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Graphene/Strontium Titanate: Approaching Single Crystal-
Like Charge Transport in Polycrystalline Oxide Perovskite
Nanocomposites through Grain Boundary Engineering

Yue Lin,* Maxwell Thomas Dylla, Jimmy Jiahong Kuo, James Patrick Male,
lan Anthony Kinloch, Robert Freer, and Gerald Jeffery Snyder*

Grain boundaries critically limit the electronic performance of oxide
perovskites. These interfaces lower the carrier mobilities of polycrystalline
materials by several orders of magnitude compared to single crystals. Despite
extensive effort, improving the mobility of polycrystalline materials (to meet
the performance of single crystals) is still a severe challenge. In this work,

the grain boundary effect is eliminated in perovskite strontium titanate

(STO) by incorporating graphene into the polycrystalline microstructure. An
effective mass model provides strong evidence that polycrystalline graphene/
strontium titanate (G/STO) nanocomposites approach single crystal-like
charge transport. This phenomenological model reduces the complexity of
analyzing charge transport properties so that a quantitative comparison can
be made between the nanocomposites and STO single crystals. In other
related works, graphene composites also optimize the thermal transport
properties of thermoelectric materials. Therefore, decorating grain boundaries
with graphene appears to be a robust strategy to achieve “phonon glass—

structure. These include high temperature
superconductivity!l  ferroelectricity,?!  the
colossal magnetoeffect,’! and many other
attractive properties.! Because of these
properties, oxide perovskites are promising
candidates for thermoelectricity,”! catal-
ysis ¥ fuel cells,”) and solar cells.®] High-
mobility electronic transport is crucial for
all these applications. As single crystals,
oxide perovskites meet the high mobility
design requirement.”) However, the growth
of single crystals is considerably expensive
and challenging.’® From the perspective
of real-world applications, polycrystalline
oxide perovskites are significantly more cost
effective compared to single crystals. Hence,
polycrystalline oxide perovskites will be
more attractive for real-world applications

electron crystal” behavior in oxide perovskites.

1. Introduction

Oxide perovskites have received intensive research interest due to
a broad spectrum of functional properties linked to their electronic
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if their electronic performance approaches

that of single crystals. Enhancing charge

transport of polycrystalline oxide perovskites

is therefore a key area to explore.l'!l Despite
extensive efforts, the carrier mobilities of polycrystalline oxide
perovskites are usually orders of magnitude less than the carrier
mobilities in single crystals.'l The existence of grain boundaries
plays a major role in this mobility reduction!2!? (Figure 1) due
to grain boundary effects that also exist in other perovskite mate-
rials, ' as well as magnesium antimonide.["”!

Here, we demonstrate a solution to eliminate the grain
boundary effect and improve charge transport in a polycrystalline
oxide perovskite by adding graphene. By applying an effective
mass model, we reveal that the structurally polycrystalline gra-
phene/strontium titanate (G/STO) nanocomposites exhibit single
crystal-like electronic transport behavior. This discovery suggests
that graphene/oxide perovskite nanocomposites are promising
candidates for many of the aforementioned applications.

2. Results and Discussion

2.1. Structure Analysis of G/STO Nanocomposites

Two necessary aspects for high-quality G/STO nanocomposite
synthesis were carefully monitored in this experimental
synthesis. First, the samples should be fully densified. Meas-
ured densities of the sintered pristine STO, 0.11 vol% G/STO
and 0.22 vol% G/STO were 4.972, 4967, and 4.959 g cm™,
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Figure 1. The electrical conductivity of strontium titanate and magne-
sium antimonide both suffer from the effect of grain boundaries. Charge
transport in the polycrystalline materials (solid lines) is limited by the
grain boundaries and is significantly worse than single crystals (dashed
lines). Notice that the polycrystalline samples show activated conduc-
tivity with temperature. By contrast, electrical conductivities of the
single-crystal samples decrease monotonically with temperature. In this
comparison, the carrier concentration of polycrystalline and single crystal
samples for each material have the same carrier concentration. Te doped
Mg;Sb,: 3.0 X 10" cm~3, and La doped SrTiOs: 8.4 X 102 cm™. Literature
data sources: Mg;Sb,,[>1¢ S¢TiO,.[1718]

respectively, confirming full densification over 97% of theoret-
ical density (5.110, 5.107, and 5.104 g cm=, respectively) in each
sample. As a second requirement, the graphene sheets need to
survive the harsh sintering process and be uniformly dispersed
in the STO matrix after sintering. The presence of graphene in
the composites was confirmed by scanning electron micros-
copy (SEM, Figure 2b; Figure S1, Supporting Information) and
transmission electron microscopy (TEM) (Figure 2c—e). Both
techniques reveal graphene sheets homogenously distributed
at the grain boundaries without localized aggregation. Raman
spectroscopy performed on sintered pellets (Figure 2f) shows a
pattern of few layer graphene,l”) further confirming graphene
incorporation without structural degradation or aggregation
into graphite. In the spectra, the D band at =1340 cm™! repre-
sents a disordered or defective carbon structure and is indica-
tive of the edges of graphene sheets. The G band at =1580 cm™*
represents sp? carbon hexagonal networks connected by cova-
lent bonds that form the undefective structure of graphene.2
The D to G band ratio (Ip/I) is a strong indication of the defect
concentration in graphene samples. The D to G band ratios of
both the as-prepared graphene sheets and the graphene sheets
in the nanocomposites are =0.25, indicating the composite pro-
cessing steps did not induce defects to the graphene sheets. A
closer inspection of the spectra reveals that the full width at half
maximum of the G band increases significantly, from 18 cm™!
for as-prepared graphene sheets to 30 cm™ for the graphene
sheets in the nanocomposites. This G band widening is
accounted for by the curvature of graphene sheets,['”) which
is confirmed by electron microscopy (Figure 2b; Figure S1b,
Supporting Information). X-ray diffraction (XRD) on sintered
pellets (Figure 2g) was also employed to provide additional
structural information on the matrix phase in each sample.
XRD patterns show a combination of 36% Pm-3m cubic phase
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(SrTiO;) and 64% P4/mmm tetragonal phase (SrTiO,¢) for
both pristine STO and the nanocomposites.

2.2. Motivation to Investigate Transport Properties
with an Effective Mass Model

The electronic properties of oxide perovskites (such as STO) vary
significantly with Fermi energy (E) and carrier concentration (n),
which can be modified by processing. For example, STO can
be doped with extrinsic dopants like lanthanum or niobium to
increase the carrier concentration, and therefore, the electrical
conductivity. Additionally, when samples are sintered under a
reducing environment, doubly charged oxygen vacancies con-
tribute additional charge carriers.?!l Due to the charge carrier
concentration dependence of transport properties, it is difficult
to separate carrier density effects from those of grain bounda-
ries. A more direct way to investigate the quality of electronic
transport is with an effective mass model.?2 With this model,
one can estimate latent variables that underpin measured quan-
tities such as the electrical conductivity and the Seebeck coeffi-
cient. One of these latent variables is the weighted mobility (i),
which is a carrier concentration-independent quantity. With
weighted mobility, one can decouple the effects of grain bound-
aries from the effects of carrier concentration (see Supporting
Information for the derivation). In theory, weighted mobility is
a composite property, composed of the effective mass relative to
the free electron mass (m*/m,) and the mobility parameter (uy).
The effective mass quantifies the number of conduction chan-
nels for electronic transport, and the mobility parameter quanti-
fies the mobility of those conduction channels.

L \3/2
m

/Jw B luo (_)
me

The mobility parameter is related to the relaxation time of
the free carriers () through the elementary electric charge (e)
and the effective mass.

(1)

To€
Ho =—
m

(2)

Consider the transport properties of several STO single crystals
from the literature. These samples were doped by various extrinsic
elements and/or a reducing atmosphere (generating oxygen
vacancies). Although the electrical conductivity (Figure 3a), See-
beck coefficient (Figure 3b), and power factor (Figure 3c) vary sig-
nificantly between samples (due to different doping levels), the
weighted mobilities are nearly identical (Figure 3d). Furthermore,
the weighted mobility decreases with temperature as T2, which
indicates acoustic phonon scattering. It is well known from the
literature that acoustic phonon scattering limits the mobility of
STO single crystals.?’l By contrast, consider the transport prop-
erties of several polycrystalline STO samples from the literature.
Below 600 K, the weighted mobility is thermally activated and
much lower than in the STO single crystals (Figure 3d), indi-
cating that grain boundaries are reducing mobility. The grain
boundary effect is further corroborated by the raw transport
measurements. The signature of the grain boundary effect in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Structural characterization of the STO and its nanocomposites incorporated with graphene. a—e) Microscopic characterization. a,b) SEM
images of a fracture surface of STO and the 0.22 vol% G/STO nanocomposite. c—e) TEM images of a crushed 0.22 vol% G/STO nanocomposite.
c) A secondary phase found at the edges of the crushed grains is indicated by dashed white circles. d,e) High-resolution (HR) TEM images of the
secondary phase identify the phase as graphene. e) HRTEM image of white square area in (d), showing the repeating honeycomb features of graphene.
The inset image shows the diffraction pattern. f) Raman spectra showing non-defective graphene indicators in the D and G band. The Raman spectra
is an average of 10 scans at different sample locations with a spot size of 5 um. g) XRD pattern on sintered pellets of both pristine STO and 0.22 vol%
G/STO. Both patterns show the same mix of SrTiO3 and the reduced SrTiO, ¢ phase.

these materials is electrical conductivity that is activated with
temperature (Figure 3a), and a Seebeck coefficient (the absolute
value) that increases gradually with temperature (Figure 3b).[31%]
Essentially, the conductivity is affected by grain boundaries, while
the Seebeck coefficient is not. The relative weighted mobility
between polycrystalline samples and single crystal samples indi-
cates the strength of the grain boundary effect.

2.3. Weighted Mobilities of G/STO Nanocomposites

The electrical conductivity of pristine STO (Figure 4a) is less
than 1 S cm™ and is thermally activated. With the addition of
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graphene, two trends are observed. First, graphene boosts the
electrical conductivity of STO nanocomposites, and second,
the thermally activated behavior shifts towards lower tempera-
tures. Furthermore, the 0.22 vol% G/STO, 0.23 vol% G/LSTO,
and 0.23 vol% reduced graphene oxide (RGO)/NSTO nano-
composites show fully metallic transport behavior, where the
electrical conductivity decreases with increasing temperature
over the entire temperature range. Adding graphene eliminates
the activated conductivity, which means that it eliminates the
detrimental effect of grain boundaries on transport. By exam-
ining electrical conductivity alone, one cannot conclude that the
charge transport behavior of the polycrystalline graphene/STO
nanocomposites matches the transport properties of single

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Electrical conductivity, o, b) Seebeck coefficient, o, c) power factor, P, and d) weighted mobility, u,, of STO perovskite oxides from literature
sources. Electrical conductivity and Seebeck coefficient are strongly dependent on Fermi energy (E) and carrier concentration (n). Thus, the power
factor (0?0) is carrier concentration-dependent as well. Weighted mobility is carrier concentration-independent and reflects intrinsic charge transport,
which makes it ideal for comparing samples prepared under different processing conditions. Single crystals (SC) are indicated with red dashed lines
and polycrystalline samples (PC) are indicated with green solid lines. Literature sources: lanthanum doped STO single crystal (LSTO-SC),["® reduced
STO single crystal (RSTO-SC),1?Yl niobium doped STO single crystal (NSTO-SC),['® polycrystalline lanthanum doped STO (LSTO-PC),[*] polycrystalline
lanthanum and niobium doped STO (LNSTO-PC).[2¢l
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Figure 4. a) Electrical conductivity, 0, b) Seebeck coefficient, e, c) power factor, P, and d) weighted mobility t,, of single crystal LSTO, polycrystalline
STO, and STO nanocomposites with graphene. Below 800 K the electrical conductivity and the Seebeck coefficient of polycrystalline STO (without
graphene) are beyond the limits of the instruments used here. Literature data sources: lanthanum doped STO single crystal (LSTO SC),['® reduced

graphene oxide/STO nanocomposite (RGO/STO),1?"l graphene/lanthanum doped STO nanocomposite (G/LSTO),1?”l reduced graphene oxide/niobium
doped STO nanocomposite (RGO/NSTO).[28l
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crystals, since electrical conductivity depends on carrier concen-
tration (as discussed in previous session). In fact, the 0.23 vol%
RGO/NSTO and G/LSTO samples have higher electrical con-
ductivities than the LSTO single crystalline sample. The cause
of the higher conductivities in the nanocomposites is their
higher carrier concentrations (7.23 x 102 cm™ in RGO/NSTO
and 8.4 x 102 cm~ in G/LSTO) compared to the single crystal
sample (6.8 x 1020 cm3).

The weighted mobility analysis unequivocally shows that
the best nanocomposites have the same intrinsic charge trans-
port characteristics as the single crystal (Figure 4d). The grain
boundary effect is significantly reduced with the addition of
only 0.11 vol% pristine graphene, and the weighted mobility
matches that of single crystals above 700 K. At higher gra-
phene concentrations (around 0.22 vol%,) the grain boundary
effect is completely eliminated above room temperature. The
weighted mobilities of the G/STO, G/LSTO,?”) and RGO/
NSTO8 nanocomposites are the same as that of STO single
crystals. This observation suggests the charge transport in
the nanocomposites is now governed by acoustic phonon
scattering, whereas without graphene, grain boundary scat-
tering limits the mobility in the low temperature range. The
0.63 vol% RGO/STO nanocompositel?”) similarly reduces the
overall grain boundary effect. It is worth pointing out that
NamB% et al. also reported similar behavior in aluminum
doped zinc oxide (AZO)/(RGO) nanocomposites. The AZO/
RGO nanocomposites exhibit single crystal-like Hall mobility
in nanograin samples. With such a high concentration of inter-
faces, electron transport could be hindered by scattering from
trapped charges at the grain boundaries. They contribute the
lack of scattering to weakened grain boundary barriers and
the proper band alignment between the AZO and RGO. Thus,
electrons can freely conduct across the nanograin boundaries
in their samples.

2.4. Discussion on Charge Transport Mechanism

Evidence from this study as well as the literature suggests that
the improved electronic transport properties of the nanocom-
posites are a result of point-defect engineering at the grain
boundaries. In pristine STO (without graphene) there are low
oxygen vacancy concentrations near the grain boundaries.?!
The depletion of positively charged oxygen vacancies induces a
negative potential that perturbs the electronic states in the con-
duction band. As a result, the grain boundary phase is depleted
of free carriers and becomes more resistive (Figure 5).131 With
the addition of graphene, the formation of oxygen vacancies
is promoted in the grain boundary regions adjacent to the
interfacial graphene, resulting in a localized rise in carrier
concentration.?’) In this context, graphene may be acting as a
chemical reducing agent for the STO matrix. With the addition
of graphene (Table S2, Supporting Information), we observed
an increase in bulk carrier concentration as well as significant
enhancement in charge carrier mobility. Okhay et al.?® and
Rahman et al.?? also overserved a similar effect. These obser-
vations indicate reduction or even elimination of the depletion
regions across grain boundaries by increased oxygen vacancy
concentrations.
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Figure 5. The lower oxygen vacancy concentrations (V") in the a) grain
boundary regions result in free carrier (n) depletion at b) grain bounda-
ries. Thus, the grain boundaries become resistive. Graphene promotes the
formation of oxygen vacancies in the vicinity of grain boundaries adjacent
to the graphene, resulting in localized increases in carrier concentration.

3. Conclusion and Outlooks

In summary, grain boundaries are a major limiting factor for
electronic transport in oxide perovskites at low temperatures.
The incorporation of graphene into STO eliminates the grain
boundary effect. By analyzing transport data from this work
as well as the literature, we demonstrate that structurally
polycrystalline G/STO nanocomposites behave electronically
like single crystals. Furthermore, the incorporation of gra-
phene or carbon nanotubes has been shown to be an effective
strategy for reducing the thermal conductivity of perovskite
STO?-2I and other semiconducting materials, including skut-
teruditel®®l and Cu,Se.’) Thus, decorating grain boundaries
with graphene appears to be a robust strategy towards a cre-
ating a “phonon glass—electron crystal,”®*! which is particu-
larly useful for thermoelectric applications. This discovery of
a structurally polycrystalline, electronically single crystalline
G/STO nanocomposite also demonstrates a new hybrid strategy
for developing high performance oxide perovskite materials
for applications such as fuel cells and solar cells. Thus, we
encourage the community to further explore applications of
graphene in oxide perovskite materials.

4. Experimental Section

Materials:  STO  nanopowder (chemical composition: SrTiO;,
99% purity with trace metal basis, <100 nm particle size) was
purchased from Sigma-Aldrich, UK. Graphene (G) was produced by
exfoliating nanographite platelets (xGnP M-5) purchased from XG
Sciences Ltd. All solvents were purchased from Sigma-Aldrich, UK.
Cetyltrimethylammonium bromide for exfoliation of nanographite
platelets was also obtained from Sigma-Aldrich, UK.

Preparation of G/STO Nanocomposites: Exfoliation of graphene
nanoplatelets into graphene sheets was achieved following a liquid
phase exfoliation method.’®l The graphene sheets were dispersed
in water at a concentration of 1 mg mL™" with assistance from tip

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sonication for 30 min. STO powders were similarly dispersed in water
with a concentration of 100 mg mL™" by sonication for 30 min. In
order to yield target compositions, calculated amounts of the graphene
dispersion and the STO dispersion were mixed by mechanical stirring for
30 min, followed by sonication for another 30 min. The resultant mixture
was then filtered and dried in a vacuum oven at 80 °C overnight. The
dried powders were then milled in a planetary mill at 71000 rpm for 3 h.
Milled powders were then pressed into pellets with diameter of 20 mm
and thickness of 5 mm. The pressed pellets were sintered at 1427 °C
(1700 K) under an atmosphere of 95% argon and 5% hydrogen for 24 h.

Structural Characterization: Density (p) of the sintered samples was
determined by the Archimedes method. Raman spectra were taken
using a Renishaw 2000 Raman spectrometer system and a HeNe laser
(1.96 eV, 633 nm). Microstructures of the STO and its nanocomposites
with graphene were investigated by SEM (Philips XL30 FEGSEM).
XRD spectra were obtained by employing a Philips automatic powder
diffractometer (APD, copper anode at 50 kV and filament current
40 mA). The samples were scanned from 10° to 85° with a step size
of 0.02° and a scan speed of 0.0025° s™'. The electrical conductivity
(0) and Seebeck coefficient (¢)) were determined simultaneously using
an ULVAC-RIKO ZEM-3 system under a helium atmosphere. The
Hall coefficient measurements were performed at room temperature
using a homebuilt instrument employing 4-point probe van der Pauw
methodology with a 0.8 T magnetic field.?’]

Method of Weighted Mobility Analysis: Evaluation of u,, can be done
through Seebeck-conductivity data, without needing to know a material’s
carrier concentration.

The Seebeck coefficient of a semiconductor can be expressed as:

)

Here, kg is Boltzmann’s constant, e is elementary charge, n is
reduced chemical potential, and F; is the Fermi—Dirac integral given a
certain scattering mechanism represented by s.

Electrical conductivity of a semiconductor can be expressed as:

szﬁ[w 3)

e SFs—'I(T])

0 =0k, (T)x sF1(m) (4)
Where the transport coefficient, oo, can be expressed as:
e(2m kgT)*?
Og, = 37283 X Hw (5)

Here, m, is electron mass, and 7 is reduced Planck constant.

Acoustic phonon scattering is the major scattering mechanism
for perovskite oxides, meaning s = 1. From the Seebeck coefficient
(Equation (3)), one can solve the reduced chemical potential, n. With
s =1 and the calculated 7, one can solve for the transport coefficient,
Ogo (Equation (4)), which is proportional to u,, (Equation (5)) at a given
temperature. See Supporting Information for a more detailed derivation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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