. Raman spectra of as-received graphene and as-milled SnSe/GNPs composites
at different milling times.

Table 2
Raman data for as-received GNPs and graphene powder SnSe-GNPs composites milled
at different times.

Sample Raman Shift (cm™) Intensity Ratio

D G 2D In/lg Lp/le
GNP-12h 1348.9 1585.2 2685.4 1.441 0.27
GNP-2h 1350 1580 2690 0.945 0.65
GNP-1h 1342.2 1572.7 2685.4 0.690 0.61
GNP-10 m 13413 1570.8 2690.2 0.362 0.50
As-received GNPs 1346 1577.5 2706 0.260 0.522

milling time. This result agrees with the Raman data (Fig. 3). How-
ever, graphene sheets do not exhibit homogeneous distribution
within the matrix, which may not support the continuous flow of
carriers within the sample.

The Seebeck coefficient measurements for the pristine SnSe and
SnSe/GNPs composite samples show monotonic behavior with po-
sitive values in the entire temperature range, indicating that SnSe
and the composites are p-type and that holes are the majority car-
riers (see Fig. 5A). The behavior of the Seebeck coefficient with
temperature for all samples is nonmonotonic. However, the Seebeck
coefficient has a maximum value at a certain temperature
(557-650K) except for the pristine SnSe and GNP-12h samples,
which have maximum values at 300K and 450K, respectively. At
temperatures higher than 650 K, the value of the Seebeck coefficient
decreases, which could be attributed to the simultaneous excitation
of minority carriers [17,45] and the high kinetic energy gained by the
carriers. In turn, high kinetic energy enables the carriers to overcome
the induced potential barriers at the interfaces [16,46], thus reducing
the value of the Seebeck coefficient. From room temperature up to
700K, only the GNP-12 h sample shows a higher Seebeck coefficient
than the pristine sample. This finding could indicate that the in-
creased graphene fragmentation with milling time produces extra
interfaces between graphene and the matrix. These created inter-
faces could build potential barriers and act as scattering sites for the
low-energy carriers [46-49].

The temperature dependence of electrical conductivity (c) is
shown in Fig. 5B. As can be seen, a gradual increase of ¢ with in-
creasing the temperature is observed for all samples indicating
semiconductor behavior for SnSe/GNPs composites [3,50]. It is
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Fig. 4. SEM-EDS images of the as-milled powder of (A) pristine SnSe, (B) GNP-1 m sample, and (C) GNP-10 m sample.

noteworthy that the electrical conductivity of the SnSe/GNPs com-
posite increases upon the introduction of conductive graphene na-
noplatelets [3,15-17,19,45,50,51]. With increasing milling time,
electrical conductivity increases gradually from 20 S/cm for the GNP-
1 m sample to 34 S/cm for the GNP-2 h sample, and then it decreases
slightly to 28 S/cm for the GNP-12 h sample at 773 K. As all SnSe/
GNPs composite samples are prepared under similar preparation
conditions and are embedded with the same graphene content
(0.5 wt%), the only factor that affects the electrical conductivity is
the structural integrity and distribution of graphene, which is varied
with different milling times.

To further understand the electronic behavior of the pristine
SnSe and SnSe/GNPs composite samples, Hall-effect measurements
were performed. The carrier concentration (n) and carrier mobility
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(n) were calculated from the formula n=1/(eRy) and p = oRy, where e
and o are the electron charge and the electrical conductivity, re-
spectively, and Ry is the Hall coefficient. The measured values are
presented in Fig. 5D. The carrier concentration for the SnSe/GNPs
composites with different milling times decreases compared with
the pristine SnSe sample by several orders of magnitude. The higher
carrier concentration of the GNP-10 m sample than that of the GNP-
1m sample could be related to the enhanced distribution of gra-
phene in the GNP-10 m sample. The gradual reduction of carrier
concentration with milling time could be attributed to the ag-
gregation of graphene and the increased scattering of low-energy
carriers at the boundaries and interfaces [16]. In contrast, carrier
mobility increases with the addition of graphene and shows an in-
creasing trend with the milling time by two to five orders of
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Fig. 6. A bright-field TEM image of the GNP-1 m sample with its corresponding SAED from two distinguished areas: (i) an area several layers thick and (ii) an area with a thickness

of just a few layers. The GNP sheets appear to be agglomerated.

magnitude. The reduction in mobility for the GNP-10 m sample is
accompanied by an increase in the carrier concentration, as shown in
Fig. 5D.

The overall PF is calculated for all samples and presented in
Fig. 5C. The PF values increase exponentially with increasing the
temperature. All the SnSe composite samples showed higher PF
values than that of pristine SnSe. However, among all samples, the
maximum PF was 3.19 x 10~4 wm~'k=2 for the GNP-2 h sample at
773 K because it demonstrated the highest electrical conductivity of
all the samples. However, the GNP-12 h sample exhibits the highest
PF value in a wider temperature range (from room temperature up to
720K) with a maximum PF value of 2.96 x 10~4 wm~'k—2 at 773 K.
These PF values for both the GNP-2h and GNP-12 h samples are
higher than the values reported for the SnSe/GNPs composite (2.3
x 1074 wm~'k=2), which is prepared by grinding with a similar
amount (0.5 wt%) of graphene [3]. Because the increase in PF is a
tradeoff between the homogeneous distribution of graphene and the
preserved graphene integrity, it could be beneficial to have a partial
deformed graphene structure for the sake of homogeneous dis-
tribution and to have extra interfaces in order to achieve good
electrical transport properties.

In general, there is an inverse relationship between the Seebeck
coefficient and electrical conductivity as both parameters interact
inversely through carrier concentration. Interestingly, the GNP-12 h
sample exhibits a higher Seebeck coefficient accompanied by higher
electrical conductivity than the other SnSe/GNPs composites. This
sample did not follow the trend of an inverse relationship between
the Seebeck coefficient and the electrical conductivity in the tem-
perature range of 298-700 K. This finding can be plausibly explained
by the two equations that relate the Seebeck coefficient and elec-
trical conductivity to the carrier concentration. The inverse re-
lationship between the carrier concentration and the Seebeck
coefficient is described by [52]:

_ 82k} T (i)z/s
3eh? 3n

(2)

where e is the charge of the carrier, kg is the Boltzmann constant, h is
Plank’s constant, and m* is the effective mass of the charge carrier. In

contrast, the direct relationship between the electrical conductivity
and both carrier concentration and carrier mobility is depicted in the
following equation [52]:

o =enu (3)

As can be seen from Eq. (2), the maximum Seebeck coefficient is
obtained when the carrier concentration is the lowest. Therefore, the
high Seebeck coefficient for the GNP-12 h sample could be explained
by the low carrier concentration (see Fig. 5D) that emerged after
filtering the low-energy carriers at the SnSe-GNPs interfaces
[15,18,28,31]. Eq. (3) explains the increase in electrical conductivity
by increasing the carrier mobility that compensates for the reduc-
tion in carrier concentration and contributes significantly to the rise
of the electrical conductivity for the GNP-12 h sample. It can be
concluded that the enhanced distribution of graphene in the SnSe
matrix plays a significant role in decoupling the relationship be-
tween the Seebeck coefficient and the electrical conductivity by
decreasing the carrier concentration and increasing carrier mobility.
Similarly, Jagadish et al. [52] reported a simultaneous increase in the
electrical conductivity and Seebeck coefficient by incorporating
graphene flakes into recycled carbon fiber (RCF)-Bi,S3 composite.
The addition of graphene decreases the carrier concentration
and introduces interfaces where low-energy carriers were filtered.
As a consequence, both Seebeck coefficient and carrier mobility
were enhanced and the calculated power factor increases from
0.094 pwm~'k-2 to 1.53 uwm'k-2,

TEM analysis was performed to shed light on the relationship
between carrier concentration and carrier mobility and the con-
sequence of electrical behavior enhancement in GNP-2 h and GNP-
12 h samples compared with the GNP-1 m sample. Fig. 6 shows a
bright-field image of the GNP-1m sample along with the SAED
patterns from two selected areas. The agglomeration of GNP was
obvious in the examined samples, which confirms the findings
from XRD, Raman spectroscopy, and SEM (see Figs. 1, 3, 4). How-
ever, the SAED pattern of the two selected areas exhibits multiple
close spots that form an almost full ring and is attributed to the
highly crystalline structure of multiple layers of randomly stacked
graphene [53-55] Although graphene maintained its structure and
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Fig. 7. (A) High-resolution TEM images from the GNP-2 h sample showing different graphene structures: (i) a specified region that represents the amorphous carbon, (ii) a
specified region showing the bent area of a morphed graphene structure with d-spacing of 0.354 nm, (iii) a specified area with a hexagonal pattern representing graphene with
graphene. (B) A high-resolution TEM image for the GNP-12 h sample with (i) a magnified image of the selected area with d-spacing of 0.301 nm corresponding to (011) planes in
the nanostructured SnSe. It represents the coherent and continuous interface between SnSe and graphene, (ii) a magnified area representing an amorphous structure of graphene

embedded in the sample beside SnSe with its corresponding FFT.

crystallinity during short milling times, 1 min of milling time was
not enough to exfoliate graphene and distribute it homogeneously
in the matrix. As a result, the sample demonstrates low electrical
properties and extra scattering of carriers, hence reducing carrier
concentration and carrier mobility (see Fig. 5B and D) [15,48]. In
contrast, several high-degree deformations in the graphene struc-
ture have been observed in the GNP-2 h and GNP-12 h samples.
Fig. 7 shows high-resolution TEM images of the GNP-2h and

GNP-12 h samples with the corresponding Fast Fourier Transform
(FFT) images from selected areas. In Fig. 7A, it can be seen that
multiple structures of graphene exist within the sample, including
(i) amorphous carbon; (ii) a deformed bent area with interplanar
(d) spacing distance of 0.354 nm, representing morphed graphene
structure; and (iii) graphene represented by a hexagonal pattern
[56]. Morphed graphene is produced by mechanical milling [57].
The formation mechanism of the morphed graphene is suggested to
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Fig. 8. (A) HAADF elemental map data image of the GNP-2 h sample showing the elemental distribution of Sn, Se, and graphene, where graphene is homogeneously distributed
with a certain aggregation along the grain boundaries. (B) High-resolution TEM image of the GNP-2 h sample representing the presence of graphene at the grain boundaries
between two tin selenide grains with three selected magnified areas, (i) a SnSe layered structure with d spacing of 0.29 representing (400) planes, (ii) SnSe planes with d spacing
of 0.214 nm representing (411) planes, and (iii) an area between the two grains showing a deformed graphene structure settling at the grain boundaries.

nucleate out of a bent area, as shown in Fig. 7. The specific structure
is formed as a result of the transformation of sp? carbon nature
bonding into sp3, which increases up to the maximum limit
and then decreases due to excessive damage and breakage in the
crystal [56,58]|. Further deformation of graphene structure is de-
tected in the GNP-12 h sample. Fig. 7B represents a high-resolution
TEM image of the GNP-12 h. Two distinguished phases of the SnSe
with a d-spacing of 0.301nm correspond to the (011) atomic
plane and the graphene with a highly deformed structure. The
presence of several deformed graphene structures in the GNP-2 h
and GNP-12 h samples is in agreement with the Raman data and
confirms the role of milling time in producing an excessive amount
of disorders in graphene. This could explain the decrease in carrier
concentration with milling time, which was lowest in the GNP-12 h
sample.

In contrast, the deformation of graphene structures with
milling time is accompanied by a high degree of distribution
homogeneity. Fig. 8A shows HAADF elemental mapping of the
GNP-2 h sample. It can be seen that graphene is dispersed homo-
geneously within the matrix with an obvious aggregation along the
grain boundaries. Fig. 8B shows a high-resolution TEM image of the
GNP-2 h sample, in which graphene appears to be located at the
grain boundaries and fills the gap between two distinguished
grains of tin selenide. Similar homogeneous distribution with extra
fracturing and less aggregation appeared in the HAADF image of
the GNP-12 h sample as presented in Fig. 9. The enhanced dis-
tribution of graphene in this sample results in increased interfaces,
which could explain the obtained maximum Seebeck coefficient
(see Fig. 5). The high-resolution TEM images in Figs. 8 and 9 show
that the interfaces between the SnSe and graphene in look coherent
and continuous, which could facilitate carrier movement between
the graphene and SnSe phases and enhance the electrical proper-
ties (Fig. 5). The homogeneous distribution of graphene, its pre-
ferred dispersion location along the grain boundaries, and the
formation of coherent interfaces with the matrix are all factors that
could enhance carrier mobility by providing a path for carrier
transport and preventing high-energy carriers from being trapped
at the grain boundaries [17,19] thereby enhancing the carrier
mobility.

4. Conclusion

Tin selenide matrix composites embedded with graphene nano-
platelets were successfully prepared via the mechanical milling
method combined with hot pressing. Graphene was added to the
matrix at different ball milling times. The short milling time was not
enough to exfoliate and disperse graphene in the matrix, which re-
sulted in an agglomeration of graphene and lower electrical transport
properties. According to Raman spectroscopy, SEM images, and TEM
analysis, milling had a significant effect in deforming the graphene
sheets and introducing many defects into their structure. However, a
long milling time of up to 12 h effectively dispersed the graphene
homogeneously into a SnSe matrix, which provided a bath for carriers
to transport. This process enhanced the electrical conductivity by
increasing carrier mobility and producing interfaces within the matrix
that could filter the low-energy carriers, thus enhancing the Seebeck
coefficient. A maximum PF was achieved when graphene was added
at the last 2h of milling at (773 K), whereas the Gr-12h sample
showed the best PF in a wider temperature range (from room tem-
perature up to 720K). These results demonstrate that mechanical
milling is a good preparation method for SnSe/GNPs composite,
and increasing the milling time of graphene enhanced the electrical
conductivity and the Seebeck coefficient.
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Fig. 9. HAADF image of the GNP-12 h sample with energy-dispersive X-ray spectroscopy mapping analysis of graphene, Sn, and Se showing the uniform distribution of graphene

in the sample.
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