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A crack-free p-type flexible Mg 69CUG 0, AD 6 07506 60/
graphene/PEDOT:PSS thermoelectric (TE) film, fabricated
by a facile hybrid method, paves the way in the fabrication
of novel materials-based flexible TE films, spurring the
emerging application of new hybrid flexible materials in
energy harvesting.
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Organic/inorganic hybrid synthesis methods are effective for fabricating flexible thermoelectric (TE) films
and devices. In the present study, a flexible Mgg.99Cug.01Ad0.99Sbg 97/graphene/PEDOT:PSS (MCAS/G/P)
TE film was prepared on a polytetrafluoroethylene (PTFE) substrate. A physical process was developed to
resolve the cracking problem during the hybrid process. In this hybrid structure, MCAS particles
constitute a matrix, while a conductive network formed by graphene and PEDOT:PSS reduces the
interfacial contact resistance between MCAS particles, thereby facilitating carrier transport and in turn
enhancing the electrical properties of the hybrid films. The graphene content in the MCAS/x wt% G/P
hybrid system was optimized by evaluating the TE properties, which reveals that the optimum content of
graphene is 40 wt%. Furthermore, the influence of a hybrid mass fraction on both the TE properties and
mechanical flexibility of the ternary hybrid film was systematically investigated. As a result, a maximum
power factor (PF) of 31 pW m™! K2 was obtained at a 93.8 wt% powder ratio. However, mechanical
bending tests revealed that a maximum PF of 16 yW m™ K2 was obtained for the flexible MCAS/G/P
film loaded with 88.3 wt% MCAS/G. The hybrid synthesis method proposed in this work may pave the
way for a design strategy in the fabrication of novel material-based flexible TE films and spur the
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1. Introduction

With the advancement in flexible electronic technology, much
attention has been paid to thermal management, which can
effectively utilize low-grade waste heat for electrical power
generation." Thermoelectric (TE) materials, which are one of
the prominent energy harvesting technologies, can directly
convert the unutilized heat into electrical energy.>”® Recently,
the potential application of TE materials in flexible device
technology for harvesting waste heat has increased.”*° The
conversion efficiency of the TE device is defined by the material’s
thermoelectric figure of merit, expressed as ZT = S%0 T/ K otal,
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emerging application of new hybrid flexible materials in energy harvesting.

where S, 0, Kwa, and T stand for the Seebeck coefficient, the
electrical conductivity, the total thermal conductivity, and the
absolute temperature, respectively. The maximum output power
of TE materials is indicated by a parameter called the power
factor, PF = §%g, which is usually used to assess the performance
of TE films.® In recent decades, advancements in controlling the
electron and phonon transport by various novel approaches* ™
resulted in a substantial improvement in ZT for various inor-
ganic TE materials'®>* with high conversion efficiencies.”*
Despite the high thermoelectric performance of inorganic
TE materials, the rigidity limits their potential use in wearable
thermoelectric technology.?®*?° Therefore, the research has
been focused on the development of flexible TE (FTE) materials
and devices.”**° Mostly, the state-of-art TE materials based on
Bi,Te; are explored as high-performance FTE devices. For
example, Wang et al. reported an organic/inorganic hybrid
design route to enhance the ZT value of Bi,sSby sTe; (BST)
from 0.7 to 1.1 by incorporating copper(u) phthalocyanine
(CuPc) at grain boundary of BST as temperature varying from
300 K and 523 K.*° Ao et al. reported n-type Te-embedded Bi,Te;
flexible thin films based on a flexible polyimide substrate with
an ultrahigh room-temperature PF of 14.65 pyW cm ' K 2.°*
Besides, Norimasa et al overcame the flexible substrate

This journal is © The Royal Society of Chemistry 2022
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shrinking problem during the process of film deposition
and reported a flexible Bi,Te; thin film by sputtering deposition
and the post-thermal annealing method with improved TE
properties.®* Although Bi-Te alloy-related materials show excellent
TE properties, Te is rare, toxic, and expensive, which restricts their
applicability in wearable or embeddable devices. Therefore, it is
highly essential to develop FTE devices, which are Te free and
contain less toxic elements. Recently, through novel fabrication
technologies and rational structure design, n-type Ag,Se-based
films with high thermoelectric properties targeting commercializa-
tion have been demonstrated,**™* which invokes the motivation to
improve the performance of the existing TE materials by different
optimizing technologies.

Since 2012, a-MgAgSb has been paid much attention as a
promising p-type thermoelectric material for power generation
below 550 K.**® a-MgAgSb possesses several advantages such
as degenerate semiconducting behavior, intrinsically low lattice
thermal conductivity, and good mechanical properties. Zhao
et al. reported the pioneering research work on o-MgAgSb with
enhanced thermoelectric properties by optimizing the processing
technology and acceptor doping.>” A maximum ZT of ~1.4 at
450 K was reported for Ni-doped MgAg, ¢,Sboo9 compounds.
Thereafter, extensive research has been focused on tuning the
hole carrier concentration by several acceptor doping elements on
the Mg/Ag site to optimize the electrical and thermal properties of
0-MgAgSb.**~>> Moreover, a-MgAgSb showed not only excellent TE
properties but also a maximum conversion efficiency, #max, Of
8.5% for a single TE leg was demonstrated at a temperature
difference (AT) of 225 K.** Recently, thermoelectric modules
fabricated based on n-type Mg;(Sb,Bi), and p-type o-MgAgSb
compounds demonstrated high conversion efficiencies, which
rival those of Bi,Tes-based compounds.**™> For example, a high
Nmax Of 7.3% was achieved in the Mg;Sb,/MgAgSb-based 8-pair
module at a AT of 315 K.** A Mg;(Sb,Bi),/MgAgSb-based 2-pair
module showed an 5., of 6.5% at a AT of 250 K.>* An #j,ax Of
2.8% at a AT of 95 K was obtained for the Mg; ,Bi; 5Sbo 5/MgAgSb-
based 8-pair module.>® To date, despite the high ZT'and module
performances of o-MgAgSb compounds, there have been no
reports on the development of flexible thermoelectric materials
and/or devices.

Herein, we focused on the development of FTE films based
on o-MgAgSb to explore them as a potential candidate for room
temperature TE applications. An organic-inorganic strategy®>%>%>’
and an extended approach reported in our previous study are used
in the present work.”® In brief, we used a chemical composition
of Mgo.990CUo.01A80.97Sb0.09 Which possesses a broad tempera-
ture plateau of ZT above unity as the inorganic matrix,”?
and formed a hybrid material with poly(3,4-ethylenedioxy-
thiophene):poly(4-styrenesulfonate) (PEDOT:PSS). PEDOT:PSS,
among the conductive polymers, is the most promising material
due to its advantages of water-dispersibility, good conductivity,
low-cost, high transparency, and excellent processability.>® Over
the last few decades, the development of PEDOT:PSS has opened
the doors for its applications in a wide range of communities
spanning from antistatic coatings to energy conversion and
energy storage devices.®®* Nowadays, the potential applications

This journal is © The Royal Society of Chemistry 2022
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of PEDOT:PSS based materials are still explored and studied in
new domains such as flexible TE materials,”® thin film transpar-
ent heaters® or bioelectronics,®*®®” etc. In this study, PEDOT:PSS
is anticipated to form a conductive network in the MCAS matrix
to bridge the neighboring particles by forming conductive paths
and enhance the flexibility of the TE film because of its bene-
ficial characteristics, especially its p-type TE properties, intrinsic
high mechanical flexibility, and excellent thermal stability.®*”*
However, it was found that there is a new challenge of cracking
(see Fig. S1, ESIf) in the MCAS/PEDOT:PSS hybrid system
including the high interfacial resistance that has to be addressed
to enhance o, and therefore the PF ($%¢). Accordingly, Zhang
et al. optimized interfacial carrier transport by removing the
potential oxidation layer on the surface of Bi,Te;.”> Wang et al.
coated the highly conductive CuTe layer on Bi, 5Sb, sTes, reaching
a promising ¢ of ~2300 S ecm™".”* Also, in our previous work,’®
graphene was added into the hybrid system of CugogZng o FeS,/
PEDOT:PSS leading to a simultaneous enhancement of the
electrical conductivity and flexibility of the resultant films.
Specifically, graphene, with a single atomic layer of covalently
bonded carbon atoms in a honeycomb lattice,”* possesses high
mechanical strength” and electrical transport to accommodate
the change of MCAS particles during the flexibility test.”® More-
over, as a zero-bandgap semi-metal material, it can exhibit an
exceptional charge carrier mobility.”” Therefore, graphene is an
ideal candidate to bridge the interface between organic and
inorganic materials for optimizing the carrier transport and the
flexibility in the hybrid system.

Accordingly, we developed a facile method to resolve the
cracking of Mg 69CUg.01AZ0.975b0.0o/PEDOT:PSS film. For enhan-
cing o, and thus the PF, graphene was strategically hybridized to
optimize the carrier transport as well as improve the flexibility of
the hybrid films. Moreover, to optimize the flexibility, the o, S,
and PF of hybrid films were systematically studied as a function
of the mass fraction of inorganic materials.

2. Experimental methods
2.1 Materials

High purity elements of Mg turnings (99.95%, Sigma Aldrich),
Cu beads (99.9995%, Sigma Aldrich), Ag shots (>99.99%,
Sigma Aldrich) and Sb chunks (99.999%, 5N plus) were used
for the preparation of Mg, 99Cug.01Ag0.97Sb¢.09. The PEDOT:PSS
solution (Heraeus Clevios TM PEDOT:PSS PH1000, 1.3 wt %
in water) was obtained from As One. Ethanol (C,Hs;OH, 98%)
was purchased from Wako chemicals. Graphene nanoplatelets
(6-8 nm thick x 15 pm wide), polyethylene terephthalate (PET,
0.013 mm in thickness), and the polytetrafluoroethylene (PTFE)
membrane (0.025 um pore size, 25 mm and 47 mm in diameter)
were purchased from Sigma Aldrich.

2.2 Synthesis of the Mg 99Cuy 01Ag0.975b¢.90 (MCAS) powder

The synthesis process of MCAS was followed according to our
previous report.’”*® Briefly, high-purity raw elements were
directly weighed according to the nominal composition of
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MCAS, subsequently carried out by the two-step high-energy
ball milling method: first, Mg, Ag, and Cu according to the
designed ratio were loaded into a stainless steel jar in an argon-
filled glove box, followed by ball milling for 10 hours; next, Sb
chunks were added to the ball milled mixture and then ball
milled for another 8 hours; finally, the resultant powder was
sintered using spark plasma sintering (SPS, SPS-1080 System,
SPS SYNTEX INC) at 583 K for 10 minutes to obtain high-
density disks. After checking the properties, the disks were
loaded in the stainless-steel ball milling jar in the glovebox, and
subjected to a high-energy mill (8000D Mixer/Mill in which the
grinding vial is horizontally shaken vigorously at 1060 cycles
per minute (cpm)@60 Hz, 115 V) with a ball (diameter of
12.7 mm)-to-powder ratio of 32:3 for 5 minutes to obtain the
fine powder.

2.3 Synthesis of MCAS/G/P films

Considering that the agglomeration of graphene during the
process will limit its functionality in improving the TE properties
of hybrids,”®”® herein, initially, the graphene was first ball
milled with the MCAS powder to get good dispersion meanwhile
wrapping the particles. The MCAS/x graphene powder (x = 10, 20,
30, 40, and 50 wt%) was loaded and sealed in a ball milling jar
under an argon atmosphere (O, < 0.1 ppm) with a ball-to-
powder ratio of 32:3 and milled for 0.5 h. The resultant mixture
was hybrid with PEDOT:PSS by a strategic process to overcome
the crack, as depicted in Fig. 1. For one specific sample, 200 mg
of mixed powder was dispersed into 800 pL of ethanol, subjected
to a vortex mixer (60 Hz) for 5 min, followed by 0.5 h of
ultrasonication (35 kHz, 290 W) at room temperature to reduce
the aggregation of graphene.®® Then, the mixture was drop-cast
on the PET substrate, which is pre-cleaned by O, plasma and
fixed using a glass holder, dried at 90 °C for 0.5 hours to form an
inorganic matrix (see the matrix after drying in Fig. S2a, ESI¥).
Later, 500 pL of PEDOT:PSS was drop-cast on the matrix, which
was divided into two parts: the first part automatically formed a
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PEDOT:PSS layer going up along the glass holder (as shown in
the optical photo in Fig. S2b, ESI{); in the meantime, the other
part was filled into the matrix. Releasing the gas between
layers using tweezers, the formed PEDOT:PSS layer fell down
(Fig. S2c, ESIt). After drying at 90 °C for 1 h, the PET-based film
was sandwiched between 2 pieces of the PTFE membrane and
pressed under 40 MPa at 100 °C for 10 minutes. Under this
pressing, the hybrid bottom-layer was further embedded into the
flexible PEDOT:PSS layer; meanwhile, the hybrid film was trans-
ferred into the PTFE substrate. Afterwards, the final film was
obtained by removing the PET substrate. The same fabrication
process was repeated for all the films in this experiment.

2.4 Measurement and characterization

The microstructure and elemental distribution were characterized
using a Hitachi High-Technologies/Bruker system (FE-SEM,
SU8000 + EDS). The crystallographic structure of the as-
prepared materials was determined using a simple powder
X-ray diffractometer (Rigaku Co., Ltd). The diameter distribution
of the MCAS particle sizes was obtained by the scanning electron
microscopy (SEM) image analyzed using the Nano Measurer
software. The electrical conductivity and Seebeck coefficient
values were obtained simultaneously using a commercial instru-
ment (ZEM-3, Advance Riko). The measurement was carried out
in a standard four-probe configuration under a helium atmo-
sphere. The Hall measurement was carried out on a ResiTest
8300 Series (Toyo Technica). Raman spectroscopy of hybrid
powders was carried out using a Renishaw, micro Raman model
inVia Reflex at room temperature under 514 nm laser excitation.
X-ray photoelectron spectroscopy (XPS; SigmaProbe, Thermo
Fisher Scientific) was performed to identify the composition and
the chemical state of surface elements. Spectra were recorded
using a spectrometer using a monochromatic Al K-alpha X-ray
source (beam energy 1486.6 e€V) and a hemispherical electron
energy analyzer. Pass energies of 150 eV and 50 eV for survey and
core level spectra, respectively, were used. The error bar of TE

tweezer

Drying at 90 °C

for1h
R
PTFE PG IS
Flexible films Pressing Releasing the gas between the layers

Fig. 1 Schematic illustration of the process to synthesize a flexible hybrid film supported by the PTFE membrane.
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properties was obtained by repeating the measurements of
samples 5 times.

3. Results and discussion

The XRD patterns of G, native MCAS powder, MCAS/x wt%
G powder and (MCAS)/x wt% G/P hybrid films are compared in
Fig. 2a. The XRD patterns of the PTFE substrate, PEDOT:PSS
and graphene before and after ball milling (BM) are shown
in Fig. S3 (ESIt). The broader peak between dashed lines in
Fig. S3a (ESIt) shows the amorphous crystal structure of the
pure PEDOT:PSS film on the PTFE substrate. Fig. S3b (ESIY)
shows the XRD pattern of graphene before and after BM.
Compared to the XRD pattern of the G, the wider full widths
at half maximums (FWHM) and the left-shifting of the (002)
peak were observed in the pattern of G BM-0.5 hours (see Note I
in the ESIt), indicating that the BM process not only reduces
the size of graphene nanopalates but also is helpful in increasing
its interplanar spacing. In Fig. 3a, all the peaks of native MCAS
powder are indexed to the crystal structure of a-MgAgSb, which

is consistent with a previous report.****** Only the diffraction

View Article Online
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peaks corresponding to the (202), (130), (224), and (141) planes
are detected due to the reduced crystallite size after ball milling.
As shown in Fig. 2b, the size of the obtained MCAS particles
mainly distributes at 1 um and has an overall size distribution in
the range of 0-5 pm. The real chemical composition of the native
MCAS powder determined by EDS point-composition analysis is
in good agreement with the nominal composition as shown in
Fig. S4 (ESIT). In the case of hybrid powder and films, except for
the peaks contributed by the strong graphite-2H phase, all peaks
are consistent with those of native powder. Besides, the (202)
diffraction peak of MCAS disappears in the all hybrid films,
indicating that the MCAS grains prefer growing along the (224)
orientation. The FWHMs of the (224) characteristic peak of the
hybrid films are reduced as compared to the peaks of the
corresponding hybrid powder demonstrating the increased crys-
tallite size of MCAS after hot pressing (FWHMs = 0.989° and
0.635° for the MCAS/40 wt% G powder and MCAS/40 wt% G/P
film, respectively). In comparison, the peak (224) around 20 = 40°
in the XRD patterns of the hybrid film shifted towards the lower
angle for the sample with 10 wt% graphene as compared to the
corresponding hybrid powder. The origin of this shift is most
likely due to the residual tensile stress of the MCAS powder after
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(a) The XRD patterns of G before and after ball milling, MCAS powder, MACS/x wt% G powder, and MACS/x wt% G/P films (x = 10, 20, 30, 40, and

50). (b) Size distribution of the MACS particles. (c) Raman spectra of G and hybrid MACS/x wt% G powder (x = 10, 20, 30, 40, 50).
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Fig. 3 SEM images of (a) native MCAS powder and (b) MCAS powder after hot pressing. (c) Schematic illustration of the interaction between the MCAS
particle and graphene. (d) MCAS/40 wt% G film. (€) MCAS/40 wt% G/P film. The ternary film characterized here is constituted by 200 mg mixed powder

and 500 pL PEDOT:PSS.

the hot pressing process. Also, the narrow FWHMs indicate that
the crystallite size of the MCAS is increased after the hot
pressing. Moreover, the peak (224) shifted towards a higher
angle with increasing graphene content, speculating that the
graphene wraps on the surface of MCAS particles and impedes
the growth of MCAS under hot pressing. No PEDOT:PSS peak
was detected for the hybrid film because of the strong peak
intensity of MCAS and G.

The Raman spectra shown in Fig. 2c¢ further confirm the
presence of graphene. Raman spectra for the G before and after
ball milling and in the hybrid powder show typical peaks at
about 1350, 1580, and 2700 cm ™', which correspond to the
D band, G band and 2D band of graphene, respectively.
Generally, the structural defects of graphene are related to
the intensity ratio of the D band to the G band (Ip/Ig) in Raman
spectroscopy, where a higher ratio corresponds to the higher
defect density of the graphene structure. Here, the I/l ratio of
G before and after BM increases from 0.622 to 0.681 due to the
damage of the structure and reduction of the crystallite size of
graphene.®"*> However, the Ip/Ig ratio in the hybrid powder
decreases with the wt% increase of graphene, suggesting that
the ball milling process brought less damage to the integrity of
graphene in the hybrid powder. The I,p/I; ratio is used to
estimate the layers of graphene.®* Compared to the as-received
G, the I,p/I; intensity ratio decreases from 0.784 to 0.772 after
BM-0.5 h, which retains the decreasing trend in the hybrid
powders (Table S1, ESIt), indicating the existence of multiple
graphene layers.®

The scanning electron microscopy (SEM) images in Fig. 3
show the microstructures of hybrid films formed at different
fabrication steps. Fig. 3a shows the microstructure of the native
MCAS powder, in which the particles are randomly distributed
and connected with each other in a “point to point” fashion.
Although the boundary of particles becomes blurry and the
porosity is reduced after hot pressing at 100 °C under a
pressure of 40 MPa (Fig. 3b), the gaps can still be observed in
the hybrid film. Therefore, graphene is intercalated to wrap the

12614 | J Mater. Chem. C, 2022, 10, 12610-12620

particles and form 3D conductive paths for carriers, as sche-
matically illustrated in Fig. 3c, which is partially supported by
the SEM-EDS result. As shown in Fig. S5 (ESIt), the C element
mapping indicates that the introduced graphene not only
wrapped on the MCAS particles but also existed in the gap
bridging the particles. In such a structure, the graphene surface
acts as a connecting point between the particles, which
provides a conductive path that may greatly promote carrier
mobility, which will be proved by the Hall measurement result
and discussed in the TE properties part. The SEM image of the
MCAS/40 wt% graphene film is shown in Fig. 3d, which reveals
the formation of a dense film. However, the presence of
individual MCAS particles (red circle) and clear interfaces
(red arrows) of agglomerated graphene is observed, which can
be detrimental to the transport of carriers and may lead to a
poor ¢.°% In contrast, the MCAS/G/P film shows the homoge-
nous distribution of graphene, and no clear graphene inter-
faces are observed, which is ascribed to the m-m interaction
between graphene and PEDOT:PSS, which is further proved by
C 1s spectra in Raman measurement.®* The stacked graphene
nanoplates in the hybrid binary film interact with each other or
with particles through the van der Waals force.”” However, after
drop-casting PEDOT:PSS, the greater n-m interaction between
graphene and PEDOT:PSS makes the graphene nanoplates
redistribute more homogeneously in the matrix (Fig. 3e).>®%*
The elemental distribution and homogeneity of the pure pow-
der and ternary hybrid film are further investigated by EDS
(Fig. S6, ESIT). The results show that all the elements are
homogeneously distributed throughout the sample and gra-
phene homogenously wraps the particles.

Fig. 4a shows the XPS survey spectra of G before and after
BM, MCAS and MCAS/40 wt%G hybrid powder as well as MCAS/
40 wt%G/P films with different MCAS/G mass loadings
(79.1 wt% and 88.3 wt%, respectively). The spectra of G before
and after BM keep consistent the binding energies (BEs) of C 1s
and O 1s, suggesting that the ball milling process does not
influence the element composition of graphene. C 1s was

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) XPS survey spectra of pure G, G BM-0.5h, MCAS powder, MCAS/G powder, the MCAS/G/P film at 79.1 wt% and the MCAS/G/P film at 88.3 wt%.

All the spectra have been staggered vertically for the clarity of presentation. High resolution (b) C 1s, (c) S 2p, (d) Mg 1s, (e) Cu 2p, (f) Ag 3d, and (g) Sb 4d
spectra of MCAS and MCAS/40 wt%G hybrid powder as well as the MCAS/G/P films.

detected in all hybrid samples indicating the inclusion of graphene
in all hybrid samples. Note that it is speculated that O 1s is
contributed by the O, absorbed on the surface of the samples
because the XRD results (Fig. 2) indicate the graphite 2H phase of
both graphene before and after ball milling samples.*>*® The
spectrum of the native MCAS powder confirms the presence of
Mg, Cu, Ag, and Sb of native powder. In contrast, the S 2p belonging
to PEDOT:PSS was only detected in the MCAS/G/P hybrid films.

Fig. 4(b and c) show the C 1s and S 2p core level spectra of
the samples. In the C 1s spectra, except the C-C group
(at ~284.5 eV) belonging to graphene, it is observed that the
characteristic C-O (~285.9 eV) and C—0 (~287.3 eV) groups
were ascribed to PEDOT:PSS.*”*® In addition, the strong n-m
interaction between graphene and PEDOT:PSS contributes to
the slightly left-shifting of the C-C peak in the hybrid films.*’
The similar peak ratio in the S 2p spectra suggests that
PEDOT:PSS is stable in the process of film fabrication.

The Mg 1s, Cu 2p, Ag 3d, and Sb 4d core level spectra are
shown in Fig. 4(d and g). No appreciable change in the BE and

This journal is © The Royal Society of Chemistry 2022

line shape of core levels were observed except the Sb 4d spectra.
The peak position at ~1306.2 eV in the Mg 1s spectra implies
the Mg®" oxidation state (1305.0 eV) on the surface of the MCAS
alloy. In contrast, the detected peaks for Cu were too weak
to identify the BE position (Fig. 4e). In the spectra of Ag 3d, the
two peaks at 369.4 eV and 375.4 eV correspond to Ag 3ds.,
(368.3 eV) and Ag 3ds/, (374.3 eV), and the value of spin-orbit
splitting is calculated to be ~6 eV, which implies that the Ag
ion is in the +1 oxidation state. In comparison, the signal
intensity of Ag 3d gradually decreases from the native powder
to hybrid powder to hybrid films, proving that the Ag signal of
MCAS was weakened by the layers of graphene in the hybrid
powder as well as graphene with PEDOT:PSS in the hybrid
films, which is also in accordance with its atomic distribution
(Table S2, ESIT). From the spectra of Sb 4d, it is known that the
part of Sb (pure Sb 4ds,, at 32.1 eV and 4d;,, at 33.3 eV) is the
oxidized state (4ds, at 34.56 eV for Sb,0; and 4d;,, at 35.74 eV
for Sb,05) on the surface of the MCAS powder. Compared with
the MCAS powder, the oxidation of Sb is serious on the surface
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of the hybrid powder even in the hybrid films. Moreover, the BE
positions of all the peaks measured in this study slightly move to
the higher BE position compared to the corresponding standard
position (all BE positions mentioned in brackets were obtained
from the Handbook®), indicating that the element states of
MCAS are contributed by both oxidation and interaction among
elements. Nevertheless, combining the XRD results (Fig. 2a), it is
concluded that the oxidation amount of samples is negligible
because no impurity phase was detected by XRD.

To optimize the graphene content in the hybrid film, the
electrical properties o, S, and PF of hybrid films at room
temperature as a function of graphene content are shown in
Fig. 5a. The ¢ of the hybrid film increases slowly with the
graphene content up to 30 wt%, then it increases abruptly at
40 wt% and decreases at 50 wt% (Fig. 5a). The o value increases
from 12 S em " for the 0 wt% hybrid film to a maximum of
933 S cm™ ' for the 40 wt% hybrid film. The optimization of
graphene content leads to an increase in o(c = neu), which is
mainly attributed to either the increase in the concentration (1) or
the mobility (i) of the hybrid films. Fig. 5b shows the n and x of the
hybrid films measured at room temperature. As the graphene
content varies from 0 wt% to 50 wt%, the n value increases from
~5 x 107 em ™ (0 Wt%) to ~4.5 x 10*° em ™ (50 wt%), which
is most likely a result of graphene that introduces additional
carriers into the matrix.”’™** Moreover, the y value increases from
~1em®>V s (0 wt%) to ~5 cm® V' 57! (40 wt%) because of
the reduced void volume fraction between matrix particles by the
addition of graphene content. However, the decrease of both y and
o for the 50 wt% graphene sample is due to the segregation of
graphene nanoplates at the particle boundaries, creating new
microstructural interfaces and providing extra boundaries.>®**

The positive Seebeck coefficients at room temperature for all
the hybrid films show that the majority of carriers are holes
(Fig. 5a). The S decreases significantly with an increase of
graphene content up to 10 wt%, whereas it shows similar S values
with a further increase of graphene content. The S follows the n~>*
dependence according to Mott’s formula,” ie., expressed as

8mlKp? m\2/3
=)
3en? " \3n

View Article Online
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where «g, e, h, m*, and n are the Boltzmann constant, the carrier
charge, Planck’s constant, the effective mass, and the carrier
concentration, respectively. The S value of the hybrid film decreases
from ~60 uV K (0 wt%) to ~15 uV K~ * (10 wt%), which is owing
to the increase of n from 5 x 10"” ecm ™ (0 wt%) to ~2 x 10'® em ™3
(10 wt%). The S value of ~15 uV K is observed for all the hybrid
films (10-50 wt% of graphene). This result is most likely ascribed to
the energy filtering effect,”®*® where n increases and S is almost
invariant. As a result of optimum graphene content at 40 wt%, ¢ of
~933 Scem ' and S of ~15 wV K ' lead to a maximum power
factor of 25 yW m ™" K> at room temperature, which is 8 times
higher than that of the binary film with 0 wt% graphene (Fig. 5a).

We have successfully demonstrated the preparation of a
crack-free hybrid film with good TE properties. However,
mechanical flexibility is essential for the social implementation
of hybrid film TE devices. Therefore, the influence of the hybrid
mass fraction on both the TE properties and mechanical
flexibility of the ternary hybrid film is further investigated.

Fig. 6 shows the g, S, and PF of hybrid films as a function of
the MCAS/40 wt% G mass fraction. The ¢ increases with the
mass fraction, whereas S is almost invariant, leading to a high
PF with a similar trend to o. The increase of ¢ from 258 S cm ™"
(79.1 wt%) to 922 S ecm™ " (93.8 Wt%) is mainly due to the
increase of pu. Fig. 6b shows similar n values whereas u
increases with varying mass fractions. The u increases from
~1cem® V' st (79.1 wt%) to ~3 em® V7' s (93.8 wt%),
whereas the n value is ~0.5 x 10*® ecm™? for all the hybrid
films. As a combined effect of high ¢ and moderate S, a
maximum PF ($°¢) of 31 pyW m™~" K > is obtained for the
93.8 wt% mass fraction hybrid film.

Although the mobility shows the unsaturated trend in the
mass fraction range studied, the mechanical bending tests
confirm that the 88.3 wt% mass fraction is optimum to obtain
a hybrid film with the required flexibility. Fig. 6¢c and d show &
and S as a function of bending times for 79.1 wt% and 88.3 wt%
mass fraction. The bending tests are performed by applying the
hybrid film around a glass rod with a diameter of 12.6 mm.
Within 1000 bending times, the ¢ of both films (79.1 wt% and
88.3 wt%) shows a similar evolving trend and a slight decrease
(retaining 70.8% at 79.1 wt% and 77% at 88.3 wt% after 1000

(a) 30 1(b) 500
1000f 1 15
60 | ' 3.

Q 25 4~400} i
~800} \ —~E -9 =
E sl S S
5 o X P 300 ¢ $ g

600} XL S &z
2 v {30> b= / 3 €
© 400t @ | 2031 x 200} S

400 o ; ol =1 /

- 5P T < 2
o 5 : 100F /
200} O S o $ 1
Q@ i 10
) 0 N [ SR S - ] ]
0 10 20 30 40 50 i ; 0 10 20 30 40 50

Graphene content (wt%)

Graphene content (wt%)

Fig. 5 TE properties of the hybrid film as a function of graphene content by hybrid 200 mg of mixed powder with 500 pL of PEDOT:PSS: (a) ¢, S, and PF;

(b) carrier concentration (n) and mobility (u).
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bending times). In particular, the film at an 88.3 wt% mass
fraction shows a relative obvious decrease trend from 900 to
1000 bending times compared to that of the film at 79.1 wt%,
indicating that the flexibility of the hybrid films at a higher
mass fraction is easily sacrificed with the increase of bending
times. As shown in Fig. S7(a and b) (ESIY), the thickness of the
hybrid film increased with the increase of hybrid powder
content. Consequently, with an increase in the bending tests,
the hybrid film with higher mass loading (88.3 wt%) demon-
strates a bigger crack (Fig. S7c and d, ESI¥), leading to a more
obvious decrease of ¢ at higher bending times. In contrast, the
S of the film at 88.3 wt% is invariant as the function of bending
time in comparison to the S at 79.1 wt%. This result shows a
significant variation and is possibly caused by the hybrid ratio
of three components (inorganic TE material, PEDOT:PSS, and
graphene). The hybrid film is expected to be detrimental for TE
properties at different areas and bending times with a lower
mass fraction; therefore, the resultant S is obtained by their
respective S ratio in the hybrid film. However, with the increase
of the mass fraction, the S of an inorganic material part may
become dominant, so that the hybrid film at 88.3 wt% shows a
similar S value with increasing bending times. The ¢ and S
evolution as a function of bending times of the hybrid films at
91.9 wt% and 93.8 wt% are not obtained because the films are
seriously damaged during the first 100 times bending tests. The
TE properties and flexibility of the hybrid film at 79.1 wt% are
compared with the reported data (Table S3, ESIt). The electrical

This journal is © The Royal Society of Chemistry 2022

conductivity of the hybrid film in the present work is compar-
able with reported data; however, it is less flexible in compar-
ison to the hybrid films fabricated using nanowire based
inorganic components,”” ' which mainly resulted from the
“point to point” connection way of inorganic particles.

4. Conclusions

We successfully demonstrated a facile method for the fabrication
of a crack-free p-type flexible Mgy 99CU.01Ag0.97Sbo.0o/graphene/
PEDOT:PSS (MCAS/G/P) hybrid film. The electrical properties of
the TE films were optimized by varying the graphene content.
The TE film with the optimized graphene content (40 wt%)
showed a maximum electrical conductivity of 933 S em™" and
a power factor of 25 yW m™~' K 2 at room temperature. The
enhanced PF of the hybrid film for 40 wt% graphene results
from the optimized conductive path in MCAS, which not only
enhanced the ¢ but also endowed the hybrid film with excellent
flexibility. Moreover, the mechanical bending tests confirmed
that the ¢ and S of the hybrid film were retained more than 71%
after 1000 bending times. This result indicates that there is still
room to improve the flexibility and TE properties of the MCAS/
graphene/PEDOT:PSS hybrid film. However, the present work
may facilitate to develop novel high-performance thermoelectric
materials with flexibility for harvesting the waste heat.
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