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Strontium titanate-based ceramics are promising n-type thermoelectrics due to their low cost and high thermal
and chemical stability. Here, SrTig gsNbg 1503 was prepared with carbon additions of electrochemically produced
graphene oxide (eGO) and commercially available carbon black (CB). Ceramic samples were sintered at 1700 K
under a reducing atmosphere. XRD, HR-TEM and Raman spectra confirmed the matrix phase was cubic perov-
skite; there were no carbon residues. By incorporating graphene oxide, the electrical conductivity increased nine-
fold to 2818 S cm™! at 300 K as a result of enhanced carrier mobility. In contrast, the carbon black samples
exhibited low density and a small average grain size of ~1 pm. High-resolution X-ray photoelectron spectroscopy
revealed the presence of a large number of ionised impurities in the carbon black samples, which significantly
enhanced scattering effects; low thermal conductivities of 1.7 W m~ K1 were achieved at 873 K. The work
reveals that eGO promotes charge transport in SrTiO3, while CB significantly suppresses phonon transport. Both
effects are relevant to the development of other thermoelectrics.

1. Introduction

Power generation by fossil energy is unsustainable and much energy
is wasted in the form of heat. Alternative clean energy sources are
required and thermoelectric (TE) technology offers many benefits
through energy harvesting [1], since TE materials can convert heat to
electricity without pollution [2]. The dimensionless thermoelectric
figure-of-merit 2T is commonly used to evaluate the TE conversion ef-
ficiency of a material,

T = ST/ (k. +xi) @

where S, o, T, ke, k; refer to the Seebeck coefficient, electrical conduc-
tivity, the absolute temperature, electronic and lattice thermal con-
ductivity, respectively. The quantity S?¢ is denoted as the power factor,
and the total thermal conductivity « is the combination of k., and «;. For
maximum TE efficiency, high electrical conductivity, a large Seebeck
coefficient and low thermal conductivity are required, often embodied
in the concept of a ‘phonon-glass-electron-crystal (PGEC)’ [2]. However,
it is difficult to improve one TE parameter without compromising the

* Corresponding authors.

others as the transport processes are linked, depending on the carrier
concentration and the band structure [2,3]. Many commercially
employed TE materials are based on tellurides such as PbTe and BisTes
[1,4], the best of which can achieve 2T > 1 from room temperature to
500 °C [5,6]. However, they contain rare, expensive and toxic elements
and the materials degrade at high temperatures, restricting their use in
waste heat recovery [1,7].

Over the last twenty years there has been growing interest in oxide
TE materials (mainly layered cobalt oxides [8,9] and oxide perovskites
[10]) because they are chemically and thermally stable at high tem-
peratures and are cheaper, based on earth-abundant elements, and free
of heavy elements [11,12]. Among the oxide TE materials, strontium
titanate (SrTiO3) is an attractive candidate as it has a band structure
with flat bands close to the Fermi level which results in large electron
effective mass and giant Seebeck coefficient values [12-14]. Pristine
strontium titanate is an n-type, wide bandgap (3.2 eV) semiconductor
with a cubic Pm3m perovskite structure [14,15]. Doping is an effective
method to enhance carrier transport in SrTiOs, and a high power factor
of 3600 pW m ! K2 can be achieved at room temperature in La-doped
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single crystal SrTiOs, comparable to that of Bi;Teg [16]. However,
pristine SrTiO; exhibits a high thermal conductivity (close to 10 W m™?
K! at room temperature) due to its simple crystal structure and the
presence of light elements [17], which suppresses overall zT values.
Nanostructuring strategies, such as nano-sized microstructures [1] and
the use of nano-inclusions [14,18]; and fabricating composites [19], are
widely employed to lower the thermal conductivity to ~4 W m™' K1 at
room temperature [18]. By such efforts, polycrystalline strontium tita-
nate generally yields maximum 2T values at 0.3 but rarely exceeds 0.4
from room temperature to 1000 K [20-26].

Polycrystalline strontium titanate is cheaper and easier to fabricate
into devices than single crystals [27-29]. However, the grain boundaries
in polycrystalline strontium titanate reduce carrier transport [29].
Consequently, enhancing carrier transport in polycrystalline materials,
in order that they approach the characteristics of single crystals, is a
priority. Attention has focussed on the presence and role of double
Schottky barriers formed in the grain boundary (GB) regions [30,31].
The barriers are generated by the depletion of positively charged oxygen
vacancies and tend to scatter low energy carriers [32]. As a result,
different grain boundary engineering strategies have been developed to
reduce the resistance of the grain boundary regions [33]. Carbon-based
materials such as graphene and graphene oxide, have been identified as
excellent additives strontium titanate, acting as oxygen scavengers to
improve the TE performance [26,34-40]. Lin et al reported a
single-crystal-like, electrical conductivity temperature dependence and
an expanded operational window from room temperature to 1023 K in
graphene incorporated La-doped SrTiOs [26]. It is believed the gra-
phene/carbon acts as a reducing agent, consuming lattice oxygen,
thereby reducing the height of the double Schottky barriers [29,40].
Subsequently, Cao et al. [35] and Ekren et al. [36] investigated the ef-
fects of different types of graphene and sintering atmospheres on A-site
deficient La-doped SrTiO3 and found that it was more effective to embed
the samples in an oxygen scavenger (a mixture of 5% GnP and 95% of
La-doped SrTiO3) to minimise GB resistance. However, in Nb-doped
SrTiO3 Okhay et al, reported that the addition of graphene oxide and
the A-site deficiency play a more important role than an oxygen scav-
enger to increase carrier transport and produce single crystal like elec-
trical conductivity [34]. Nevertheless, significantly enhanced electrical
conductivity in polycrystalline strontium titanate, which sometimes is
comparable to that in a single crystal, can be achieved without sacri-
ficing the Seebeck coefficient to a large extent by introducing graphe-
ne/carbon as additives and/or oxygen scavengers [26,34-40].
Moreover, the use of graphene as a grain boundary additive can restrict
grain growth and create extra scattering centres, thus limiting lattice
thermal conductivity [26,34,36-40]. However, we do not have a
comprehensive understanding of the role and behaviour of carbon/-
Nb-SrTiO3 formulations, and particularly the effects of different types of
carbon additives. Additionally, other commercially available carbon
species such as carbon black have been shown to be beneficial as an
additive in oxide cobaltite [41], by simultaneously increasing electrical
conductivity and suppressing thermal conductivity; nevertheless, car-
bon black has not been applied to thermoelectric SrTiOs.

In this work, we investigated the effects of different types of carbon
on the TE performances of SrTipgsNbg1503. We introduced electro-
chemically produced graphene oxide (eGO) flakes (high C/O ratio) [42]
and carbon black (CB) in the form of particles to strontium titanate. We
have revealed that the incorporation of eGO leads to dense samples and
high, single-crystal-like electrical conductivity as a function of temper-
ature. In contrast, CB additions results in a low density, highly porous
ceramics, but significantly reduces the thermal conductivity of SrTiOs.
This work highlights the effects of different types of carbon on the TE
properties of strontium titanate, and provides guidance on the synthesis
of metal oxides with different electrical and thermal properties.
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2. Experimental methods

SrTip gsNbg.1503 (denoted as N15) powders were prepared via solid-
state reaction with starting powders of SrCOs, TiO (both 99.9% grade
from Sigma-Aldrich), and NbyOs (99.8%, PI-KEM). Sintering additives
were TiO3 (99.9%, Sigma-Aldrich), WO3 (99.995%, Sigma-Aldrich) and
V205 (99.6%, Sigma-Aldrich) [33]. The electrochemically produced
graphene oxide (eGO, having a less disrupted conjugated structure, a
higher carbon/oxygen ratio, and a less damaged graphitic structure than
graphene oxide (GO) synthesised by the Hummers’ method) was pro-
duced via a two-step electrochemical synthesis method [42]; the carbon
black was obtained from Fisher Scientific (99.9+%, acetylene, 100%
compressed). Graphene nanoplatelets (GnP, grade M25, from XG Sci-
ences) were used in the sintering environment.

SrCOs, TiO4, and NbyOs were weighed according to the formulation
of N15 and mixed with isopropanol (IPA) and zirconia milling balls
(Retsch) with a mass ratio of 1:1:1. The mixtures were vibromilled for
24 h and dried at 363 K. The dried powders were calcined at 1473 K for
12 h in air, then mixed with sintering additives (2 wt% TiO2, 1 wt%
WO3, and 0.5 wt% V50s), tungsten carbide milling balls (Retsch), and
IPA, and further milled in a planetary ball mill (PM100, Retsch) at
350 rpm for 4 h. For the eGO/N15 and CB/N15 composites, individual
suspensions of as-prepared N15 powders, eGO, and CB with solvents of
deionised water (DI water), or IPA were formed; all were individually tip
sonicated (Sonics VCX 750 with a standard 0.5 in. diameter probe) for
0.5 h. Then the suspensions were mixed according to the required
compositions and further sonicated for 0.5 h, then filtered and dried.
The resulting powders were pressed uniaxially in steel dies into discs of
20 mm and 13 mm diameter at a pressure of 50 MPa. The compacts were
buried in open alumina crucibles containing an oxygen scavenger (N15
powders with 5% GnP) and sintered at 1700 K for 24 hrs in a tube
furnace with a 5% Ha/Ar atmosphere. The formulations with their
sample codes are presented in Table 1.

Sample densities were determined via the Archimedes’ method.
Powder X-ray diffraction (XRD) analysis was carried out using a PAN-
alytical X"Pert Pro with Cu Ka source with 20 = 20 - 100°. The XRD data
were Rietveld-refined using TOPAS (Bruker AXS) software [43]. For
scanning electron microscopy (SEM), the samples were ground, and then
polished down to 0.04 pm with OPS colloid silica (MetPrep) and
examined by Tescan Mira3 equipped with Energy-dispersive X-ray
spectroscopy (EDX) and Electron Backscatter Diffraction (EBSD). The
average grain sizes were determined via the linear intercept method as
well as by EBSD. Carbon residue analyses employed a Horiba LabRAM
Evolution HR 488 nm Raman Microscope; the data were processed by
LabSpec6 software. X-ray photoelectron spectroscopy (XPS) was per-
formed with a Kratos Axis Ultra with a monochromatic Al source; the
pass energy was 20 eV for Core Level scans. Peak deconvolution
employed CasaXPS software. The binding energy (BE) was
charge-calibrated with respect to C 1s spectrum located at BE =
284.8 eV. Transmission electron microscopy (TEM) samples were pre-
pared by crushing; images were collected by FEI Titan G2 S/TEM.

Electrical conductivity and Seebeck coefficients were determined
using an ULVAC ZEM-3 under a low-pressure He atmosphere (300 K —
873 K). Thermal conductivity was obtained from the relationship: x =
apCp, where a is the thermal diffusivity, p is the bulk density, and C, is

Table 1
The formulations investigated in this work and corresponding
sample codes.

Formulation Sample Code
N15 0G

N15 + 0.2 wt% eGO 0.2G

N15 + 0.6 wt% eGO 0.6 G

N15 + 1.0 wt% eGO 1.0G

N15 + 1.0 wt% CB 1.0C
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the specific heat capacity. Thermal diffusivity @ and the specific heat
capacity C, were determined from 300 K to 873 K in Ar using a Netzsch
LFA-427, a Netzsch LFA-467 and a Netzsch STA 449 F3 Jupiter.

3. Results and discussions

SEM images of the CB, eGO, and N15 powders are presented in
Figure S1 (Supplementary Material). The CB particles are agglomerated,
several hundred nm in size, with individual grains several tens of nm in
size. The eGO flakes have lateral sizes ~1.0 pm; the N15 powders are in
the range of ~0.5 — 1.0 pm. Raman spectra were collected to determine
carbon residues present in the samples after sintering (Figure S2). For CB
and eGO, there are strong D band (around 1350 cm™ 1) and G band
(around 1600 cm™}) intensities, with a low-intensity 2D band (around
2700 cm™Y), which are comparable to those reported for CB and gra-
phene oxide (GO) [44]. However, there are no visible peaks in the
Raman spectra of sintered 1.0 C and 1.0 G samples (Figure S2 and S3),
suggesting there are no carbon residues. Samples densities are presented
in Table 2; with the exception of 1.0 C (~ 84.8% dense) all samples were
above 90% theoretical density.

XRD patterns of the samples are presented in Fig. 1(a) and confirm
the Pm3m cubic perovskite as the dominant phase [45] with an absence
of carbon peaks. For the samples containing eGO, i.e. 0.2 G, 0.6 G and
1.0 G, the perovskite peaks are displaced to lower angles with increasing
amount of eGO, as indicated in Fig. 1(b). Whilst there is minimal dif-
ference between the lattice parameters for 0 G and 0.2 G, the peak
shifting for the samples prepared with eGO is primarily attributed to the
expansion of the lattice, driven by the formation of oxygen vacancies via
the loss of lattice oxygen (Eq. 2). The lattice oxygen was converted to
free oxygen, which can be further reduced by the eGO and increase the
oxygen vacancy concentration during sintering at high temperatures >
1273 K [36,37,46].

1
0p=Vy+2e +50 @

In contrast, the samples containing carbon black, 1.0 C, exhibit a
higher perovskite peak position than the samples containing the same
amount of eGO (i.e. 1.0 G) but still lower than the carbon-free samples
(0 G). This indicates that the lattice parameter for 1.0 C is between that
for 0 G and 1.0 G (Table 2), and is presumably related to the ability of
eGO to generate more oxygen vacancies in SrTiO3 than CB.

SEM images of the samples are shown in Fig. 2. There was no evi-
dence of eGO, carbon black or carbon residues, in good agreement with
the Raman results (Figures S2 and S3). The carbon-free samples (0 G)
and all the samples containing eGO, ie. 0.2 G, 0.6 G, and 1.0 C, are
dense and exhibit polygonal-shaped grains with visible grain boundaries
(Figs. 2(a) — 2(d)). In contrast the samples containing CB (1.0 C) are
much more porous (Fig. 2(e)), consistent with the density data (Table 2).
The average grain size of the samples (Table 2) varied from 9.5 pmin 0 G
to 6.9 pm in 1.0 G (determined by the linear intercept method) and to
1.3 pm in 1.0 C (obtained from EBSD maps in Figure S4 as the grain
boundaries are not visible in SEM images). Reduced grain sizes in
strontium titanates prepared with graphene-based additions has previ-
ously been attributed to the presence of graphene at the GB restraining

Table 2
Relative density, lattice parameter, and the average grain size of the samples.

Sample Relative Density (%, Lattice Parameter  Average Grain Size
Code +0.4%) Ay (pm)*

0G 95.2 3.91708(6) 9.5(0.5)

0.2G 93.7 3.91630(8) 9.2(0.4)

0.6 G 92.0 3.91962(6) 7.7(0.4)

1.0G 90.5 3.92660(4) 6.9(0.3)

1.0C 84.8 3.91870(6) 1.3(0.6)

o . . . . .
The uncertainties for the lattice parameters and average grain sizes are
shown in brackets.
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grain growth [26,34,37,38]. However, in this work, the eGO added to
the strontium titanate is believed to be eliminated during the long sin-
tering process at high temperature (Fig. 2 and Figures S2 and S3) [36],
therefore the average grain size of samples ranging from 0 G to 1.0 G
remain similar at the micron scale. In contrast, the average grain size of
the 1.0 C samples was much smaller than that of 0 G samples, suggesting
carbon black can act as a better grain growth inhibitor than eGO. The
smaller grain size is favourable for achieving low thermal conductivity
[47].

The SEM images also revealed multiple secondary phase (SP) pre-
cipitates in every sample (Fig. 2 and Figure S5) although they are
difficult to identify in XRD patterns due to their low concentration. The
small, white contrast precipitates are metallic tungsten and the larger,
darker contrast precipitates are crystalline Ti-rich phases [33]. How-
ever, SEM-EDX analysis (Figure S6) showed that precipitates in the
carbon-free samples (0 G, Figure S6(a)) are enriched in Ti and Nb, but
deficient in Sr, suggesting they are niobium titanate-based materials
[33,48]. In samples containing eGO, for example, 1.0 G (Figure S6(b)),
the distributions of Ti and Sr in the precipitates are similar to thatin 0 G,
but are deficient in Nb. This can be explained by the reduction of Ti** in
the secondary phase (where it is TiOy-based) to Ti3* (which is TisO3--
based). In the Ti3*-rich precipitates the solubility of Nb is significantly
lower in than in the Ti**-rich precipitates [33]. In contrast, for the
samples containing CB, (1.0 C), the precipitates are much less porous
than the matrix phase (Figure S5). The Sr concentration is higher and the
Ti concentration lower in the precipitates than in the matrix of 1.0 C
samples (Figure S6(c)).

Since all samples exhibit a cubic perovskite structure, we have
selected 0.2 G as a representative for high resolution, high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
analysis; the data are presented in Figure S7. The TEM analysis
confirmed the existence of a cubic perovskite structure with identical
interplanar spacing of 4.0 A for (010) planes. In addition, the selected
area shows no trace of defects, suggesting eGO did not significantly
affect the primary grain structures.

XPS analysis revealed the valence states of the constituent elements
Tiand Nb in 0 G, 1.0 G, and 1.0 C samples (Fig. 3). The Ti 2p orbitals
split into Ti 2p; /5 and Ti 2ps,/ core levels with a spin orbital splitting
energy of ~5.7 eV; the Nb 3d orbitals contain Nb 3ds,2 and Nb 3ds,»
core levels with a spin orbital splitting energy of ~2.7 eV; both are
consistent with earlier studies [25,49]. The Ti peaks in 1.0 C samples are
less symmetric than the peaks in 0 G and 1.0 G samples. The fitting
result further indicates the presence of Ti**, Ti®", as well as Ti?" states
in 1.0 C samples while only Ti** and Ti>" states were identified in 0 G
and 1.0 G samples. The binding energy of Ti*", Ti®*, and Ti?* states
(Table S1) match the previously reported Ti 2p energy data [50,51].
Moreover, the concentrations of Ti3t ([Ti3+]) are comparable at 2% in
0 G and 1.0 G, while 1.0 C contains 6% of [Ti®*] as well as 3% [Ti%*].
For the Nb 3d orbitals, only two peaks are observed in 0 G and 1.0 G
samples, while more peaks are found in 1.0 C samples. The fitting results
reveal that 0 G and 1.0 G exhibit only Nb°* states, while Nb°*, as well as
high concentrations of Nb** and Nb?* states were found in 1.0 C. Again
the binding energy of Nb®t, Nb*", and Nb?* states (Table S1) are
comparable to earlier reported Nb 3d energy data [49,52]. The high
concentrations of the low Ti and Nb states are responsible for intensive
ionised impurity scattering, which can potentially lead to low carrier
transport [53].

The charge transport characteristics of the samples are presented in
Fig. 4. Starting with samples containing eGO (Fig. 4(a) — (c)) it is clear
they exhibit much higher electrical conductivity than 0 G samples and
show single-crystal-like temperature dependences from 300 K — 873 K
(Fig. 4(a)). On the other hand, the 0 G samples exhibit a peak, with
maximum electrical conductivity at 523 K. Near room temperature
(300 K) electrical conductivity increased from 327 S cm ' in 0G to
2818 Scm™! in 1.0 G. A similar change was observed in related gra-
phene oxide/N15 work (dashed and solid line in Fig. 4(a)) [34], where
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Fig. 1. XRD patterns for the samples: (a) 26 from 20° to 100° with the standard SrTiO3 pattern [45]; (b) enlarged pattern from 26 from 44° to 49° showing details of
the (200) peak. There is no evidence of any secondary phase. In Fig. 1(b) there is a clear displacement of the peaks to the left with increasing eGO content.

(b) o

&
o
9

10 ym

0.2G

S

10 pm

(e) 3 SR ey
3:(‘ :}%‘ ‘y»‘;

v s i »F N

fsij‘g:? ?ﬂf?f

Y 7_‘.{'*' ?.': Mﬂ;}{

Py :;tgfi.ﬁ; RS

3 - DU

:f o e ST

Ly 8

b )Q 18]

ﬁgt Y P .7"
({"k " o9 04 b‘

10 Mm

Fig. 2. SEM images of polished sample surfaces. The grain structure of 1.0 C was revealed via the EBSD maps (Fig. S4). In images (b), (¢) and (d) the dark precipitates
are Ti-rich phases and the small white precipitates are metallic tungsten (added as sintering aid). With increasing eGO content of the grain size of the samples reduces

(details in Table 2).

graphene oxide (GO) produced by the Hummers-based method was
incorporated in A-site deficient Srg9gTiggsNbg.1503 (denote as n15).
However, the rate of increase of electrical conductivity in the reported
work GO/N15 work is smaller than with eGO here, although electrical
conductivity values are comparable at T > 600 K [34]. This can be
explained by the higher carbon/oxygen ratio in the eGO than in the GO
produced by the Hummers-based method [42]; a higher carbon content
will enable greater consumption of oxygen during the synthesis process,

thereby enhancing the carrier (electron) concentration according to Eq.
2.

The Seebeck coefficients for the samples containing eGO (Fig. 4(b))
are negative confirming n-type conduction. The absolute Seebeck co-
efficients increased with temperature but decreased when eGO was
introduced. For O G samples, the Seebeck coefficients vary from —93 pVv
K ! at 300 K to —188 uV K ! at 873 K, with marginally lower values for
0.2G, 0.6 G and 1.0 G (~ —70 pV K~! at 300K to ~ —145 pV K lat
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Fig. 3. XPS analysis of 0 G, 1.0 G, and 1.0 C samples: (a) — (c) Ti 2p orbitals; (d) — (f) Nb 3d orbitals. Detailed descriptions and discussion of the data are provided in

the accompanying text.

873 K). The Seebeck coefficient is related to the carrier concentration
through the relationship shown in Eq. 3:

where S, C., n, u(e) refer to the Seebeck Coefficient, electronic specific
heat, carrier concentration, and energy correlated carrier mobility,
respectively. In many cases Eq. 3 can be simplified to just the first term, i.
e.S~ % [54]. Therefore, the larger Seebeck coefficients for the eGO-free
samples, compared to the samples containing eGO, can be explained by
the lower carrier concentration, consistent with the changes of electrical
conductivity outlined above. The greater reduction of Seebeck coeffi-
cient from 0 G to 1.0 G, compared to the earlier graphene oxide/N15
work [34], suggests a higher change in the carrier concentration in the
present work.

The power factor values as a function of temperature (Fig. 4(c)) are
lowest for 0 G samples, with a minimum at 300 K (285 pW m 1K 2) and
a peak at 1132 pW m~! K2 at 723 K. For samples containing eGO there
is less variation in power factor with temperature; 0.6 G exhibits the
highest value of 1659 pW m™! K2 at 323 K. Additionally, the power
factors for 0.6 G and 1 G remain high (> 1500 pW m~'K™?) from 323 K
to 473 K, reflecting significantly improved thermoelectric performance
for strontium titanate at lower temperatures [25,55].

Fig. 4(d) — (f) present the equivalent charge transport properties of
the CB samples (1.0 C) compared to the carbon-free samples (0 G) and
the eGO samples with the maximum additive level (1.0 G). The electrical
conductivity of 1.0 C (Fig. 4(d)) shows thermally activated carrier
behaviour from 323 K to 873 K, which is the opposite to that for 1.0 G,
and indeed the conductivity of 1.0 C is several orders of magnitude
lower, reaching 0.19 S cm ™! at 323 K and 4.3 S cm ™! at 873 K. The low

C.
n

2k, T
3e

S =

3)

electrical conductivity for 1.0 C samples is unusual as CB is widely used
to enhance electrical conductivity of battery and other materials (e.g
CazCo409 [41], LiMnyO4 [56], MnOy [57], SnSe [58]). However, the
matrix materials of these CB composites generally exhibit low electrical
conductivity at room temperature (< 1 S cm 1) and thermally activated
carrier behaviour [41,56,58]. On the other hand, the Seebeck co-
efficients for 1.0 C are between those of 0 G and 1.0 G (Fig. 4(e)),
reaching —83 pV K ! at 323 K and —167 pV K~ ! at 873 K. This suggests
for 1.0 C, that the carrier concentration and oxygen vacancy level at
fixed temperature are between those for 0 G and 1.0 G, (according to
Egs. 2 and 3) which is consistent with the lattice parameter trends.
Consequently, the power factor values for 1.0 C are the lowest among all
the samples, ranging from 0.13 pW m ! K 2 at 323 K to 12 pW m ! K2
at 873 K (Fig. 4(H).

To further understand the effect of eGO and CB on the charge
transport properties of SrTiggsNbg 1503 (i.e. N15), the carrier concen-
tration and carrier mobility were calculated from the modified Heikes’
formula (Equations S1 and S2). For the eGO samples, the calculated
carrier concentration at room temperature increased by 20% from 4.1 x
102 em>3in0Gto49 x 1022 em3in 1.0G (Figure S8), whilst the
carrier mobility increased by 7 times, from 0.5 cm? V™! s in 0 G to
3.4cm?Vv's'in1.0G (Figure S8). However, the carrier mobility for
1.0 C samples is too low to be meaningful (0.0 em? vl 7L, Table 52).
The weighted mobility p,, can give mobility information via a different
approach, and is particularly useful for low mobility materials at high
temperatures (T > 300 K) [59]. Therefore, the weighted mobility y,, as a
function of temperature, as well as the electron effective mass m* (in
terms of m*/m,, m, is the electron mass) were calculated via Equations
S3 and S4; results are presented in Figure S9 and Table S2. There is very
little variation in the effective mass (Table S2); since the effective mass
reflects the electronic band structure of the materials [60], the similarity
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of the m* values suggest the perovskite N15 phase is not significantly
affected by the carbon additives.

Data for the weighted mobility (x,,) as a function of temperature are
very similar in terms of trends to the original mobility data and electrical
conductivity (Fig. 4 and Figure S8), indicating both eGO and CB have a
significant impact on carrier mobility. At 300 K the samples containing
eGO have the highest p,, (~290 em? V1 s, followed by the 0 G
samples (~40 em? vl s_l), while the samples with CB have the lowest
i, (0.02 cm? V1 s71), With increasing temperature, the y,, of samples
containing eGO decreased at T—3/2, suggesting phonon scattering of
carriers is dominant and grain boundary scattering, which occurs in the
carbon-free samples (0 G), is negligible [59,61,62]. The y, of 1.0 C
samples increased monotonically with temperature, suggesting that
scattering from defects, such as boundaries, voids (supported by SEM
and EBSD results in Fig. 2 and S4) and ionised impurities (supported by
XPS results in Fig. 3), is dominant [53,59]. Therefore, it is concluded
that eGO can promote electrical conductivity in SrTiO3 by reducing the
grain boundary effect [29]; while in contrast, CB particles increase the
concentration of voids and defects. The latter is potentially related to the
tendency of CB to build agglomerated networks [63,64]. Such networks
can concentrate local strain [63], pin grain boundaries, which together
with inhomogeneous agglomerations lead to poor carrier mobility.

The thermal transport characteristics are presented in Fig. 5; the
experimentally-determined thermal diffusivity, heat capacity, and the
Lorenz number as a function of temperature are shown in Figure S10. All
the samples containing eGO (0.2 G, 0.6 G, and 1.0 G) have comparable
and high thermal diffusivities (Figure S10(a)) of 2.8 mm?s ! at 300 K to
1.3mm? s7! at 873 K, whilst the 0 G samples have modest thermal
diffusivity values (1.1 - 2.3 mm? s ) and the 1.0 C samples the lowest
ones (0.7 — 1.6 mm? s~1). The heat capacity Cp of 1.0 C is ~20% less
than that for SrTiOs-based ceramics (Figure S10(b), 0.5 J g_1 K ! for
1.0 C at 873 K compared to 0.62 J g’l K! for SrTig.gsNbg 1503 [33]).
The low C, in 1.0 Cis attributed to: (i) the high porosity, (ii) the reduced
C, from acoustic phonons (potentially related to weakened ionic
bonding in 1.0 C from high concentrations of low valence states Ti and
Nb) [65], and (iii) Sr-rich secondary phases in 1.0 C (Figure S6). Indeed,
high Sr content and low Ti content can generally lower C, in SrTiOs--
based materials (e.g. C, of SryTiO4 and SrO are smaller than that of
SrTiO3) [33,65-67].

The total thermal conductivity « is shown in Fig. 5(a); all the samples
exhibit similar temperature dependencies. The samples containing eGO
exhibit the highest thermal conductivity, ranging from 7.3 W m 'K lat
300K to 4 Wm™! K~! at 873 K. This is 15% higher than for the 0 G
samples (3.5 - 6.2 W m 'K 1. The 1.0 C samples exhibit the lowest
thermal conductivity of 1.7 - 2.9 W m ™~ K1 as a consequence of the low
density, low thermal diffusivity, and low heat capacity. These values
represent the lowest thermal conductivities reported for SrTiOs-based
ceramics [47,68].

The electronic thermal conductivity x, can be determined via the
Wiedemann-Franz law: x, = LoT, and is shown in Fig. 5(b); the Lorenz
number L is obtained from the Seebeck coefficients (Figure S10(c)) [69].
The lattice thermal conductivity, deduced from x; = k — k., is shown in
Fig. 5(c). The «, values for 0.2 G, 0.6 G and 1.0 G are high, up to
2Wm ! K ! at 300K as a result of the high electrical conductivity,
thereby contributing 25% of the total thermal conductivity. For 0 G
samples, the k, values are modest at 0.2 - 0.5 W m KL and for 1.0 C
samples, the «, is exceptionally low, less than 0.01 W m KL

The lattice thermal conductivities x; (Fig. 5¢) for 0 G to 1.0 G are
comparable and differ only in the uncertainty in the measurements (~
3.0-5.5 W m~! K1), while the x; of 1.0 C samples is 50% lower (1.7 —
2.9 Wm~! K™). The « is related to the sound velocity vs, the phonon
mean free path [, and the phonon relaxation timer, through the Debye-
Callaway model [70]:

1 1
K =zCvl ==

3 3 CVt (6)
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where C, is the volume heat capacity. The first two terms in Eq. 6 are
insensitive to temperature and structural changes [71,72], while the
phonon mean free path and the phonon relaxation time can be affected
by the various scattering processes. Moreover, the phonon relaxation
timer is related to phonon-phonon scattering (zynonon), point defect
scattering (7gefc:), and boundary scattering (zpoundary) [70]:

Tﬁ] = T;hlonon + Tc;e}a‘t + Tl:o]undar_v (7)

The similarity of lattice thermal conductivities for samples contain-
ing eGO, (i.e. 0.2 G, 0.6 G, and 1.0 G) and the 0 G samples suggests that
comparable phonon-phonon scattering operates in all these samples,
which have similar grain sizes, similar densities, and almost identical
[Ti3*] contents. It is noted that point defect scattering, caused by the
oxygen vacancies, has a minimal contribution to lattice thermal con-
ductivity, presumably because modification to the samples eGO only
affected the grain boundary regions and not the matrix phase. For 1.0 C
samples, the significantly lowered lattice thermal conductivity can be
attributed to enhanced point defect scattering (high concentrations of
[Ti3+], [Nb4+], and [Nb2+] were determined by XPS, Fig. 3) and
enhanced boundary scattering from the significantly reduced average
grain size (from 9.5 um to 1.3 pm, Table 2), and increased porosity
(Fig. 2).

The thermoelectric figure-of-merit 2T (Fig. 6) increased with tem-
perature, with the highest value of 0.26 at 873 K for 0.6 G samples.
Overall, the 2T of SrTipgsNbg 1503 has been significantly improved at
low temperatures (300 K - 500 K) by the presence of eGO, primarily as a
result of the enhanced electrical conductivity and power factor. In fact
the power factor is the highest among all documented graphene/
SrTip gsNbg 1503 at 323 K (Fig. 7(a)). The high power factor and elec-
trical conductivity are essential for high power output and low energy
loss in TE devices; therefore, eGO extends the operational window of
SrTiO3 to room temperatures. On the other hand, the samples containing
CB exhibited exceptionally low thermal conductivity for SrTiOs,
approximately half that for typical graphene/SrTiOg systems (Fig. 7(b)).
Thus, we have achieved both high electrical conductivity SrTiO3 and
low thermal conductivity SrTiOs via a simple processing route with
carbon as additives. These results provide the basis for future in-
vestigations to maximise the TE performance of strontium titanate
through the use of different carbon additives. We have shown the
importance of controlling the defect levels in CB/SrTiO3, the combined
effects of CB and eGO in SrTiOs, and optimising CB and eGO level to
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Fig. 6. Thermoelectric figure-of-merit 2T values of all samples as a function of

temperature. The highest 2T values of 0.26 at 873 K were achieved in the 0.6 wt
% eGO/SrTig gsNbg 1503 samples.
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achieve the highest 2T in SrTiO3.
4. Conclusions

Good quality polycrystalline SrTipgsNbg 1503 samples containing
additions of graphene oxide and carbon black were prepared by solid
state reaction route. The matrix phase is cubic perovskite with a small
amount of second phase; there was no evidence of carbon or carbon
residues. The product densities decreased slightly with eGO additions
and significantly reduced with CB additions. Grain growth of the matrix
was marginally impeded by eGO additions, but significantly constrained
by CB additions. Further, the CB tended to agglomerate leading to sec-
ond phase precipitates and higher levels of porosity. XPS revealed the
presence of high concentrations of low valence state ionised impurities
of Ti%*, Ti®* and Nb?*, Nb** ions in CB/StTig g5sNbg 1503 samples, while
there was a trace of Ti®" in eGO/SrTiggsNbg 1503. The presence of
ionised impurities can enhance the scattering of both charge carriers and
phonons. Importantly, HR-TEM analysis and weighted mobility analysis
indicate that additions of eGO and CB have negligible impact on the
crystal structure and electronic band structure of the matrix strontium
titanate phase, suggesting that these carbon additives mainly affected
the grain boundary regions.

The electrical conductivity of eGO/SrTipgsNbg 1503 was signifi-
cantly higher than that of SrTip gsNbg 1503 (2818 S em! compared to
327 S cm ™ 'at 300 K), as a result of a reduced grain boundary barrier and
enhanced carrier mobility; this led to high power factors, greater than
1500 pW mK 2 at 323 K — 473 K. In CB/SrTiggsNbyg 1503, there was
evidence of significantly enhanced phonon scattering; addition of 1.0 wt
% carbon black appeared to promote the formation of grain boundaries,
defects, and voids in SrTiOs. As a result, an exceptionally low thermal
conductivity of 1.7 W m~! K~! was achieved at 873 K in 1.0 wt% CB/
SrTig gsNbg.1503. The highest 2T values were 0.26 at 873 K in the 0.6 wt
% eGO/SrTip gsNbg 1503 samples. This study demonstrates an effective
approach to control the microstructure, electrical and thermal proper-
ties of strontium titanate. The charge transport properties were signifi-
cantly enhanced by eGO additions, whilst thermal conductivity and
density were effectively reduced by CB additions.
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