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Abstract: The thermoelectric materials that operate at room temperature represent a scientific chal-
lenge in finding chemical compositions with three optimized, independent parameters, namely
electrical and thermal conductivity and the Seebeck coefficient. Here, we explore the concept of
the formation of hybrid composites between carbon-based materials and oxides, with the aim of
modifying their thermoelectric performance at room temperature. Two types of commercially avail-
able graphene-based materials are selected: N-containing reduced graphene oxide (NrGO) and
expanded graphite (ExGr). Although the NrGO displays the lowest thermal conductivity at room
temperature, the ExGr is characterized by the lowest electrical resistivity and a negative Seebeck
coefficient. As oxides, we choose two perspective thermoelectric materials: p-type CazCosO9 and
n-type Zng 995Alg 0050. The hybrid composites were prepared by mechanical milling, followed by a
pelleting. The thermoelectric efficiency was evaluated on the basis of its measured electrical resistivity,
Seebeck coefficient and thermal conductivity at room temperature. It was found that that 2 wt.%
of ExGr or NrGO leads to an enhancement of the thermoelectric activity of CazCo409, while, for
Zng 995Alp 0050, the amount of ExGr varies between 5 and 20 wt.%. The effect of the composites’
morphology on the thermoelectric properties is discussed on the basis of SEM/EDS experiments.

Keywords: thermoelectric oxides; expanded graphite; graphene oxide; layered oxides; zinc oxide;
multiphase composites

1. Introduction

Oxide materials have been attracting attention due to their possible thermoelectric
applications, since they exhibit a high Seebeck coefficient and thermal stability, together
with low toxicity [1]. However, their relatively low electrical conductivity and high thermal
conductivity cause obstacles for oxide commercialization as a thermoelectric material [1,2].
In general, the performance of thermoelectric materials is quantified by the dimensionless
figure of merit ZT = S>T/(pA), where S is the Seebeck coefficient, T is the absolute tem-
perature, p is the electrical resistivity, and A is the thermal conductivity [3,4]. Based on
these relations, high thermoelectric activity could be reached when oxides simultaneously
have high electrical conductivity and low thermal conductivity [3,4]. In this respect, the
most intriguing thermoelectric oxides comprise Co-based, strongly correlated systems
(perovskites, LaCoQO3, layered oxides, NaCo0,04 and RBaCo0,0s,, misfit layered oxides,
CayCo030y), a Ti-based Ruddlesden-Popper phase (SrTiO3), ZnO, etc. [5,6]. Given the
diversity and flexibility of the crystal structures, the state-of-the-art approach for improving
the thermoelectric performance of oxides is through selective metal substitution [5]. The
metal substituents affect both the electronic structure and vibrational properties of oxides,
thus contributing to augmented thermoelectric activity [5]. As each substituent only has an
effect on one parameter (i.e., electrical or thermal conductivities), the use of more than one
substituent enables the optimization of the several independent parameters and can help
to achieve the precise control of thermoelectric properties [7,8]. Despite the effectiveness
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of this approach, the preparation of multiple substituted oxides is usually a complex and
expensive process.

As an alternative to single and multiple substitution, the approach including the
formation of composites between several distinct phases is becoming more attractive [9-12].
In multiphase composites, interfacial and texturized effects (the grain boundaries, confined
particle sizes, oriented growth, etc.) give rise to the enhanced phonon-scattering and charge
carrier mobility, which, in turn, lead to a better thermoelectric activity [13-16]. Two groups
of multiphase composites need to be highlighted: multicomponent inorganic or organic
composites and hybrid organic-inorganic composites [17]. The main feature of all organic or
inorganic composites is their enhanced thermoelectric performance due to the combination
of components with high electrical and low thermal conductivities [10,11,13,16]. However,
the main disadvantage of the organic composites is their low Seebeck coefficients, while, for
inorganic composites, their electrical conductivity is still far from the desired values. These
disadvantages can be overcome by the formation of hybrid composites between inorganic
and organic components, where the thermoelectric performance is dictated by the low
thermal conductivity of the organic component and high Seebeck coefficient of the inorganic
component [18]. In this respect, graphene has emerged as a competitive component thanks
to its unique electrical conductivity and flexibility [19,20]. Unfortunately, the high thermal
conductivity and low Seebeck coefficient restrict the graphene’s merit in the range of
10~% [15,16]. Given the difficulties in the synthesis of pure graphene, reduced graphene
oxide (rGO) has recently become the subject of intensive studies due to its cheaper and
easier means of synthesis [9,21]. Based on DFT calculations, it has been shown that the
thermal conductivity can be effectively reduced by the attachment of oxygen atoms to
the graphene layers (i.e., the formation of graphene oxide) [22,23]. Contrary to graphene,
graphene oxide exhibits lower electrical conductivity, which leads to a worsening of its
thermoelectric activity [19,24]. The enhancement of electrical conductivity is achieved
through a mild reduction in graphene oxide (i.e., rGO) [20,25]. Thus, rGO has recently
become a main subject of study due to its thermoelectrical applications [9,26]. It has
been reported that rGO can also be used as an additive to oxides in order to control their
thermoelectric performance [27,28]. In addition to graphene and rGO, expanded graphite
(ExGr) has also recently attracted research interest [29,30]. ExGr has been utilized as a filler
to multifunctional cement composites [31,32].

Despite the variety of studies of hybrid composites, there are still few investigations
on thermoelectric materials that are able to operate at room temperature [33,34]. At present,
the main room-temperature thermoelectric materials rely on BiTe-, S-, and Se-based alloys,
which are highly toxic [29,30]. Contrary to the alloy-based materials, environmentally
benign oxides performed worse at room temperature [35,36]. The question is whether
the room-temperature thermoelectric efficiency could be improved by the formation of
hybrid composites.

Here, we explore the concept of the formation of hybrid composites between carbon-
based materials and oxides, with the aim of modifying their thermoelectric performance
at room temperature. Three types of commercially available graphene-based materi-
als are selected: reduced graphene oxide (rGO), N-containing reduced graphene oxide
(NrGO) and expanded graphite (ExGr). As oxides, we chose p-type CazCo4Og and n-type
Zn 995Al0 0050. These oxides were selected due to their ability to modify the electrical and
thermal properties through the regulation of the interface and boundary grains [37,38]. In
addition, the thermal conductivity of oxides displays size-dependent effects, which allows
for the suppression of thermal conductivity through effective phonon scattering [39]. Thus,
we intend to modify the thermoelectric performance of these oxides at room temperature
through the formation of composites with graphene-based materials. The hybrid compos-
ites were prepared by mechanical milling. The thermoelectric efficiency was evaluated on
the basis of the measured electrical resistivity, Seebeck coefficient and thermal conductivity
at room temperature. Based on SEM/EDS analysis, the effect of the composites” morphol-
ogy on the thermoelectric activity is discussed. The study of thermoelectric parameters will
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provide the necessary information on the applicability of the studied materials to the direct
conversion of thermal energy into electrical energy and the temperature range in which the
materials are most promising.

2. Materials and Methods

Pristine oxides, carbon materials and synthetic procedures. We used Ca(NOj3),.4H,O
(Sigma Aldrich, St. Louis, MO, USA), Co(NO3),.6H,0, Zn(NO3),.6H,0O (Sigma Aldrich,
St. Louis, MO, USA), AI(NOs3)3.9H,0 (Sigma Aldrich, St. Louis, MO, USA), citric acid (p.a.
Chem-Solutions, GmbH, Dimitrovgrad, Bulgaria) and NH;HCO3 (p.a. Chem-Solutions,
GmbH, Dimitrovgrad, Bulgaria) as reagents. Layered CazCo40O9 was obtained by a Pechini-
type reaction, as described elsewhere [10]. The solution containing Ca(NO3);.4H,0,
Co(NO3),.6H,O, citric acid and ethylene glycol (at a ratio of Ca:Co:CA:EG = 1:1:10:40) was
heated at 90 °C until drying and polyesterification; then, the solid residue was heated at
400 °C for 3 h. Aluminum-doped zinc oxide (Zng 995Alg 0psO with wurtzite-type structure)
was prepared by co-precipitation from an aqueous solution of zinc and aluminum nitrates
with NH4HCO3; the details are provided elsewhere [40]. The precursors were tableted and
annealed at a specific temperature depending on the oxide composition: CazCosO9 was
annealed at 800 °C for 20 h in an oxygen atmosphere, while Zn 995 Al 0050 was obtained at
750 °C for 10 h in air. The reduced graphene oxide (rGO), N-doped reduced graphene oxide
(NrGO) and expanded graphite (EXG 98 20/20 pum) are commercial products provided by
Graphit Kropfmiihl GmbH (Hauzenberg, Germany).

Preparation of composites. The composites between oxides (CazCo409 or Zng 995Aly 0950)
and carbon additives (rGO, NrGO or ExCr) were fabricated through the mechanical mixing
of the given oxide with a carbon material at a weight ratio of 98:2%, 95:5%, and 80:20%. The
mixtures were pelleted and thermally treated at 200 °C for 5 h in argon atmosphere. For the
sake of convenience, the composites will be denoted as follows: CaggNrGO,, CagsNrGOs
and CaggINrGO,g; CaggExGry, CagsExGrs and CaggExGryg; ZnggExGry, ZngsExGrs and
anoEXGI'Z(),' angN]TGOZ, Zn95NrGO5 and Zl"lgoNI‘GOzo.

Characterization. A structural analysis of samples was carried out using a powder
X-ray diffractometer (Bruker Advance D8, Karlsruhe, Germany) equipped with LynxEye
detector (CuKo). The morphology was analysed through scanning electron microscopy
(SEM). SEM images of pellets along the surface and cross-section were monitored by a
JEOL JSM 6390 microscope equipped with an EDS analyzer (Oxford INCA Energy 350) in a
regime of secondary electron images (SEISs).

For the thermoelectrical characterization, square pellets with a dimension of 9 mm
and thickness of about 1-2 mm of were fabricated. The pellet porosity was evaluated
by a comparison of the pellet density (determined by the Archimedes method) with the
theoretical density of Ca3Co4O9 and Zng g95Alg 005sO. The results indicate that the pellet
porosity varied at around 25%, irrespective of its phase composition. This allows for us to
correctly compare the thermal properties of composites.

The electrical resistivity was determined by MMR’s Variable Temperature Hall System
(K2500-5SLP-SP) within the framework of the Van der Pauw method. Thermal conductivity
was calculated using a C-Therm TCi Thermal Conductivity Analyzer (MTPS). The Seebeck
coefficient of the samples was measured at room temperature using the in-house setup.
The holder comprises two solid plates with thermocouples. One of the plates contains a
gradient heater. The measured sample was inserted between the solid plates (Figure S1).
Then, the Seebeck voltage and temperature difference were recorded upon reaching the
stationary condition. All parameters (i.e., electrical resistivity, thermal conductivity and
Seebeck coefficient) were measured at 298 K.
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3. Results
3.1. Thermoelectric Properties of rGO, NrGO and ExGr

The thermoelectrical properties of expanded graphite, rGO, and NrGO are compared
in Table 1. The comparison shows that the expanded graphite exhibits the lowest electrical
resisitivity (i.e., around 9.6 x 10~ Q).cm) and Seebeck coefficient (i.e., —26.1 n/K), resulting
in the highest power factor (PF) even at room temperature (i.e., 71 pW/(m.K?) at 20 °C).
The magnitude of the PF is close to that determined for commercial-graphite-produced
composite films (i.e., 87 uW/(m.K?) at 25 °C and 94 pW/(m.K?) at 150 °C) [29]. It is
worth mentioning that the sign of the Seebeck coefficient is negative. Despite the relatively
good magnitude of the PF, the high thermal conductivity of ExGr gives rise to a lower
figure of merit. In comparison with the expanded graphite, both rGO and NrGO are
characterized by their extremely low thermal conductivities (i.e., more than two orders
lower than that of ExGr), but their figures of merit remain small, making them unsuitable
for practical application. The close inspection of the data for rGO and NrGO indicates
that both the power factor and figure of merit reach higher magnitudes for NrGO. It is of
importance that the figure of merit for NrGO varies in the range of 10~3, which is slightly
higher from the previously reported data (i.e., about 10~%) [19,20]. As far as we known,
these are the first data on the thermoelectric activity of reduced graphene oxide where
the O atoms are replaced by N. This motivated us to use only NrGO as a component in
multiphase composites.

Table 1. Electrical resistivity, Seebeck coefficient, power factor, thermal conductivity, and figure of
merit for ExGr, rGO, NrGO, Ca3zCo0409, and Zng g95Al(, 0050, measured at 298 K.

Samples nzm u\?/K pI;f//ZSZ 1/<g) W/17:1 K F‘ﬁ‘:ﬂ"f
. : S%T/(p-A)
ExGr 9.6 x 10~* —26.1 71 0.838 0.0255
NrGO 4.45 x 102 -28 1.7 x 1072 0.003 0.0017
rGO 7.98 x 1072 —0.6 39 x10°* 0.005 2 x107°
Ca3Co409 3x 1072 94 29 0.620 0.0130
Zngoo5Aly 0050 4.6 x 103 —590 8 x 1073 0.300 8 x 107°

3.2. Multiphase Composites between Oxides and Carbon Additives

The ball-milling of oxides with carbon additives yields composites in which every
individual component (oxide, NrGO, or ExGr) retains its structure. Figure 1 compares
the XRD patterns of oxide—carbon composites. The indexation of XRD patterns shows
the appearance of diffraction peaks due to CazCo409 and expanded graphite phases. In
the case of NrGO, the diffraction peak (at around 24.6°) is too broad, thus preventing
its observation in the XRD patterns of composites. The lattice parameters for CazCo4O9
and Zng 995Alg 00sO components are not changed during the composites” formation and
correspond to the previously reported parameters [10,37]: a = 4.8249 A; by = 4.5687 A;
c=10.862 A; by, = 2.8096 A; B = 98.4° for Ca3C04Oy and a = 3.2504 A; c = 5.2062 A for
Zng 995Al0 0050.
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Figure 1. XRD patterns of composites of Ca3Co409 (a,b) and Zng g95Alj 050 (c,d) with ExGr (a,c) and
NrGO (b,d).

3.3. Effect of NrGO and ExGr on the Thermoelectric Properties of CazCo4Og

The formation of multiphase composites enables to compare the effect of carbon
components on the thermoelectric properties of CazCo040Og. The ExGr has excellent electrical
conductivity, which is about two orders higher than that of the oxide. In contrast, the
electrical conductivity of the oxide slightly exceeds that of the NrGO (Table 1). Although
the Seebeck coefficient has a positive sign for the oxide, the negative Seebeck coefficient
is observed for ExGr and NrGO (Table 1). This reveals that different types of charge
carriers are responsible for the electrical properties: for the oxide, the p-type is responsible,
while for the ExGr and NrGO, the n-type is responsible. In terms of magnitude, the oxide
Seebeck coefficient is the highest. Because of the excellent electrical conductivity, the power
factor of the ExGr reaches the highest magnitude irrespective of its low Seebeck coefficient
(Table 1). The thermal conductivity increases following the order NrGO < CazCo4O9 < EXGr.
Combining all parameters into the figure of merit, it appears that ExGr and CazCo4O9
have comparable thermoelectric activities (0.025 and 0.013 at 20 °C, respectively), which
outperform those of NrGO.

The addition of ExGr in amounts of up to 5 wt.% to CazCo040O9 only slightly affects
the electrical resistivity, while the next amount of ExGr significantly reduces the electrical
resistivity (Figure 2a). Along with the observed trend in changes in the electrical resistivity,
the Seebeck coefficient progressively decreases, but its sign remains positive up to 5 wt.%
of ExGr (Figure 2b). At 20 wt.% of ExGr, the sign of Seebeck is converted from positive
to negative, reaching the value of the ExGr component. The simultaneous changes in the
electrical resistivity and Seebeck coefficient could be explained in terms of the opposite
charge carrier types observed for the individual components CazCo409 and ExGr (p- and
n-type, respectively), as well as the average values of the composites’ electrical resistivity,
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measured between CazCo;409 and ExGr components. Considering the electrical resistivity
and Seebeck coefficient, the power factor of the CazCo4O9-ExGr composites is lower than
that of the individual CazCo40O9 and ExGr components (Figure 2c).
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Figure 2. Electrical resistivity (a), Seebeck coefficient (b), and power factor (c) of the composites
between CazCo409 and ExGr.

In comparison with the ExCr additives, the addition of NrGO leads to an increase
in the electrical resistivity of Ca3Co4Og (Figure 3a). It is interesting that the electrical
resistivity of the CazCo4O9-NrGO composites is slightly higher than that of the individual
Ca3C0409 and NrGO components. Up to 5 wt.% of NrGO, the Seebeck coefficient varies
around the magnitude of the oxide component, followed by a drastic decrease after further
increases in the NrGO content (Figure 3b). However, the sign of the Seebeck coefficient
remains positive between 2 and 20 wt.% of NrGO, which is different to that of the ExGr-
containing composites. The different trends in variation of the electrical resistivity and
Seebeck coefficients of ExGr and NrGO-containing composites are, most probably, related to
the specific manner of packing of the oxide particles using carbon additives: it appears that
ExGr more strongly modifies the oxide in comparison with NrGO. (This will be discussed
in the next section.) Irrespective of these different behaviors, the power factor of CazCosOg
is almost unchanged for up to 5 wt.% of NrGO addition, as in the case of ExGr-containing
composites (Figure 3c). All these data disclose that small amounts of ExGr and NrGO (up
to 5 wt.%) slightly affect the power factor of the oxide.
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Figure 3. Electrical resistivity (a), Seebeck coefficient (b), and power factor (c) of the composites
between CazCo40O9 and NrGO.

The parameter that undergoes a strong change after the addition of carbon is the ther-
mal conductivity (Figure 4). For the Ca3Co409-ExGr composites, the thermal conductivity
strongly decreases, so they become smaller than the individual Ca3Co409 and ExGr compo-
nents (Figure 4a). To rationalize this dependence, the contribution of the conductive carriers
and phonon scattering to the overall thermal conductivity (A) was taken into account. In
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the case when only one type of charge carrier contributes to the electron conductivity, the
electrical thermal conductivity (Ae) is inversely proportional to the electrical resistivity
(p) according to the Wiedemann—Franz law: A. = LT/p, where L is the Lorentz number
(2.45 x 1078 V2/K?) [7]. Taking into account the experimental data on the electrical resis-
tivity of composites, the calculated conductive-carrier-induced thermal conductivity of
Ca3zCo40y increases with the ExGr content, as follows: 0.024, 0.021, 0.030, 0.125, and
0.764 W/(mK) for CazCo40y; CagsExGry, CagsExGrs, CagyExGrpg, and ExGr, respec-
tively. The comparison shows that the calculated electrical thermal conductivity is sig-
nificantly lower than the experimentally measured values for the Ca3Co4O9 component
(i.e., 0.62 W/(m.K)), signifying the leading role of phonon scattering in the overall thermal
conductivity (about 96% of overall A). Contrary to CazCo4Oy, the overall thermal conductiv-
ity of ExGr (i.e., 0.838 W/(m.K)) is governed by conductive carriers. For the CazCo4O9-ExGr
composites, phonon scattering remains a leading term in the overall thermal conductivity
for up to 5 wt.% of ExGr (about 93% of the overall A), while, at around 20 wt.% of ExGr, the
role of conductive carriers dramatically increases, reaching 43% of the overall A. Since the
thermal conductivities of the composites are lower than those of the individual CazCo409
and ExGr components, it is possible to assume that phonon-boundary scattering is an
important factor. It is now recognized that, through increasing the phonon scattering at
grain boundaries, it is possibly effectively to reduce the thermal conductivity [13,41]. In
other words, this is a future aim for the modification of the oxide interfaces through the
addition of ExGr. The smaller thermal conductivity suggests an improvement in the figure
of merit, with this improvement being best for CaggExGry (Figure 4b).
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Figure 4. Thermal conductivity (a,c) and figure of merit (b,d) for the composites of CazCo4O9 with
ExGr (a,b) and with NrGO (c,d).

The NrGO has the same effect as the ExGr: the thermal conductivity of the CazCo40o-
NrGO composites decreases after the addition of small amounts of NrGO (i.e., 2 wt.%)
(Figure 4c), but remains higher than that of the NrGO component. It is worth mentioning
that the overall thermal conductivity of NrGO is also governed by the conductive carriers
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as in the case of ExGr: thus, the higher electrical resistivity of NrGO determines its smaller
thermal conductivity compared to that of ExGr (Table 1). However, for the CazCo409-
NrGO composites, the conductive-carrier-induced thermal conductivity makes a small
contribution to the overall thermal conductivity (i.e., around 3-7% of A) in the concentration
range of 2-20 wt.%, a phenomenon that has already been observed for CazCo4Og-ExGr
composites. Because of the lowest thermal conductivity of NrGO, the thermal conductivities
of NrGO-containing composites are lower in magnitude in comparison with those for
Ca3C0409-ExGr composites. This means that, irrespective of the stronger modification
effect of ExGr on the oxide interface, the figure of merit of CazCo409-NrGO composites
will be higher than that of CazCo4O9-ExGr composites. Thus, the best figure of merit is
observed for the composite with 2 wt.% NrGO, which is higher than that of the composite
containing 2 wt.% of ExGr (Figure 4d). It is of importance that even 2 wt.% of ExGr or
NrGO is sufficient to improve the thermoelectric performance of the CazCosOg oxide.

3.4. Effect of NrGO and ExGr on the Thermoelectric Properties of Zng 9954190050

Although Ca3zCo409 belongs to the p-type thermoelectric materials, the Al-doped
ZnO is classified as n-type [42,43]. Zngg95Alp0050 displays a large Seebeck coefficient
with a negative sign (—590 uV/K), but the electrical resistivity is extremely high (Table 1).
It is worth mentioning that Al doping is needed to improve the electrical properties of
Zn0 [37-39]. In this case, the electrical resistivity remains higher in comparison with other
thermoelectric oxides (i.e., Ca3C040y). Thus, irrespective of the high magnitude of the
Seebeck coefficient, the high electrical resistivity determines the small power factor for
7Zn( 995A1) 0050 (i.e., about 1072 uW/(m.K?), Table 1).

The addition of both ExGr and NrGO acts in the same manner. ExGr and NrGO yield a
drastic decrease in the electrical resistivity of Zng 995 Al 0050 (Figure 5). The optimal content
of carbon additives is between 5 and 20 at %: in this case, the electrical conductivities of the
composites approach those of the individual ExGr component or NrGO. Because of the low
electrical resistivity of ExGr, the ZngyExGryy composite outperforms the analogue, with
20 wt.% NrGO (i.e., an electrical resistivity of 2.9 x 1073 Q.cm for ZngsExGrs versus
2.3 x 107! O.cm for ZnggNrGO»y). Along with the electrical resistivity, the Seebeck coeffi-
cient is also decreased, but the sign always remains negative. It is noticeable that even small
amounts of carbon additives provoke a dramatic decrease in the Seebeck coefficient, a phe-
nomenon that is not observed for the CazCo4O9-containing composites. Notwithstanding,
due to the low electrical resistivity, the highest power factor is observed for the composites
between Zng g95Alg 0050 and ExGr in amounts between 5 to 20 wt.%. It is of importance that
the magnitude of the power factor of ZngsExGrs and ZngyExGry ((i.e., around 2 pW/(m.K?))
is three orders higher than that of the individual Zng g95Alg 95O component.

In comparison with CazCo0409, Zng 995Alg 0050 exhibits a lower thermal conductivity.
However, as in the case of CazCo40y, the thermal conductivity of Zng g95Alg 0050 is gov-
erned by phonon scattering (i.e., about 100% of overall A). The addition of ExGr and NrGO
to Zng 995Alg 0050 displays different effects on the thermal conductivity (Figure 6). After
the addition of ExGr, the thermal conductivity of composites slightly increases in compari-
son with that of Zng 995 Al 0950, but always remains lower than that of ExGr (Figure 6a).
Irrespective of the higher thermal conductivity, and thanks to the better electrical conduc-
tivities, the Zng 995 Al 005O-ExGr composites still exhibit a better figure of merit that that of
Zng 995Alp 0050. The NrGO causes a decrease in the thermal conductivity of Zng g95Alg 0950,
and at 20 wt.% of NrGO, the thermal conductivity of the composite approaches that of
NrGO (Figure 6¢). Thus, the composite with 20 wt.% of NrGO is characterized by a slight
improvement in the figure of merit. The important result suggests that the thermoelec-
tric activity of Zngg95Alp 0p50O is improved thanks to the enhancement of the electrical
conductivity of Zng g95Alg 0050, especially after the addition of ExGr. Thus, the compari-
son evidences that ExGr plays a different role in the improvement in the thermoelectric
properties of Zng g95Al 0p50 and CazCo40q.
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3.5. Composites Morphology

The dissimilar effects of ExGr and NrGO on the thermoelectric properties of oxides are
closely related to the morphology of the composites. The morphologies of the individual
oxide and carbon components are quite different (Figure 7). For CazCo4Og, well-shaped
micrometric particles can be observed, while for Zn 995 Alg 0050, small, irregular nanometric
particles occur. The different morphologies of CazCo409 and Zng 995Alg go50 can be used to
explain their thermal conductivities (Table 1): the smaller particles of Zng g95Alg 0950 ensure
more effective routes for phonon scattering (such as grain boundaries), thus reducing
the thermal conductivity. It has been reported that, for oxides with particle sizes below
100 nm, the thermal conductivity is reduced, which is of importance for their thermoelectric
applications [44]. In comparison with oxides, the morphology of ExGr and NrGO consists
of flake-like micrometric particles.

Ca,Co0,0, Top R = EXGr_Top |

qpm 10 46 BEC

Figure 7. SEM images of the pellets containing Ca3zCo40q (a), ExGr (b), Zngg95Alg 050 (c) and
NrGO (d). The top view of the pellet is shown for all compositions.

In comparison with individual components, the morphology of the composites is
changed. Since the thermoelectrical properties are measured using a square pellet, Figure 8
compares the SEM images of composites taken on the top and cross-section of the pellet.
For the composites of CazCo4Og with ExGr, the morphology on the pellet top consists of
well-contacted micrometric and flake-like particles, with the relative part of the flake-like
particles being increased according to the amount of ExGr. At the cross-sectional area of
the pellet, the micrometric particles seem to dominate the flake-like ones. This picture is
observed when ExGr is replaced with NrGO: on the pellet’s top, the flake-like particles
are clearly seen, while at the pellet cross-section, micrometric particles mainly appear
(Figure 8).
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Figure 8. SEM images of the pellets (top and cross-sectional view) for the composites Ca3Co4O9-EXGr (a)
and Ca3Co409-NrGO (b). The carbon additives increase from 2, 5 to 20 wt.% (from left to right).

To check the SEM observations, an EDS analysis is undertaken (Figure S2). Figure 9
compares the C-to-Co ratio determined on the top and inside of the pellet. For accurate
comparison, the element content for all samples was estimated from one and same area:
x =50.7 pum and y = 38.2 um. In general, EDS accesses different depth profiles depending
on the element’s nature, but these usually vary between 1 and 2 um. (It should be noted
that the pellet thickness is about 1-2 mm, which is about three orders higher than the EDS
element’s profile depth). Irrespective of the lower accuracy in the EDS determination of
the light C in comparison with the heavier Co, the C-to-Co ratio allows for the element
distribution on the top of and inside the pellet to be monitored. The comparison clearly
shows that the C-to-Co ratio is higher on the pellet’s top. This rule is obeyed for the oxide
composites with ExGr and NrGO. The depth distribution of the carbon additives suggests
the formation of a heterostructure along the pellet’s thickness. This will be the next source
of phonon scattering, contributing to a reduction in the thermal conductivity of composites.
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Figure 9. C-to-Co (a) and C-to-Zn ratio (b), determined from EDS-SEM of composites, as a function of
the nominal carbon content in the given pellet. The open symbols correspond to the ratio determined
on the top of the pellet, while the solid symbol reflects the ratio determined at the pellet’s cross-
section. The calculated C-to-Co and C-to-Zn values from the nominal carbon content are indicated as
dotted lines.

The common feature of composites of CazCo4O9 with ExGr and NrGO is the formation
of a network comprising well-wrapped micrometric particles with flake-like particles. This
is better manifested by the SEM images taken at a higher magnification (Figure 10): the
oxide particles are well embedded into the NrGO’s thinner flakes, while for ExGr, the
thicker flakes serve as a binder between oxide particles. The manner of particle packing
ensures good contact between oxide and carbon particles, which is of importance when
regulating the thermoelectric properties of composites. In addition, the intrinsic properties
of ExGr and NrGO also play a significant role. The best thermoelectric activity of CaggNrGO
is mainly deu to the simultaneous decrease in the thermal conductivity and preservation
of the Seebeck coefficient. The figure of merit of CaggNrGO reaches a magnitude of 0.03
at room temperature, which is lower than the highest reported one for the Bag»7C0oO,
thin film (i.e., figure of merit of 0.11 along in-plane) [45]. In comparison with CaggNrGO,
CaggExGr adopts a slightly lower figure of merit (i.e., about 0.025) due to its bigger thermal
conductivity. This is related to the different role of ExGr and NrGO regarding the the
interface modification. The lower electrical resistivity of ExGr determines its bigger thermal
conductivity compared to that of NrGO (Table 1).

The next peculiarity is observed when CazCo040y is replaced with Zng g95Alp 0os0O
(Figure 11). In this case, it appears that ExGr wraps better the nanometric oxide particles
when the carbon content is 5 wt.%. In addition, the top of the pellet appears to be richer
in oxide particles in comparison with the pellet’s cross-section. The addition of NrGO
produces the same picture as is observed for ExGr additives: the oxide particles are well
wrapped by NrGO at a content of 5 wt.% and they are more concentrated on the pellet top.
It is noticeable that the morphological peculiarities of Zng g95Alg 0950-based composites are
opposite to those observed for CazCo;O9-based composites. This is confirmed by an EDS
analysis of the C-to-Zn ratio on the top of and inside in the pellet (Figure 9): the top layers
of the pellet become richer in oxide particles (expressed by amount of Zn). Irrespective
of the different distribution of carbon additives along the pellets, it is important that, for
both type of oxide composites, the carbon particles ensure a good contact between oxide
particles, which is of importance for the modification of their thermoelectric properties
(Figure 11).
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Figure 10. SEM images at higher magnifications for CaggExGr (a), CaggNrGO (b), ZngyExGr (c), and

ZnggNrGO (d). These composites display the best figure of merit.
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Figure 11. SEM images of the pellets (top and cross-sectional view) of Zng g95Alg 0p5sO-EXGr (a) and

Zn 995Alg 00sO-NrGO composites (b). The carbon additives increase from 2 to 20 wt.% (from left

to right).
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4. Conclusions

Among the carbon-based materials, the expanded graphite (ExGr) exhibits the low-
est electrical resistivity and negative Seebeck coefficient, thus converting it to an n-type
thermoelectric material with an amazing power factor (PF), even at room temperature
(71 W/ (m.K?) at 20 °C). Despite the relatively good magnitude of the power factor, the
thermal conductivity of ExGr is high, which gives rise to its low figure of merit. Contrary to
ExGt, both rGO and NrGO are characterized by extremely low thermal conductivities (more
than two orders lower than that of ExGr), but their figures of merit remain small due to their
high electrical resistivity and low Seebeck coefficient. A comparison of the thermoelectric
properties shows that NrGO outperforms the rGO analogue, thus motivating the use of
only NrGO as a component in multiphase composites.

Through ball-milling, composites of oxides and carbon additives are formed, where
every individual component retains its structure. The common feature of composites is
the formation of a network of well-wrapped oxide particles with flake-like carbon-based
particles, thus ensuring good contact between oxide and carbon particles. After pelleting the
CazCo409—carbon composites, the pellet top is enriched on carbon additives in comparison
with the cross-sectional area. In the case of Zn 995 Al go50-carbon composites, the opposite
trend is observed—the pellet top appears to be richer in oxide particles in comparison
with the pellet’s cross-sectional area. The different manner of oxide packing is related
to their morphology: for CazCo4Og, well-shaped micrometric particles dominate, while
nanoparticles account for Zng 995 Alg go5O.

The manner of oxides’ particle packing and the intrinsic properties of ExGr and
NrGO regulate the thermoelectric properties of composites. The thermoelectric activity of
p-type CazCos0Oy is improved when 2 wt.% of ExGr or NrGO is added. The improved
thermoelectric activity is a result of the simultaneous decrease in the thermal conductivity
and preservation of the Seebeck coefficient. It is of importance that the thermal conductivity
of the CazCo4O9-based composites decreases even in the case when individual components
CazC0409 and ExGr exhibit high thermal conductivity. This is related to the enhanced
phonon scattering in composites due to the heterostructural distribution of carbon—oxide
phases. For the n-type Zng g95Alj 0050, it is necessary to add more than 5 wt.% of carbon
additives to enhance thermoelectric activity. Among ExGr and NrGO, only ExGr leads to a
drastic augmentation of the figure of merit of Zng 995Alg go5O (i.e., more than three orders
of magnitude) due to a strong decrease in the electrical resistivity.

The established correlations between the thermoelectric properties of composites and
their morphology and the amount of individual components could be used for further
optimization of the thermoelectric performance of oxide materials at room temperature.
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https:/ /www.mdpi.com/article/10.3390/ma16237262/s1, Figure S1: In-house setup for the measure-
ment of the Seebeck coefficient; Figure S2: SEM-EDS analysis of the element content of
CagsExGrs composite.

Author Contributions: Conceptualization, S.H. and R.S.; methodology, S.H. and V.V,; software, S.H.
and V.V,; validation, S.H. and V.V,; investigation, S.H.; resources, R.S.; data curation, S.H. and V.V,;
writing—original draft preparation, S.H. and R.S.; writing—review and editing, R.S.; visualization,
S.H. and V.V;; funding acquisition, R.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Project /101-272/02.10.2020—"European Network on Materi-
als for Clean Technologies”, funded by the Ministry of Education and Science under the National
Program “European Scientific Networks”. Project BGO5M20P001-1.001-0008, “National center of
mechatronics and clean technologies” funded by the Operational Programme Science and Education
for Smart Growth, co-financed by the European Union through the European Regional Develop-
ment Fund.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ma16237262/s1

Materials 2023, 16, 7262 15 of 16

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: Authors are thankful to Dr. Robert Feher from Graphit Kropfmiihl GmbH for
providing NrGO (EXG U 98300 FNH) and ExGr materials (EXG 98 20/20 pum).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

Feng, Y.; Jiang, X.; Ghafari, E.; Kucukgok, B.; Zhang, C.; Ferguson, I.; Lu, N. Metal oxides for thermoelectric power generation
and beyond. Adv. Compos. Hybrid Mater. 2018, 1, 114-126. [CrossRef]

Fergus, ].W. Oxide materials for high temperature thermoelectric energy conversion. J. Eur. Ceram. Soc. 2012, 32, 525-540.
[CrossRef]

Wolf, M.; Hinterding, R.; Feldhoff, A. High Power Factor vs. High zT—A Review of Thermoelectric Materials for High-
Temperature Application. Entropy 2019, 21, 1058. [CrossRef]

Zebarjadi, M.; Esfarjani, K.; Dresselhaus, M.S.; Ren, Z.F,; Chen, G. Perspectives on Thermoelectrics: From Fundamentals to Device
Applications. Energy Environ. Sci. 2012, 5, 5147-5162. [CrossRef]

Kieslich, G.; Cerretti, G.; Veremchuk, I.; Hermann, R.P; Panthofer, M.; Grin, ].; Tremel, W.A. Metal oxides with adaptive structures
for thermoelectric applications. Phys. Status Solidi A 2016, 213, 808-823. [CrossRef]

Liu, Y.;; Zhi, J.; Li, W.; Yang, Q.; Zhang, L.; Zhang, Y. Oxide Materials for Thermoelectric Conversion. Molecules 2023, 28, 5894.
[CrossRef]

Vulchev, V,; Vassilev, L.; Harizanova, S.; Khristov, M.; Zhecheva, E.; Stoyanova, R. Improving of the Thermoelectric Efficiency of
LaCoOj3 by Double Substitution with Nickel and Iron. J. Phys. Chem. C 2012, 116, 13507-13515. [CrossRef]

Harizanova, S.; Zhecheva, E.; Valchev, V.; Markov, P; Khristov, M.; Stoyanova, R. Effect of Multiple Metal Substitutions for A- and
B-perovskite Sites on the Thermoelectric Properties of LaCoOj3. IJSRST 2016, 6, 428—439.

Okhay, O.; Tkach, A. Impact of Graphene or Reduced Graphene Oxide on Performance of Thermoelectric Composites. C J. Carbon
Res. 2021, 7, 37. [CrossRef]

Harizanova, S.; Faulques, E.; Corraze, B.; Payen, C.; Zajac, M.; Wilgocka-élezak, D.; Korecki, J.; Atanasova, G.; Stoyanova, R.
Composites between Perovskite and Layered Co-Based Oxides for Modification of the Thermoelectric Efficiency. Materials 2021,
14,7019. [CrossRef]

Butt, S.; Xu, W.; Farooq, M.U.; Ren, G.-K.; Mohmed, F; Lin, Y.; Nan, CW. Enhancement of Thermoelectric Performance in
Hierarchical Mesoscopic Oxide Composites of CazCosOy and Lag gSrgCoOs3. J. Am. Ceram. Soc. 2015, 98, 1230-1235. [CrossRef]
Fortulan, R.; Aminorroaya Yamini, S. Recent Progress in Multiphase Thermoelectric Materials. Materials 2021, 14, 6059. [CrossRef]
Prasad, R.; Bhame, S.D. Review on texturization efects in thermoelectric oxides. Mater. Renew. Sustain. Energy 2020, 9, 1-22.
[CrossRef]

Zhang, Y.; Zhang, Q.; Chen, G. Carbon and carbon composites for thermoelectric applications. Carbon Energy 2020, 2, 408—436.
[CrossRef]

He, X.; Zhang, T.; Chen, F; Jiang, ]. Applications of Graphene in Composite Thermoelectric Materials. Prog. Chem. 2018, 30,
439-447. [CrossRef]

Yamini, S.A.; Santos, R.; Fortulan, R.; Gazder, A.A.; Malhotra, A.; Vashaee, D.; Serhiienko, I.; Mori, T. Room-Temperature
Thermoelectric Performance of n-Type Multiphase Pseudobinary Bip Tez—BiS3 Compounds: Synergic Effects of Phonon Scattering
and Energy Filtering. ACS Appl. Mater. Interfaces 2023, 15, 19220-19229. [CrossRef]

Bao, Y,; Sun, Y;; Jiao, F.; Hu, W. Recent Advances in Multicomponent Organic Composite Thermoelectric Materials. Adv. Electron.
Mater. 2023, 9, 2201310. [CrossRef]

Jin, H,; Li, J.; Locozzia, ].; Zeng, X.; Wei, P-C.; Yang, C.; Li, N,; Liu, Z.; He, ] H.; Zhu, T.; et al. Hybrid Organic-Inorganic
Thermoelectric Materials and Devices. Angw. Chemie Int. Ed. 2019, 58, 15206-15226. [CrossRef]

Zong, P; Liang, J.; Zhang, P.; Wan, C.; Wang, Y.; Koumoto, K. Graphene-Based Thermoelectrics. ACS Appl. Energy Mater. 2020, 3,
2224-2239. [CrossRef]

Mulla, R.; White, A.O.; Dunnill, C.W.; Barron, R. The role of graphene in new thermoelectric materials. Energy Adv. 2023, 2,
606-614. [CrossRef]

Zong, P; Chen, X.; Zhu, Y;; Liu, Z,; Zeng, Y.; Chen, L. Construction of a 3D-rGO network-wrapping architecture in a
YbyCo4Sby, /rGO composite for enhancing the thermoelectric performance. J. Mater. Chem. A 2015, 3, 8643-8649. [CrossRef]
Chen, J.; Li, L. Thermal Conductivity of Graphene Oxide: A Molecular Dynamics Study. JETP Lett. 2020, 112, 117-121. [CrossRef]
Mu, X.; Wu, X.; Zhang, T.; Go, D.B.; Luo, T. Thermal Transport in Graphene Oxide-From Ballistic Extreme to Amorphous Limit.
Sci. Rep. 2014, 4, 3909-3918. [CrossRef]

Wang, W.; Zhang, Q.; Li, J.; Liu, X,; Wang, L.; Zhu, Z.; Luo, W,; Jiang, W. An efficient thermoelectric material: Preparation of
reduced graphene oxide/polyaniline hybrid composites by cryogenic grinding. RSC Adv. 2015, 5, 8988-8995. [CrossRef]


https://doi.org/10.1007/s42114-017-0011-4
https://doi.org/10.1016/j.jeurceramsoc.2011.10.007
https://doi.org/10.3390/e21111058
https://doi.org/10.1039/C1EE02497C
https://doi.org/10.1002/pssa.201532702
https://doi.org/10.3390/molecules28155894
https://doi.org/10.1021/jp3021408
https://doi.org/10.3390/c7020037
https://doi.org/10.3390/ma14227019
https://doi.org/10.1111/jace.13459
https://doi.org/10.3390/ma14206059
https://doi.org/10.1007/s40243-019-0163-y
https://doi.org/10.1002/cey2.68
https://doi.org/10.7536/PC170746
https://doi.org/10.1021/acsami.3c01956
https://doi.org/10.1002/aelm.202201310
https://doi.org/10.1002/anie.201901106
https://doi.org/10.1021/acsaem.9b02187
https://doi.org/10.1039/D3YA00085K
https://doi.org/10.1039/C5TA01594D
https://doi.org/10.1134/S0021364020140015
https://doi.org/10.1038/srep03909
https://doi.org/10.1039/C4RA12051E

Materials 2023, 16, 7262 16 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Okhay, O.; Gongalves, G.; Dias, C.; Ventura, J.; Vieira, EM.E,; Gonglves, LM.V.; Tkachb, A.]J. Tuning electrical and thermoelectric
properties of freestanding graphene oxide papers by carbon nanotubes and heat treatment. J. Alloys Compd. 2019, 781, 196-200.
[CrossRef]

Mehmood, T.; Kim, J.-H.; Lee, D.-].; Dizhur, S.; Odessey, R.; Hirst, E.S.; Osgood, R.M., III; Sayyad, M.H.; Munawar, M.A; Xu,
J. A microstructuring route to enhanced thermoelectric efficiency of reduced graphene oxide films. Mater. Res. Express 2019, 6,
075614-075627. [CrossRef]

Lin, Y.,; Norman, C,; Srivastava, D.; Azough, F; Wang, L.; Robbins, M.; Simpson, K.; Freer, R.; Kinloch, I.A. Thermoelectric power
generation from lanthanum strontium titanium oxide at room temperature through the addition of graphene. ACS Appl. Mater.
Interfaces 2015, 7, 15898-15908. [CrossRef]

Feng, X.P; Fan, Y.C.; Nomura, N.; Kikuchi, K.; Wang, L.J.; Jiang, W.; Kawasaki, A. Graphene promoted oxygen vacancies in
perovskite for enhanced thermoelectric properties. Carbon 2017, 112, 169-176. [CrossRef]

Sun, S.; Shi, X.-L.; Liu, W.-D.; Wu, T.; Wang, D.; Wu, H.; Zhang, X.; Wang, Y.; Liu, Q.; Chen, Z.-G. Cheap, Large-Scale, and
High-Performance Graphite-Based Flexible Thermoelectric Materials and Devices with Supernormal Industry Feasibility. ACS
Appl. Mater. Interfaces 2022, 14, 8066—-8075. [CrossRef]

Wei, Q.].; Zhang, L.L.; Zhao, L.; Yang Hao, C.L. Enhanced thermoelectric properties of carbon fiber reinforced cement composites.
Ceram Int. 2016, 42, 11568-11573. [CrossRef]

Wei, J.; Zhao, L.; Zhang, Q.; Nie, Z.; Hao, L. Enhanced thermoelectric properties of cement-based composites with expanded
graphite for climate adaptation and large-scale energy harvesting. Energy Build. 2018, 159, 66-74. [CrossRef]

Frac, M.; Pichor, W.; Szoldra, P. Cement composites with expanded graphite as resistance heating elements. J. Compos. Mater.
2020, 54, 3821-3831. [CrossRef]

Han, Z; Li, ].-W.; Jiang, F; Xia, J.; Zhang, B.-P; Li, ].-F; Liu, W. Room-temperature thermoelectric materials: Challenges and a new
paradigm. |. Mater. 2022, 8, 427-436. [CrossRef]

Jiang, J.; Zhu, H.; Niu, Y.;; Zhu, Q.; Song, S.; Zhou, T.; Wang, C.; Ren, Z. Achieving high room-temperature thermoelectric
performance in cubic AgCuTe. J. Mater. Chem. A 2020, 8, 4790-4799. [CrossRef]

Ohta, H.; Sugiura, K.; Koumoto, K. Recent progress in oxide thermoelectric materials: P-type CazCo4Oy and n-type SrTiOs. Inorg.
Chem. 2008, 47, 8429-8436. [CrossRef]

Sales, B.C.; Jin, R.; Affholter, K.A ; Khalifah, P.; Veith, G.M.; Mandrus, D. Magnetic, thermodynamic, and transport characterization
of Na 0.75 Co O 2 single crystals. Phys. Rev. B 2004, 70, 174419-1-174419-9. [CrossRef]

Shi, Z.; Su, T.; Zhang, P; Lou, Z.; Qin, M.; Gao, T.; Xu, J.; Zhu, J.; Gao, F. Enhanced Thermoelectric Performance of CazCo40q
Ceramics through Grain Orientation and Interface Modulation. J. Mater. Chem. A 2020, 8, 19561-19572. [CrossRef]

Baghdadi, N.; Salah, N.; Alshahrie, A.; Koumoto, K. Microwave Irradiation to Produce High Performance Thermoelectric Material
Based on Al Doped ZnO Nanostructures. Crystals 2020, 10, 610. [CrossRef]

Wu, X.; Lee, ].; Varshney, V.; Wohlwend, J.L.; Roy, A.K,; Luo, T. Thermal Conductivity of Wurtzite Zinc-Oxide from First-Principles
Lattice Dynamics—A Comparative Study with Gallium Nitride. Sci. Rep. 2016, 6, 22504. [CrossRef]

Harizanova, S.; Zhecheva, E.; Valchev, V.; Khristov, M.; Markov, P.V,; Stoyanova, R. Effect of the particle sizes on the thermoelectric
efficiency of metal substituted LaCo;-xNixFexO3 perovskites and Znj Al O wurtzite. Bulg. Chem. Commun. 2017, 49, 100-106.

Sulaiman, S.; Izman, S.; Udayac, M.B.; Omar, ML.E. Review on grain size effects on thermal conductivity in ZnO thermoelectric
material. RSC Adv. 2022, 12, 5428-5438. [CrossRef]

Jood, P.; Mehta, R.]J.; Zhang, Y.; Peleckis, G.; Wang, X.; Siegel, R W.; Borca-tasciuc, T.; Dou, 5.X.; Ramanath, G. Al-Doped Zinc
Oxide Nanocomposites with Enhanced Thermoelectric Properties. Nano. Lett. 2011, 11, 4337-4342. [CrossRef]

Sulaiman, S.; Sudin, I.; Al-Naib, U.M.B.; Omar, M.E. Review of the Nanostructuring and Doping Strategies for High-Performance
ZnO Thermoelectric Materials. Crystals 2022, 12, 1076. [CrossRef]

Zhang, D.B.; Li, H.Z.; Zhang, B.P; Liang, D.D.; Xia, M. Hybrid-structured ZnO thermoelectric materials with high carrier mobility
and reduced thermal conductivity. RSC Adv. 2017, 7, 10855-10864. [CrossRef]

Takashima, Y.; Zhang, Y.; Wei, J.; Feng, B.; Ikuhara, Y.; Jun Cho, H.; Ohta, H.]. Layered cobalt oxide epitaxial films exhibiting
thermoelectric ZT = 0.11 at room temperature. Mater. Chem. A 2021, 9, 274-280. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jallcom.2018.12.033
https://doi.org/10.1088/2053-1591/ab18d7
https://doi.org/10.1021/acsami.5b03522
https://doi.org/10.1016/j.carbon.2016.11.012
https://doi.org/10.1021/acsami.1c24649
https://doi.org/10.1016/j.ceramint.2016.04.014
https://doi.org/10.1016/j.enbuild.2017.10.032
https://doi.org/10.1177/0021998320921510
https://doi.org/10.1016/j.jmat.2021.07.004
https://doi.org/10.1039/C9TA12954E
https://doi.org/10.1021/ic800644x
https://doi.org/10.1103/PhysRevB.70.174419
https://doi.org/10.1039/D0TA07007F
https://doi.org/10.3390/cryst10070610
https://doi.org/10.1038/srep22504
https://doi.org/10.1039/D1RA06133J
https://doi.org/10.1021/nl202439h
https://doi.org/10.3390/cryst12081076
https://doi.org/10.1039/C6RA28854E
https://doi.org/10.1039/D0TA07565E

	Introduction 
	Materials and Methods 
	Results 
	Thermoelectric Properties of rGO, NrGO and ExGr 
	Multiphase Composites between Oxides and Carbon Additives 
	Effect of NrGO and ExGr on the Thermoelectric Properties of Ca3Co4O9 
	Effect of NrGO and ExGr on the Thermoelectric Properties of Zn0.995Al0.005O 
	Composites Morphology 

	Conclusions 
	References

