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a b s t r a c t

The thermal stability of polycrystalline tin selenide (SnSe) is essential for its long-term

applications. In this study, the thermo-mechanical stability of hot compacted poly-

crystalline SnSe and SnSe/graphene nanocomposite is evaluated. All samples were pre-

pared using a combination of mechanical alloying and hot compaction under an argon

atmosphere. A severe bloating behavior was observed in the pristine SnSe hot compacted

disks after post densification annealing. Consequently, these disks exhibited volume

expansion and a drop in density, resulting in the formation of pores and cracks within the

sample, which significantly degraded the electrical performance with consecutive thermal

cyclings. Interestingly, the bloating behavior was reduced upon the incorporation of gra-

phene within the SnSe matrix. However, this reduction was limited to samples with a

homogeneous distribution of graphene. Dilatometer measurements showed that the as-

compacted SnSe/graphene nanoplatelets (GNPs) sample in which graphene was milled

for 4 h exhibited less hysteresis than the pristine SnSe sample. Accordingly, the electrical

performance of the SnSe/GNP samples was more stable than the pristine SnSe after

consecutive thermal cycles. The obtained results indicate that homogeneously distributed

graphene plays a significant role in improving the thermal stability of the SnSe-based

nanocomposite.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Thermoelectric materials have attracted significant interest

owing to their capability to convert heat to electricity. These
.com, malsalama@hbku.e

d by Elsevier B.V. This
materials provide an alternative sustainable energy resource

by effectively collecting and utilizing waste heat as a major

fuel for supplying power. Although research on thermoelec-

tric materials has mainly focused on characterizing and

enhancing their thermoelectric performance, it is equally
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Table 1 e Uncertainties values in the measured
properties of SnSe based material.

Sample Uncertainty value Reference

Zn-doped SnSe 12% in ZT [30]

Ag-doped SnSe 20% in ZT [36]

Ge-doped SnSe 18% in ZT [37]

K-doped SnSe 15e20% in ZT and density [5]

Table 3 e Raman spectroscopy data for as-received GNPs
and SnSe/GNPs composites with different milling times.

Sample Raman
Shift (cm�1)

Intensity
Ratio

D G 2D ID/IG I2D/IG

GNP-4h 1343.2 1577.5 2676.7 1.169 0.44

GNP-2h 1350 1580 2690 0.945 0.65

GNP-1h 1342.2 1572.7 2685.4 0.690 0.61

GNP-10m 1341.3 1570.8 2690.2 0.362 0.50

GNP-1m 1338.382 1568.834 2671.917 0.303 0.51

As-received

GNPs

1346 1577.5 2706 0.260 0.522
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important to evaluate their reliability. Owing to the nature of

their application, thermoelectric materials are continually

subjected to consecutive heating and cooling cycles over a

wide range of temperatures. This may result in high me-

chanical internal stresses, which affect their mechanical sta-

bility [1]. Therefore, in addition to high thermoelectric

performance and high energy conversion efficiency, thermo-

electric materials with excellent mechanical stability, low

thermal degradation, and low coefficient of thermal expan-

sion [2,3] are essential for their successful applications in

power generation devices with longer lifetimes.

In addition to the direct effect of material synthesis tech-

niques on the overall thermoelectric performance of the

thermoelectric materials, it has been found that thermo-

mechanical properties are also affected by the synthesis

method. Powder processing techniques, such as milling, effi-

ciently produce nanosized grain materials, which can signifi-

cantly enhance the thermoelectric performance [4]. However,

fine powders cause specific problems during their processing.

The powder synthesized through mechanical milling gener-

ally has a high surface area and high chemical reactivity due

to the highly refined grains; therefore, they accumulate energy

and can easily absorb oxygen and other impurities [5]. More-

over, powder particles exhibit a large intra-space between the

particles that could trap gases during the consolidation pro-

cess [6e9]. When high pressures are applied during compac-

tion, the entrapped gas is compressed in the pores, and the

closed pores shrink until the pressure of the entrapped gas

becomes equal to the applied pressure [6,10]. Upon thermal

annealing in the absence of applied pressure, the pressure of

the entrapped gas (whether caused by the external trapped

gas from the compaction atmosphere, the decomposition of

the oxide, or the material itself) increases. Further, if the

pressure is sufficient to plastically deform the material, it

causes swelling, which is sometimes referred to as “foaming”

or “bloating.” This bloating leads to the formation of pores and
Table 2 e Notation of prepared samples based on
graphene milling time.

Disk Sample Code Sample description

GNP-1m SnSe/GNP nanocomposite,

graphene milled for 1 minute.

GNP-10m SnSe/GNP nanocomposite,

graphene milled for 10 minutes.

GNP-1h SnSe/GNP nanocomposite,

graphene milled for 1 hour.

GNP-2h SnSe/GNP nanocomposite,

graphene milled for 2 hours.

GNP-4h SnSe/GNP nanocomposite,

graphene milled for 4 hours.
cracks, a drop in density, and hysteresis in thermal expansion

[6e8]. The dimensional instability associated with bloating

may lead to severe stresses. Therefore,measuring the thermal

expansion could help identify the bloating behavior of the

thermoelectric materials [6].

Bloating behavior of thermoelectric materials has been

reported in the literature. Witting et al. [11] reported a much

higher density drop of 8% in pellets produced from ball-

milled bismuth telluride (Bi0.5Sb1.5Te3) when annealed at

300 �C for 24 h compared to a density drop of 1% in powders

produced by hand grinding using an agate mortar and pestle.

The observed density drop was attributed mainly to the

volume expansion. The mechanism through which ball

milling induces swelling is not clearly understood. However,

one possibility could be the trapped argon gas within the

powder particles during themilling process. Similar behavior

has been observed in PbTe based materials in different

studies [4,12]. Schmitz et al. [12] reported a substantial den-

sity reduction and volume expansion of lead telluride (PbTe)

after thermal cycling, which reduced the thermal conduc-

tivity. Ni et al. [4],in another study, reported a degradation in

thermoelectric properties of PbTe-based material upon

annealing because of trapped oxygen on the as-milled par-

ticle surfaces during sintering. It is worth mentioning that

the expansion of the trapped gas is a common process of

solid-state foaming by annealing the compact, made through

the hot isostatic pressing of powder in an overpressure of

argon [9]. Furthermore, bloating can be produced as a result

of material sublimation or decomposition during annealing.

Samuel et al. [13] reported foaming of nanocrystalline bis-

muth telluride (Bi2Te3) upon heating as a result of phase

decomposition to a certain extent to form a Te-rich equilib-

rium compound. The evaporation of Te generated pressure

that led to the evolution of pores.

Porosity in thermoelectric materials is undesirable since it

is generally deleterious to thermoelectric performance

[4,9,12]. Pores typically scatter the electrons more than the

phonons; hence, the porosity can significantly affect the

thermoelectric performance [9,14]. Lee et al. [15] reported a

significant reduction in both the electrical and thermal con-

ductivities and an enhancement of the Seebeck coefficient

with increasing porosity in silicon-germanium (SiGe) alloys.

However, the Seebeck coefficient's enhancement was not

sufficiently large to compensate for the reduction in electrical

conductivity; hence, the overall ZT value was degraded. In

addition, porous solids are lessmechanically robust than fully
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Fig. 1 e a XRD for the pristine SnSe, the as-received GNP, and the SnSe/GNPs composites at different graphenemilling times.

The marked (002) plane peak in the GNP-1m sample is well matched with (002) plane peak of GNP, b) XRD for the compacted

pristine SnSe, and the SnSe/GNPs composites at different graphene milling times.
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dense solids, which leads to the formation of cracks and

eventually to device failure [9].

Grapheneda two-dimensional (2D) materialdhas been

widely used as a nanofiller in thermoelectric systems for the
Fig. 2 e Optical microscopic images before and after polishing, o

10m, g,h) GNP-1, i,j) GNP-2h, and, k,l) GNP-4h, showing bubbles

images.
enhancement of thermoelectric properties. Beyond of its role

on enhancing thermoelectric properties, graphene can also

contribute to the thermal stability of thermoelectric compos-

ites. Jagadish et al. reported that incorporating 0.1 wt% of
f thermally cycled a,b) pristine SnSe, c,d) GNP-1m, e,f) GNP-

, cracks and pore morphology. Scale bar is 200 mm in all
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Fig. 3 e Percentage drop in density for SnSe-1, GNP-1m,

GNP-10m, GNP-1h, GNP-2h, and GNP-4h.
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graphene in a bismuth sulfide (Bi2S3) matrix enhanced the

thermal stability of the material and shifted all the Derivative

Thermogravimetry (DTG) curves to the right [2]. Polymer gra-

phene composites can sustain a wide range of temperatures.

The incorporation of graphene in epoxy resins resulted in a

low coefficient of thermal expansion while maintaining the

high thermal stability of thematerial [16]. However, to achieve

the best functionality of graphene, it should be distributed

homogeneously and achieve good interfacial bondingwith the
Fig. 4 e Cross-sectional SEM images of a) as-compacted SnSe, b)

d) GNP-4h after first thermal cycle.
matrix. Agglomeration of graphene owing to its high specific

area and flexible 2D nature limits its functionality. Among

several techniques that have been used to incorporate gra-

phene in the matrix of a composite, ball milling, owing to its

simplicity, flexibility, scalability, and cost-effectiveness, has

been widely used for the successful preparation of several

composites with well-dispersed graphene [17,18]. Milling

produces shear forces and causes collisions that help exfoliate

graphene sheets and prevent graphene sheets agglomeration.

It has been found that well-dispersed graphene can signifi-

cantly enhance the thermoelectric performance of a com-

posite. Tang et al. [19] reported excellent cyclic performance

and enhanced thermal stability of copper sulfide (Cu2S) when

incorporated with a homogeneous distribution of graphene.

Tin selenide (SnSe) is a promising thermoelectric material

that has attracted significant attention due to its abundance

and composition of non-toxic elements with a high thermo-

electric figure of merit (ZT) reported for its single crystal form

[20]. Nonetheless, a single crystal of SnSe is not suitable for

thermoelectric devices, owing to the special conditions of the

single crystal growth technique. such as expensive produc-

tion, poor cleavage, and high anisotropy along different crys-

tallographic directions. All these issues have initiated much

interest in producing polycrystalline SnSe with better me-

chanical properties and easily controllable production for

practical applications by creating nanostructured SnSe

[21e23] and doped SnSe [24e31], as well as nano-composites

[32e34]. However, the reliability of polycrystalline SnSe and

its compoites upon multi thermal cycles has not been evalu-

ated in literature. Several studies have reported some
SnSe after first thermal cycle, c) as-compacted GNP-4h and

https://doi.org/10.1016/j.jmrt.2022.02.045
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Fig. 5 e Relative dimensional change for consecutive two

heating and cooling cycle a as a function of temperature for

as-compacted SnSe and GNP-4h samples.
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uncertainty in the thermoelectric properties and density

measurements of SnSe. In one study, Cai et al. [35] reported a

5% uncertainty in Seebeck coefficient, electrical conductivity,

and density measurements owing to the volume expansion of

SnSe. Other studies reported different values of uncertainties,

summarized in Table 1, but no data about the density or

dimensional expansion have been reported. Although part of

the uncertainty can be attributed to errors in the measure-

ment, the effect of bloating cannot be excluded, and it may

cause part of the error in the measurement.

Despite many reports of thermally induced porosity and

volume expansion in thermoelectric systems, to the best of

our knowledge, no systematic studies of the bloating process

have been reported. Furthermore, there is a lack of studies on

the thermal stability of hot compacted polycrystalline SnSe

and SnSe/graphene nanoplatelets (GNPs) nanocomposite. In
Fig. 6 e TGA curve for pristine SnSe, inset is curve

magnification between 98% and 100% weight.
this study, we report the effect of graphene nanoplatelets on

the thermal stability and the thermoelectric performance of

SnSe prepared by mechanical milling and hot compaction

techniques. Further, we investigate the effect of GNPs and

their processing time on the thermal stability of the SnSe/

GNPs nanocomposite after two consecutive thermal cycles.

The crystal structure, elemental composition, and electrical

transport properties of various annealed samples are char-

acterized, and their thermal stabilities are evaluated.

1.1. Experimental work

Nanobulk polycrystalline SnSe and polycrystalline SnSe/GNPs

nanocomposite (SnSe/0.5 wt% GNPs) powders were fabricated

through mechanical milling of the elemental powders of Sn

(99.995%, Nanoshel), Se (99.999%, Alfa Aesar), and GNPs, and all

powders were purchased from SigmaeAldrich. The powders

were weighed in a glove box under a high purity argon atmo-

sphere (O2< 0.5 ppm) and loaded into stainless vialswith a ball-

to-powder ratio of 10:1. The pristine SnSe powder and SnSe/

GNPs composite weremilled for 12 h. To prepare the SnSe/GNP

nanocomposite, different samples were mechanically milled

with graphene for different durations (1 min, 10 min, 1 h, 2 h,

and 4 h). The consolidation of the samples was performed

using hot pressing. The milled powders were loaded into a

tungsten carbide die with a diameter of 12.7mm and thickness

of 3 mm and were compacted under a uniaxial pressure of

1 GPa and at a temperature of 773 K for 10 min. The prepared

samples and the milling conditions are listed in Table 2.

The crystal structure and phase identification of themilled

samples were investigated using X-Ray Diffraction (XRD)

(PANalytical, EMPYREAN) at 298 K within the 2q range of

20�e70� (see Table 3). The degree of crystallinity and structural

defects in graphene were examined by Raman spectroscopy

(RS: Thermo Fisher, DXR) at a wavelength of 532 nm and a

laser power of 10 mW. The morphology and structural char-

acteristics were investigated through scanning electron mi-

croscopy (SEM) (Nano-SEM Nova 450, FEI-USA). The evolution

of the pore structure was investigated using an optical
Fig. 7 e Raman spectra of as-received graphene and as-

milled SnSe/GNPs composites at different milling times.

https://doi.org/10.1016/j.jmrt.2022.02.045
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Fig. 8 e SEM-EDS elemental mapping analysis images of the as-milled powder of a) GNP-1m, b) GNP-10m, c) GNP-1h, d) GNP-

2h, and e) GNP-4 h.
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microscope (OLYMPUS, BX53M). An FEI-TECANI G2 FEG and a

field emission gun TALOS (FEI, Hillsboro, Oregon, USA)

equipped with a high-angle annular dark-field (HAADF) de-

tector and an FEI energy dispersive X-ray (EDX) detector

transmission electron microscope (TEM) were used to inves-

tigate themicrostructure and the elemental distribution in the

processed samples. Both devices were operated at 200 kV. An

Esprit software from Bruker (Billerica, Massachusetts, USA)

was used to perform the quantitative elemental analyses. The

TEM samples were prepared by dispersing a small amount of

the powder sample in isopropyl alcohol and sonicating it

using an Ultrasonication bath for 10e20 min. Then, 10 uL of

the dispersed solution was drop-casted on a carbon film

copper grid of 300 mesh using a micropipette.

Thermogravimetric analysis (TGA) of the powder sample

was performed in the temperature range of 298 Ke873 K at a

heating rate of 20� Celcius per minute under a nitrogen atmo-

sphere. The thermal expansion was evaluated using a dila-

tometer (DIL 106 fromTA instruments) at temperatures ranging

from 298 K to 773 K. The sample density was calculated by the

Archimedesmethodusinga Sartorius density determinationkit

(Sartorius YDK03, Germany). The density determination kit was

set up using distilled water, and the water temperature was

monitored during the measurement. For power factor mea-

surements, the Seebeck coefficient and the electrical conduc-

tivity of the consolidated samples were measured

simultaneously using SBA 485 NemesiseNETZSCH. These

measurements were performed at room temperaturee773 K

under an ultra-high purity argon atmosphere.
2. Results and discussion

The XRD patterns of the as-milled pristine SnSe, and SnSe/

GNP nanocomposites in which graphene was added at
different stages of milling are shown in Fig. 1a. The XRD peaks

of all the samples show fundamental peaks that are typical to

the orthorhombic SnSe phase with space group Pmna (JCPDS

card number 48e1224). No extra peaks belong to a second

phase or contamination from the milling process were

detected. However, the signature (002) graphene peak was

only observed in the XRD pattern of the SnSe composite where

graphene was added at the last 1 min (peak is marked in

Fig. 1a). The presence of the graphene peak in this samplemay

be attributed to the agglomeration of graphene in this sample

which agrees with the results obtained for milled Bi85Sb15-

0.08%Gr composite [38]. The absence of graphene (002) peak in

composite samples could be attributed to the low concentra-

tion of the distributed graphene that could not be detected by

XRD [39] or to the loss of graphene crystallinity with milling

time [40]. The broadening of the peaks indicates the refine-

ment of the grain size. This was analyzed by estimating the

grain size using XRD data and the Warren- Averbach method

[41]. The calculated average grain size values were 10 ± 2 nm

for the pristine SnSe and SnSe/GNP composites indicating the

effectiveness of milling for producing very fine nano bulk

materials. The prepared powder samples were consolidated

using hot pressing as explained in the experimental section.

To ensure the structural stability of the prepared samples

after the hot compaction, the crystal structure and phases

analysis of the compacted disks were investigated by XRD,

and the obtained patterns are presented in Fig. 1b. Compared

to the as-milled samples, the XRD peaks of the compacted

disks become narrower, which implies a possible grain

growth. The calculated average grain size was 29 ± 2 nm,

which is higher than the as-milled grain size value but still in

the nanoscale range. However, all peaks are related to the

same reference of the pristine sample; thus, no contamination

or phase changes from the compaction process occurred.

Thermal behavior of the hot compacted disks of pristine SnSe,

https://doi.org/10.1016/j.jmrt.2022.02.045
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GNP-1m, GNP-10m, GNP-1h, GNP-2h, and GNP-4h was studied

by thermally cycled the disks from room temperature to 773 K.

After heating, all the disks exhibit significant changes in their

surface structures such as the presence of bubbles and cracks.
Fig. 9 e A) TEM image of the GNP-1m sample a) Bright-field ima

from (a). GNP sheets appear to be agglomerated. B) TEM image

corresponding SAED pattern of the selected area from (a), c) Sec

appear to be stacked. C) TEM image of the GNP-1h sample a) Brig

area of GNP-1h where GNP sheet (enlarged in the onset) appears

circled area with interplanar distance of 0.347 nm.
Figure 2 shows the optical microscopic images of the SnSe,

GNP-1m, GNP-10m, GNP-1h, GNP-2h, and GNP-4h nano-

composite surfaces after one heating cycle before and after

polishing. Bloating behavior was clearly observed by the
ge, b) the corresponding SAED pattern of the selected area

of the GNP-10m sample a) Bright-field image, b) the

ond selected area of GNP-10m where several GNP sheets

ht-field, b) the corresponding SAED of (a), c) Second selected

to be exfoliated to very thin and transparent sheets in the

https://doi.org/10.1016/j.jmrt.2022.02.045
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Fig. 10 e A) HAADF-STEM elemental mapping images of a) GNP-2h, b) GNP-4h showing the elemental distribution of Sn, Se,

and graphene, where graphene is homogeneously distributed with a certain aggregation along the grain boundaries. B)

HAADF-STEM elemental mapping image of GNP-4h showing the elemental distribution of Sn, Se, and graphene, where

graphene densely exists along the particle's boundaries.
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presence of bubbles and cracks on the surface of the SnSe,

GNP-1m, and GNP-10m samples, whereas pores appear on the

surface of the samples after the surfaces were polished.

However, bloating decreased gradually with increasing gra-

phene milling time, for GNP-1h and GNP-2h and is almost

absent in GNP-4h, as seen in Fig. 2 e, d, and f, respectively.

Pores density of samples in Fig. 2 are 20%, 29%, 22%, 16%, 6%,

and 0.6% for SnSe, GNP-1m, GNP-10m, GNP-1h, GNP-2h, GNP-

4h, respectively. The formation of the pores may be related to

the induced pressure of entrapped gas within the sample.

During annealing, the gas expands and form bubbles. When

the stress from the expanded gas is too high for the surface of

the sample to withstand, the bubbles crack [42]. A variation in

density is expected with the evolution of the pores; therefore,

the density variation was calculated, and the drop in density

percentage is reported in Fig. 3. Pristine SnSe exhibits an

approximately 15% drop in density. The drop in density

initially increases upon the addition of graphene at 1 min of

milling, and then it decreases with increasing milling time

until it reaches 0.16% in the GNP-4h sample.

To further elucidate the pore structure, SEM images of a

small section after cutting through the cross-section of pris-

tine SnSe and GNP-4h sample disks were obtained at high

magnification. Figure 4 compares the cross-section of pristine
SnSe Figure 4 (a,b) and GNP-4h Figure 4 (c,d) before and after

the first thermal cycle, respectively. It is obvious that before

the thermal cycle, both samples showed a well-compacted

disk with no observable pores. However, after thermal

cycling, the SnSe sample exhibited bloating behavior (See

Figure 4b) with no significant pores in the GNP-4h sample (See

Figure 4d).

In addition to the optical microscopy and SEM observa-

tions, thermal expansion measurement is a helpful method

for identifying bloating behavior. Bloating in this study was

measured directly using a dilatometer by thermally cycling

both the SnSe and SnSe-4h samples twice from room tem-

perature to 773 K. The data are presented in Fig. 5. The dila-

tometric measurements reveal significant hysteresis between

heating and cooling for the SnSe sample as a progressive in-

crease in the specimen length at the end of each thermal

cycle, which is consistent with the bloating behavior. Similar

hysteresis behavior as a result of bloating and gas expansion

has been reported for hot-pressed lead telluride-based mate-

rials (PbTeePbS) [6] and Co0.95Pd0.05Te0.05Sb3 [10]. Since the

SnSe sample is single-phased, there is no possibility that

thermal expansion mismatch is responsible for this bloating

and cracking behavior. The only possibility for the observed

increase in length is post-densification bloating, which is

https://doi.org/10.1016/j.jmrt.2022.02.045
https://doi.org/10.1016/j.jmrt.2022.02.045


Fig. 11 e Schematic illustrations of consolidation mechanism of a) SnSe sample with corresponding as-compacted surface

optical image (i), b) GNP-4h with its corresponding as-compacted surface optical image (ii).
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consistent with the porosity observation by SEM. However,

the hysteresis in GNP-4h is significantly smaller due to the

incorporation of graphene within the matrix.

To investigate whether the bloating is a result of the

expansion of entrapped gas or material loss, TGA was con-

ducted on pristine SnSe. The plot of weight loss versus tem-

perature from TGA is shown in Fig. 6. It can be seen that the

mass decay is very small during the heating process. Weight

loss of approximately 1.5% at 653 K followed by a weight gain

of approximately 0.25% at 693 K is observed. The weight

change is caused by a combination of two factors: weight gain

that occurs by picking up oxygen from the air to form oxides

and weight loss due to the sublimation of Sn-containing ox-

ides [43]. The considerably small weight change indicates that

the bloating behavior corresponds to the expansion of the gas,

and not to the mass loss of either SnSe or any impurities or

oxides that could sublimate during annealing.

To investiagate the effect of milling time on enhancing

the bloating behavior, the integrity and distribution of gra-

phene were analyzed by Raman spectroscopy, SEM, and TEM

for the SnSe-1m, SnSe-10m, SnSe-1h, SnSe-2h, and SnSe-4h

composites. Figure 7 shows the Raman spectra of graphene

for all composite samples compared to that of the as-

received GNP. The Raman spectra show three characteristic

peaks of graphene around 1350, 1570, and 2700 cm-1, which

correspond to the disordered band (D), the graphitic band (G),

and another graphene characteristic band (2D), respectively.

However, the intensities of the peaks vary with the milling

time. The 2D and G peaks are weakened and broadened, and

the D band gradually becomes the most prominent peak in

the Raman spectra. This indicates the increasing amount of

the introduced defects and disorders into graphene structure

with milling time [44e46]. Table 2 summarizes the intensity

ratio of ID/IG and I2D/IG that provides an estimation of the

structural integrity of graphene and the thickness of the
graphene sheets, respectively. From the calculated data, the

lowest ID/IG (0.26) is for the as-received GNPs, followed by a

slightly higher value of 0.303 for the GNP-1m sample. This

suggests that graphene preserves its crystallinity in this

sample. The ID/IG increases gradually with increasing mill-

ing time until it reaches 1.169 for GNP-4h. This indicates that

milling has a significant effect in inducing a high degree of

defects and disorders in the graphene structure. Moreover,

the intensity ratio of the I2D/IG in the as-received GNPs is

0.552, thereby implying that the as-received graphene is

multilayered. The ratio decreases to 0.51 and 0.50 for GNP-1m

and GNP-10m, respectively, thereby suggesting agglomera-

tion and a multilayer structure of graphene [47]. However,

the ratio increases to 0.61 and 0.65 with longer milling times

(1 and 2 h, respectively), suggesting that graphene was

exfoliated to a few layers [17,48]. Upon increasing the milling

time to 4 h, the I2D/IG decreases to 0.44, which may indicate

extra folding and bending of graphene sheets with milling

[49,50]. These findings are in agreement with the previously

reported Raman analyses for the effect of milling on the

graphene structure [18,48,51] and are expected due to the

nature of the milling technique that induces intensive me-

chanical forces and leads to fracturing and deformation of

the graphene [52].

SEM-EDS analysis was performed to further study the

morphology and distribution of graphene in the composite

samples. The SEM-EDS images of SnSe-1m, SnSe-10m, SnSe-

1h, SnSe-2h, and SnSe-4h nanocomposites are shown in

Fig. 8 (a, b, c, d and e), respectively. The SEM-EDS images

indicate that for short milling times (i.e., 1 min and 10 min)

graphene appears as agglomerated sheets and clusters within

the matrix. This indicates that for short milling times, gra-

phene was able to preserve its structure; however, it was not

distributed evenly within the sample. Upon increasing the

milling time to 1 h and more, no graphene sheets are

https://doi.org/10.1016/j.jmrt.2022.02.045
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Fig. 12 e Temperature dependency of a) electrical conductivity, b) Seebeck coefficient, and c) power factor for A) pristine

SnSe, and B) GNP-4h with two consecutive thermal cycles.
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observed. Instead, graphene appears to be fragmentized and

distributed homogeneously within the matrix. The absence of

the sheets could be attributed to the severe fragmentation and

plastic deformation caused by the extensive milling time.

These images are in good agreement with the Raman spec-

troscopy results that confirm the fracturing and disordering of

graphene structure with milling.

The SnSe/GNP composite nanoparticles were further char-

acterized by TEM to investigate the graphene integrity and

structural evolution with respect to the milling time. Dark-field

images for GNP-1m, GNP-10m, andGNP-1h, alongwith selected

area diffraction patterns, were obtained for the area where

graphene was present. Figure 9A (a) shows the bright-field (BF)

TEM image of GNP-1m, in which graphene appears to be

agglomerated andwrapping the particles of SnSe, which agrees

well with the XRD data. The presence of graphene sheets in-

dicates that graphene was able to maintain its integrity,

whereas its agglomeration implies that 1 min is not enough to

exfoliate the graphene sheets and distribute them homoge-

neously. The corresponding selected area diffraction pattern

(SAED) (Fig. 9A (b)) exhibits multiple individual spots, which are

attributed to multilayer randomly stacked graphene. Figure 9B

(a) shows the BF-TEM images of the GNP-10m sample, in which

graphene appears to form multi-sheets in some areas and

exfoliated sheets in other areas. The presence of these spots in

the corresponding diffraction pattern indicates the preserved

crystallinity of graphene with 10 min of milling. The observed

agglomeration of graphene led to poor adhesion between gra-

phene and the matrix and formed many pores that may trap

extra compressed gas [53]. This is a good explanation for the

higher density drop in the GNP-1m and GNP-10m samples

compared to the pristine sample. Figure 9C (a) shows the BF-

TEM images of the GNP-1h sample. Graphene appears to be

stacked and folded to several layers of graphene in one area

(Fig. 9C (a)), whereas in another area of the sample, graphene is

exfoliated to a very thin transparent sheet attached to the

particle (Fig. 9C (c)) with a 0.347 nm interplanar distance cor-

responding to (002) plane of graphene. The exfoliation of
graphene with less agglomeration results in better distribution

of graphene and excellent interfacial bonding with the com-

posite matrix. The corresponding SAED pattern of multilayer

graphene exhibits several spots that form a semi-full ring

pattern. This pattern is mainly attributed to the several defects

present in polycrystalline materials [54,55] that contain several

grains in different orientations [56]. The presence of dislocation

is expected during milling and agrees with the Raman spec-

troscopy results that showed an increase in the ID/IG ratio with

respect tomilling time [54,57]. Upon increasing themilling time

to 2 and 4 h, no graphene sheet structure is detected in the TEM

images, which indicates that the integrity of graphene has been

destroyedwithmilling. This is in agreementwith the ID/IG ratio

calculated in this study from Raman spectroscopy that shows

the increasing of defects and disorders in graphene and is also

in agreement with the images of SEM analysis for GNP-2h and

GNP-4h samples that shows the homogenous distribution of

graphene within the matrix. However, the small graphene

fragments have been detected by elemental mapping analysis

for ion thinned particles of both the GNP-2h and GNP-4h sam-

ples, as shown in Fig. 10A (a) and (b). These images present

small fragments of graphene that are homogeneously distrib-

uted within thematrix with significant aggregation at the grain

boundaries. Further detection of graphene has been performed

on a large scale inGNP-4h using EDAXelemental colormapping

during scanning transmission electron microscopy (STEM)

imaging. Figure 10B shows the presence of graphene concen-

trated along the particle boundaries, which could facilitate the

densification process by enhancing the contact area between

the particles. Since the milling time of graphene is the only

variable among the analyzed samples, the enhanced thermal

stability and lower pore formation with increasingmilling time

can be attributed to the enhanced distribution of graphene

within the samples. This assumption has been confirmed by

the previous structural analysis and can be explained in the

following section with the help of the schematic illustration in

Fig. 11. Figure 11 illustrates the consolidation mechanism of

pristine SnSe and GNP-4h composite. If we assume that the

https://doi.org/10.1016/j.jmrt.2022.02.045
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Fig. 13 e Percentage drop in PF as a function of temperature

for pristine SnSe and GNP-4h.
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composite particles are spherical, there are several voids be-

tween the particles that can capture the gas particles. With the

application of high pressure, the gas particles are compressed

between the composite particles until the area is completely

compacted. This is illustrated in the optical microscopic image

of the surface of as-compacted pristine SnSe in Fig. 11 i. It can

be seen that the surface appears highly dense, and its

measured density is 99.1% of the calculated theoretical density.

It is well known that the entrapped gas prevents complete

densification [9]. Thus full density was not achieved due to the

competition of the internal gas pressure and sintering stress.

Although the compacted disk exhibits high density, post pres-

sureless annealing results in expansion of the compacted gas

and a consequence drop in density. On the other side, GNP-4h

sample exhibits high density with 99.4% of the calculated

theoretical density, as appears in Fig. 11 ii. However, the well-

dispersed graphene located along the particles’ boundaries

improved the desification process, filling the intrapartilcle

voids, thus reducing the amount of entrapped gas. Thereby,

upon annealing, very less amount of entrapped gas is expanded

resulting in a very small value of density drop. Further expla-

nation can be given based on the flexible nature of the gra-

phene sheets. Owing to its flexibility, graphene sheets can be

easily incorporated in non-uniform shape voids, thereby pre-

venting the gas from penetrating the voids. In addition, several

previous studies reported that carbonic materials like carbon

nanotube and graphene has a lubricant effect. This lubricant

effect facilitates the densification of the composites when any

of the carbonic material is incorporated within a matrix [58],

but the exact mechanism of densification is not well investi-

gated and understood. For example, Sun, Jialin, et al. reported

an enhancement of densification for Titanium carbide and

Tungsten carbide upon the incorporation of graphene. The

lubricant characteristic of graphene plays a role in enhancing

the arrangement of the particles [59]. Similarly, Yadhuku-

lakrishnan et al. [60] reported the enhancement in the densi-

fication of GNPs reinforced zirconium diboride composite as a

result of the self-lubricant effect of graphene. Dong et al. re-

ported an improvement of copper-tungsten densification with

the additive of graphene. The improvement was attributed to

the rearrangement of the tungsten particles due to their good

wettability with graphene. However, in the case of shortmilling

time graphene composite, agglomeration of graphene at a

specific area in the sample may trap extra gases between the

graphene layers and within the folded area, as observed in the

case of the GNP-1m. Any agglomeration of graphene may lead

to weakening contact area between matrix particles, thus in-

creases the porosity.

To study the effect of microstructural stability on the

electrical performance, the electrical conductivity and the

Seebeck coefficient of the pristine SnSe and SnSe-GNP nano-

composites were measured between 300e773 K. Furthermore,

the power factorswere calculated for two consecutive thermal

cycles for the pristine SnSe andGNP-4h samples because GNP-

4h exhibits the best mechanical stability compared to other

samples. The data are presented in Fig. 12. The results show a

drop in the power factor (PF) for both samples in the second

cycle compared to the first cycle (See Figure 12A (c) and Figure

12B (c). However, both the electrical conductivity and Seebeck

coefficient show a similar trend in the second cycle compared
to the first cycle for both pristine SnSe and GNP-4 h samples

(See Figure 12A (a and b) and Figure 12B (a and B). The calcu-

lated percentage drop in the power factor is shown in Fig. 13. A

significant drop in the power factor of the pristine SnSe

sample that ranges between 99.7% at room temperature and

the minimum of 44% at 773 is observed, which is in good

agreement with the evolution of the pores. However, the drop

in the PF for the GNP-4h sample is significantly lower, with a

maximum of 38% and a minimum of 11% in the high-tem-

perature range. This indicates that the electrical performance

is stable within the measured temperature range for samples

comprising graphene with long milling times. The electrical

properties are directly related to the evolution of insulating

pore phases. The presence of the pores plays a significant role

in scattering the charge carriers and blocking their movement

[62]. As a result, the drop in power factor is believed to be due

to the pore evolution.
3. Conclusion

The thermal stability of SnSe and SnSe/GNP nanocomposites

prepared by mechanical milling and hot compaction was

investigated in the range of room temperature to 773 K. The

hot compacted disks exhibited bloating behavior upon

annealing as a result of entrapped gas expansion. As a

consequence, the density dropped, and the electrical perfor-

mance and calculated power factor degraded with two

consecutive thermal cycles. Upon the incorporation of gra-

phene, the bloating behavior of the composite was effectively

altered, and the drop in the density decreased with the

increased milling time of the incorporated graphene. Conse-

quently, the drop in the power factor was reduced, and the

thermomechanical stability was enhanced. These results are

attributed to the homogeneous distribution of graphene

within the composite, where graphene plays a significant role

in enhancing the consolidation process, filling the particles’

intra-pores, thus preventing the gas from being entrapped

inside the pore.
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