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A solvothermal method using various benzyl alcohol/water solvent mixtures has been used to synthesise

phase pure nanocrystalline BaTiOs samples with varying particle sizes in the range of 11-139 nm. The

crystallite/particle size of BaTiOz shows an overall decrease as the benzyl alcohol percentage increases,

especially at higher percentages (>80%) of benzyl alcohol. The decrease in crystallite/particle size can be

attributed to the increased viscosity of the solvent mixture when raising the percentage of benzyl alcohol.

A manganese oxide coating applied to the BaTiOs surface had a negligible impact on its microstructure
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1. Introduction

Owing to its outstanding ferroelectric and dielectric properties,
barium titanate (BaTiOz) has been widely used in multilayer
capacitors, thermistors, electro-optical and electromechanical
devices, etc." BaTiOj is a white crystalline solid that adopts the
perovskite unit cell structure, following the classic ABO;
arrangement at high temperatures. At room temperature,
BaTiO; is in the tetragonal phase where the cubic structure is
elongated along the [001] axis forming a distorted perovskite
material.>”® When the temperature is changed it goes through
several phase transitions. At 393 K it undergoes a ferroelectric
to paraelectric transition from a tetragonal to a cubic
structure.*

BaTiOj; is an insulator at room temperature. When appro-
priately doped, BaTiO; can present semiconducting behaviour,
with a dielectric constant that changes with temperature and
phase; it also exhibits an anomalous sharp jump in resistivity
at the Curie temperature and this property is known as a posi-
tive temperature coefficient of resistivity (PTCR).”> The resis-
tance can increase over several orders of magnitude practically
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and morphology, but significantly enhanced the observed positive temperature coefficient of resistance.
This research has been carried out to allow the development of smaller BaTiOz particles for use in new
battery, capacitor and thermistor technologies, whilst maintaining the PTCR property of the material that
is typically observed in larger particle sizes.

converting the semiconducting resistor state into an insulator
above the Curie temperature.® It is agreed that the tempera-
ture-resistivity relationship is related to a grain boundary
effect because the anomaly has not been observed in a single
crystal of BaTiOs;.” The most accepted model describing the
PTCR effect is the Heywang-Jonker model.””® Above the Curie
temperature, Heywang’s theory suggested that a two-dimen-
sional electron trap along the grain boundaries results in
acceptor states and a depletion layer. Acceptor states attract
electrons from the bulk, resulting in an electron depletion
layer and a grain boundary barrier is set up. Since grain
boundary permittivity follows the Curie-Weiss law, permittivity
decreases with increasing temperature. The size of the grain
boundary barrier also increases with temperature and as a
result, resistivity increases sharply due to the resistivity being
exponentially dependant on the size of the grain boundary
barrier. As the temperature is raised beyond the Curie tempera-
ture the energy of the trapped electrons increases. Once the
energy of the trapped electrons matches the energy of the
Fermi level, the electrons jump to the conduction band. As a
result, the resistivity increases exponentially up to a maximum
after which the increase in resistivity is halted.”® Below the
Curie temperature, Jonker’s theory suggested that the polaris-
ation of the crystal structure reduces the potential barrier
height resulting in reduced grain boundary resistance.”®
BaTiO; is of interest in the electronics industry due to its
exciting electrical and physical properties. Particularly, for its
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usage in multilayer ceramic capacitors (MLCCs) where the
dielectric constant of the material is of high importance; and
for use in PTCR devices where the PTCR effect is applied to
control resistance in a circuit at a certain temperature in the
form of thermistors.>'® This PTCR effect has recently been
used by ourselves to prevent thermal runaway in batteries.'*
MLCCs based upon formulations of BaTiO; have superior
frequency characteristics, high reliability, high breakdown
voltage and reduced costs associated with their synthesis.
These key characteristics of BaTiO3-based MLCCs allow BaTiO;
compounds to compete with conventional high-capacitance Al
or Ta electrolytic capacitors."””> The miniaturisation of elec-
tronic devices means that BaTiO; needs to be created on a
smaller and smaller scale to allow for thin ceramic layers to be
used in multilayer capacitors that don’t compromise the excel-
lent dielectric properties of the larger particle sizes.

Synthesis of these superior nanoscale materials needs to be
fast and efficient using low-temperature synthesis routes such
as hydro/solvothermal methods."*'* Hydrothermal methods
are known to produce extremely fine particles with a narrow
size range and a spherical morphology.’> Our previous study
found that the reaction temperature and Ba/Ti precursor ratio/
concentration affect the crystallite/particle size, morphology
and composition of BaTiO; in hydrothermal synthesis.'® Also,
benzyl alcohol has been proved to be a versatile solvent for the
synthesis of transition metal oxide nanoparticles with good
control of crystallisation, particle size, morphology, etc."” >
Here, a solvothermal method using benzyl alcohol/water
solvent mixtures is applied, with the aim of synthesising
phase pure nanocrystalline BaTiO; samples with small crystal-
lites. The effects of the solvent on the crystallite size, mor-
phology and composition of BaTiO; are examined and linked
to changes in viscosity and solubilities in the mixture. A
manganese oxide coating is also applied on the surface of
BaTiO; and found to enhance the PTCR effect exhibited by
BaTiO;.
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2. Experimental

2.1. Materials synthesis

The BaTiO; samples were prepared via a solvothermal
synthesis, as illustrated in Scheme 1. Varying percentages
(0-100%) of benzyl alcohol (CsHsCH,OH, >99% purity, ACROS
Organics) and deionised water emulsions were made as sol-
vents in solvothermal synthesis. The sample labels and
corresponding benzyl alcohol percentages in solvents are
specified in the results and discussion section. The Ti pre-
cursor was produced by adding Ti(OCH(CH;),); (0.89 g,
>97% purity, Sigma Aldrich) slowly, dropwise with stirring to
15 mL of the ice-cold mixture of distilled water and benzyl
alcohol. A white precipitate of TiO, formed. Stirring in an ice
bath for a further 1 h resulted in a milky white suspension
without clumps of particles. The mixture was stirred at room
temperature for a further 2 h. As a Ba precursor, the Ba
(OH),-8H,0 (1.97 g, >98% purity, Emsure) was dissolved/dis-
persed in 55 mL of the distilled water and benzyl alcohol
mixture. The ratio of Ba and Ti precursors was kept at 2:1
for each synthesis. The Ti precursor suspension, once it had
reached room temperature, was added dropwise to the Ba
precursor solution/suspension, retaining the cloudy white
colour. The reaction mixture was then sealed in a Teflon-
lined autoclave and heated at 120 °C for 16 h. The resulting
product settled to the bottom of the autoclave and appeared
as a white powder. The clear benzyl alcohol and water
solvent mixture was decanted off, and the white powder
product was washed with diluted HCI solution once and
deionised water three times, then dried in an oven at 80 °C
for 12 h. The BaTiO; powder was ground using a pestle and
mortar.

The solution used for manganese oxide coating was pre-
pared by mixing Mn(OOC,Hj3),-4H,0 (>99% purity, Sigma
Aldrich) with C,H;OH (>99.8% purity, Fisher Scientific).
An appropriate amount of BaTiO; powder was dispersed in

Ti(OCH(CH5),),in 15 mL
benzyl alcohol/water

Ba(OH),-8H,0in 55 mL
benzyl alcohol/water

| Mixture sealed in autoclave |

I

| Heat at 120 °C for 16 h

I

| Wash with diluted HCland H,0 |

I

| Dry at 80 °C in vacuo to obtain BaTiO, I

Mn(OAc),-4H,0 in 14 mL
ethanol

| Mixture heated at 70 °C for 24 h

!

Sinter at 800 °C for 4 h to obtain
manganese oxide coated BaTiO;

Scheme 1 Solvothermal synthesis to prepare BaTiOs, using solvents with various percentages of benzyl alcohol and water; and the preparation

procedure of manganese oxide coating onto BaTiOz samples.
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the Mn-sol solution, so that the weight ratio of Mn
(OAc),-4H,0 to BaTiO; powder was 5: 95. These were dried
at 70 °C for 24 h. The obtained powder was ground, pressed
into a pellet and sintered at 800 °C for 4 h to obtain the
manganese oxide coated BaTiO; sample, as illustrated in
Scheme 1.

2.2. Materials characterisation

X-ray diffraction (XRD) was carried out using a Bruker D2
Phaser with Cu-K, radiation. Rietveld fits to the XRD patterns
were performed using the GSAS package.?® The crystallite sizes
were calculated from the Lorentzian crystallite size broadening
coefficient refined in the Rietveld fits to the XRD patterns,

_ 18000K4A

according to p = , where p is the crystallite size (unit:

X

nm), K is the Scherrer constant, 4 is the wavelength of the inci-
dent X-rays (unit: nm), and L, is the refined crystallite size
broadening value.” In some of the Rietveld fits, the crystallite
size broadening and the strain broadening are highly corre-
lated, so a fixed strain broadening value from patterns with a
low correlation has been applied to the rest of the Rietveld fits.
Raman spectroscopy was carried out using a Renishaw inVia
confocal microscope, and the spectra were analysed using the
WIRE 4.1 software. Scanning electron microscopy (SEM)
images were collected using a JEOL JSM-6500F operated at 10
kv, and images were analysed using the Image] software and
Gaussian function. Transmission electron microscopy (TEM)
micrographs were collected using an FEI Tecnai T12 (120 kV).
Thermogravimetric analysis (TGA) used a Netzsch TG 209 F1
Libra with samples heated from 25 to 1000 °C under an Ar
atmosphere. X-ray photoelectron spectroscopy (XPS) was col-
lected with a Kratos Axis Supra spectrometer with a mono-
chromated Al K, X-ray source (1486.69 eV) at 15 mA emission
and 12 kv HT (180 W) and a spot size/analysis area of 700 x
300 pm. High-resolution core peak spectra were recorded
using a pass energy of 20 eV, step size of 0.1 eV and sweep
time of 60 s. Survey spectra were obtained using a pass energy
of 160 eV. Sample charging was prevented by using an elec-
tron flood gun with a filament current of 0.4 A, charge
balance of 2 V and filament bias of 4.2 V. All data were
recorded at a base pressure of below 9 x 10~° Torr and a room
temperature of 294 K. Spectra were analysed using Casa XPS
software. Spectra were calibrated to the main line of the
carbon 1s spectrum (adventitious carbon) set to 284.8 eV.
Core peaks were analysed with a nonlinear Shirley-type back-
ground.** The peak positions and areas were optimized using
a weighted least-squares fitting method with 70% Gaussian
and 30% Lorentzian line shapes. Several spectral analyses
were applied at different positions for each sample to ensure
the results were statistically reliable. Electrochemical tests
were carried out using a Biologic potentiostat. The absolute
values of conductivities and PTCR effects were obtained from
the current-voltage plots on uncoated and manganese oxide
coated BaTiO; discs. Current-voltage measurements were
performed at 20 mV s~ ' in the range of —1 to +1 V at different
temperatures.

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion

3.1. Effects of the solvent on the crystallite size, morphology
and composition of BaTiOj; in solvothermal synthesis

BaTiO; samples have been produced using benzyl alcohol/
water solvent mixtures with various percentages of benzyl
alcohol in solvothermal syntheses, to investigate the effects of
the solvent on the crystallite size, morphology and compo-
sition of BaTiO;. The sample labels and corresponding benzyl
alcohol percentages (0-100%) in solvents are specified in
Table 1.

Fig. 1a shows the XRD patterns of BaTiO; samples from
solvothermal synthesis using benzyl alcohol/water solvent mix-
tures with various benzyl alcohol percentages. All the XRD
peaks of the produced BaTiO; samples can be attributed to
phase-pure BaTiO;, since no impurity phases were detected.
Habib et al observed a BaCO; impurity in hydrothermal
BaTiO; samples, which is formed through the reaction of Ba**
ions in the solution and CO, in the air during the synthesis.>®
In our work, the impurities like BaCO; that may have formed
in the solvothermal synthesis of BaTiO; have been removed
by washing with diluted HCI, this can be confirmed by the
absence of impurity peaks in the XRD patterns. Also, a finely
divided amorphous TiO, with higher reactivity, freshly precipi-
tated from the metal-organic [Ti(OCH(CHj;),),] has been used
as the Ti precursor in this work,'® rather than crystalline rutile
or anatase TiO, in the literature.>>?® This increases the likeli-
hood that it will fully react with the Ba precursor in solvo-
thermal synthesis, thus avoiding any unreacted TiO, impurity
to remain in the BaTiO; sample.>®

As presented in Table 1, the crystallite sizes of BaTiOj
samples are calculated from a size-strain analysis during the

Table 1 The variations of benzyl alcohol percentages (0-100%) in
benzyl alcohol/water solvent mixtures in solvothermal syntheses of
BaTiOz samples; crystallite sizes obtained from the Rietveld fits to the
XRD patterns; particle sizes determined by using the ImageJ software
and Gaussian function to analyse SEM and TEM images

Percentage of benzyl SEM/TEM

alcohol XRD crystallite size particle
Sample (%) (nm) size (nm)
BTO-0 0 95.5+1.1 109 + 29
BTO-10 10 129+ 2 116 + 26
BTO-15 15 123 +2 137 + 36
BTO-20 20 129 £ 2 134 + 35
BTO-25 25 113+ 2 117 + 22
BTO-30 30 127 + 2 135+ 39
BTO-35 35 116 + 2 135+ 31
BTO-40 40 107 £ 2 126 + 37
BTO-50 50 111+ 2 125 + 30
BTO-60 60 105.3 +1.4 115 + 36
BTO-70 70 134 +2 139 + 32
BTO-80 80 60.8 £ 0.5 68 + 18
BTO-90 90 28.0 £ 0.2 39+7
BTO-100 100 N/A 11+4

Note that the yield of the BTO-100 sample is vanishingly small, thus
no further investigation proceeded on this sample, except for the TEM
characterisation.

Dalton Trans., 2023, 52, 297-307 | 299
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Fig. 1 (a) XRD patterns of BaTiO3 samples synthesised via a solvothermal method with various benzyl alcohol/water solvent mixtures; (b) crystallite/

particle size and (c) tetragonality (c/a) of BaTiO3 samples plotted against benzyl alcohol percentage in solvothermal synthesis, the crystallite size and
tetragonality obtained from the Rietveld fits to the XRD patterns, and the particle size determined by using the ImageJ software with a Gaussian
function used to analyse SEM and TEM images (sample labels explained in Table 1).

Rietveld fits to the XRD patterns (Fig. S1t). The obtained
lattice parameters (a and c), tetragonality (c/a), crystallite size
broadening term (L) and reliability factors (Ryp, Rp) are listed
in Table S1.f Fig. 1b shows the variation of the crystallite size
of BaTiO; versus the benzyl alcohol percentage in solvothermal
synthesis using benzyl alcohol/water solvent mixtures. The
crystallite size of BaTiO; varies between 96 and 134 nm
when the benzyl alcohol percentage is below 70%. By
increasing the percentage of benzyl alcohol to higher than
80%, the crystallite size of BaTiO; drops to 28-61 nm. It
shows an overall negative relationship between the benzyl
alcohol percentage in solvothermal synthesis and the crys-
tallite size of BaTiO;. The trend, however, is non-linear with
the negative relationship being more obvious towards higher
percentages (>80%) of benzyl alcohol. The decrease in crys-
tallite size can be attributed to the increased viscosity of the
solvent mixture when raising the percentage of benzyl
alcohol, which can decrease the mass transport to growing
crystallite surfaces, thus resulting in reduced BaTiO; crystal-
lite size.

It has been reported that the BaTiO; with a large tetragonal-
ity is crucial in achieving the multilayer capacitor with a large
capacitance,”” and the tetragonality (c/a) can be used to indi-
cate the degree of tetragonal-cubic distortion.”® Fig. 1c shows
the tetragonality variation of BaTiO; versus the benzyl alcohol
percentage in solvothermal synthesis using benzyl alcohol/

300 | Dalton Trans., 2023, 52, 297-307

water solvent mixtures. The decreasing c/a value indicates that
the tetragonality of BaTiO; decreases as the benzyl alcohol per-
centage is raised, especially at higher than 70%. Others have
noted that the tetragonality of the crystal structure is generally
decreased by the presence of defects in BaTiO;.>° The TGA
analysis presented later suggests defect content may also be
important here.

The tetragonality changes of the solvothermally prepared
BaTiO; samples can also be probed by Raman spectroscopy. As
presented in Fig. 2a, the Raman spectrum of the tetragonal
BaTiO; exhibits the Raman active modes E(TO), A1(TO) at
~180 cm™', A1(TO) at ~270 cm™', E(LO + TO), Bl at
~307 ecm™ ", E(TO), A1(TO) at ~515 cm™" and E(LO), A1(LO) at
~720 cm™, while the cubic BaTiO; is Raman-inactive.?® It has
been reported that the sharp Raman peak at ~307 cm™*
(shaded in Fig. 2a) is extremely sensitive to the tetragonality of
BaTiO;, with its intensity rising when the crystal structure
becomes more tetragonal.’*” Fig. 2b presents the variation of
the relative integrated intensity of the Raman peak at 307 cm ™"
for BaTiO; against the benzyl alcohol percentage in solvo-
thermal synthesis using benzyl alcohol/water solvent mixtures.
The decreasing integrated intensity of the Raman peak at
307 cm ™' indicates that the tetragonality of BaTiO; decreases
as the benzyl alcohol percentage is raised, especially at higher
than 70%. This trend is consistent with the results obtained
from the XRD Rietveld analysis.

This journal is © The Royal Society of Chemistry 2023
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(@) Raman spectra of BaTiOs samples synthesised via a solvothermal method with various benzyl alcohol percentages (0-90%) in benzyl

alcohol/water solvent mixtures (peaks at ~307 cm™ being marked as shaded); (b) relative integrated intensities of the Raman peak at 307 cm™ for
BaTiOs samples plotted against benzyl alcohol percentage in solvothermal synthesis (sample labels explained in Table 1).

To explore any trends between the particle size and mor-
phology of BaTiO; and the benzyl alcohol percentage, Fig. 3
shows the SEM and TEM images and particle size distributions
of BaTiO; samples synthesised with various benzyl alcohol/
water solvent mixtures. By analysing the SEM and TEM images
using the Image] software and Gaussian function, the particle
sizes of BaTiO; samples have been determined and presented
in Fig. 1b and Table 1. The BaTiO; samples synthesised using
0-70% benzyl alcohol exhibit relatively large particle sizes of
109-139 nm with well-defined morphologies. As the percen-
tage of benzyl alcohol rises to higher than 80%, the particle
size of BaTiO; drops to 39-68 nm, and the edge of particles
becomes ill-defined. When 100% benzyl alcohol is used, the
BaTiO; particle size decreases significantly to around 11 nm.
This is similar to the phenomena observed in previous
studies, which produced BaTiO; with particle sizes of <10 nm
using 100% benzyl alcohol in solvothermal syntheses.'”-'%3334
It can be concluded that the particle size of BaTiO; decreases
as the benzyl alcohol percentage is raised, especially at higher
than 80%. The decrease in particle size can be attributed to
the increased viscosity of the solvent mixture when raising the
percentage of benzyl alcohol, as discussed above. This trend
agrees with the result obtained from the Rietveld fits to the
XRD data.

TGA was performed for BaTiO; samples synthesised with
benzyl alcohol percentages of 0, 20%, 40%, 60%, 80% and
90% in benzyl alcohol/water solvent mixtures. Fig. 4a and
Table S21 show the mass losses of the BaTiO; powders in the
TGA analyses when increasing the temperature from 25 to

This journal is © The Royal Society of Chemistry 2023

1000 °C under the Ar atmosphere. The BaTiO; samples syn-
thesised using 0% to 60% of benzyl alcohol exhibit total mass
losses of 0.3% to 1.2%. The samples appear to have little or no
water or benzyl alcohol adsorbed onto the surfaces as there are
no mass losses below ~200 °C.>* The large drops in masses
occurred in the range of ~200-800 °C, which is within the
range where it can be attributed to the loss of the surface
hydroxyl and aryloxide groups in BaTiO;.**?” The BaTiO;
samples synthesised using 80% and 90% benzyl alcohol
exhibit much larger mass losses of 5.0% and 7.6%, respect-
ively, which started to occur right after heating. The mass
losses occurring below ~200 °C are caused by the loss of
surface water and benzyl alcohol groups that are physically
adsorbed onto the particle surfaces.®® The remaining mass
losses occurred in the temperature range of ~200-800 °C,
which are 3.7% and 5.8% for BaTiO; samples synthesised
using 80% and 90% benzyl alcohol, respectively, can be attrib-
uted to the loss of surface hydroxyl and aryloxide defects in
BaTiO;.>”*® The TGA characterisation suggests that as the
benzyl alcohol percentage increases to higher than 80%, there
is a greater amount of mass lost when the BaTiO; sample is
heated.

All six BaTiO; samples show mass losses related to the
losses of surface hydroxyl and aryloxide defects in BaTiO;.
However, only the BaTiO; samples synthesised using >80%
benzyl alcohol exhibit the losses of adsorbed surface water and
benzyl alcohol groups. This can be attributed to a smaller par-
ticle size having a greater surface area, thus more water and
benzyl alcohol groups can be adsorbed onto the particle

Dalton Trans., 2023, 52, 297-307 | 301
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alcohol/water solvent mixtures; (n) and (o) TEM images of BaTiOz sample synthesised using 100% benzyl alcohol (sample labels explained in
Table 1); inserted patterns to show the particle sizes of the samples determined using the ImageJ software, and the size distributions analysed with a

Gaussian function.

surface.’® Also, the increasing amount of surface hydroxyl and
aryloxide defects can be linked to the larger surface area of
crystallites when formed using higher percentages of benzyl
alcohol.>®*” The BaTiO; samples prepared using 0% to 60% of

benzyl alcohol exhibit particle sizes of 109 to 134 nm, and the

302 | Dalton Trans., 2023, 52, 297-307

samples synthesized with 80% and 90% of benzyl alcohol
show much smaller particle sizes of 68 and 39 nm, respect-
ively. Increasing the percentage of benzyl alcohol in solvo-
thermal synthesis produces BaTiO; with a smaller particle size
and a larger surface area, which results in more hydroxyl and

This journal is © The Royal Society of Chemistry 2023
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aryloxide defects in the sample, and therefore a larger mass
loss in the TGA analysis (Fig. 4b).

3.2. Microstructure, morphology and electrochemistry of
BaTiO; modified with manganese oxide coating

The BaTiO; sample synthesised via a solvothermal method
using 60% of benzyl alcohol in the benzyl alcohol/water
solvent mixture (denoted as BTO-60) was selected for coating,
as it has a relatively small particle size and low level of defects
in the sample. Manganese oxide coating was prepared by
mixing the Mn precursor (Mn(OAc),-4H,0) with BaTiO;
powder in ethanol to deposit Mn ions on the surface of the
BaTiO; powder, then firing at 800 °C for 4 h to obtain
the manganese oxide coated BaTiO; sample (denoted as
BTO-60-M).

The XRD patterns of uncoated and manganese oxide coated
BaTiO; samples (Fig. 5a) can be attributed to tetragonal
BaTiO; with perovskite structure, suggesting that the coating
process does not affect the microstructure of BaTiOz;. The
characteristic peaks of manganese oxide are not detectable in
coated BaTiO; composite due to its low concentration. The
crystallite sizes of uncoated and manganese oxide coated
BaTiO; samples (Fig. 5¢ and Table 2) are 105 and 115 nm,
respectively, calculated from the Lorentzian crystallite size
broadening term in the Rietveld fits to the XRD patterns
(Fig. 5b and Fig. S1}). The obtained lattice parameters (@ and
c), tetragonality (c/a), crystallite size broadening term (L) and
reliability factors (Ryp, Rp,) are listed in Table S3.+

The SEM images of uncoated and manganese oxide coated
BaTiO; samples (Fig. 6a and b) show that the manganese
oxide coating has a negligible impact on the morphology of
BaTiO;. The particle sizes of uncoated and manganese oxide
coated BaTiO; samples are 115 and 120 nm, respectively
(Fig. 6¢c and Table 2), determined by analysing SEM images

This journal is © The Royal Society of Chemistry 2023

X BTO-60-M
Fiting plot

BaTiO, standard
—— Difference plot

Intensity (a.u.)

BTO-60-M

.

L

20 30 70 80

40 50 60
20 (degree)

Intensity (a.u.)

120 115 nm
105 nm

00
80

BTO-60 | £ %

|

T T T
20 30 40 50 60 70 80 °
20 (degree)

Crystalite size (nm)

40

20

BTO-60 BTO-60-M

Sample
Fig. 5 (a) XRD patterns of BTO-60 and BTO-60-M samples; (b) Rietveld
fit to the XRD pattern of BTO-60-M sample; (c) crystallite sizes obtained
from the Rietveld fits to the XRD patterns of BTO-60 and BTO-60-M
samples (sample labels explained in Table 2).

Table 2 The uncoated and manganese oxide coated BaTiO; samples
synthesised using 60% of benzyl alcohol in benzyl alcohol/water solvent
mixtures in solvothermal syntheses; crystallite sizes obtained from the
Rietveld fits to the XRD patterns; particle sizes determined by using the
ImageJ software and Gaussian function to analyse SEM images

Percentage of benzyl XRD crystallite SEM particle

Sample alcohol (%) size (nm) size (nm)
BTO-60 60 105.3 +1.4 115 + 36
BTO-60-M 60 115.0 £ 1.3 120 + 30

using the Image] software and Gaussian function. The particle
size of manganese oxide coated BaTiO; is slightly larger than
the uncoated BaTiO; sample, which is most likely due to a
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manganese oxide shell with a thickness of a few nanometres
on the surface of the BaTiO; particles. This can be confirmed
by the TEM images of the manganese oxide coated BaTiO;
sample (Fig. 7b), which clearly shows a homogeneous coating
layer on the surface of the BaTiO; particles, comparing to the
uncoated BaTiO; sample (Fig. 7a).

To identify the composition of the manganese oxide
coating, XPS has been applied on the uncoated and manga-
nese oxide coated BaTiO; samples (Fig. 8). The survey spectra
(Fig. S2t) confirm the presence of Ba, Ti and O for both
samples, and the presence of Mn for manganese oxide coated
sample. These two samples have similar Ba 3d and Ti 2p
spectra (Fig. S2f). The Ba 3d spectrum splits into two spin
states, with the binding energy of 778.3 and 793.5 eV for Ba
3ds,, and Ba 3dj,, respectively, and the spin-orbit splitting is
15.2 €V, indicating that the Ba exists in +2 oxidation state.*
The Ti 2p peak splits into two spin states, i.e., Ti 2ps, and Ti
2p4/2 at the binding energy of 457.9 and 463.8 eV, respectively,
along with a satellite peak at 471.3 eV. The spin-orbit splitting
for Ti 2p3/, and Ti 2py, is 5.9 €V, confirming the presence of
the Ti*" oxidation state in both samples.® Fig. 8 shows clear
differences between the chemical environments present in the
Mn 2p and O 1s spectra of these samples. For the manganese
oxide coated BaTiO; sample, the Mn 2p spectrum splits into

two spin states, i.e., Mn 2pz, and Mn 2p,,, at the binding
energy of 641.1 and 652.9 eV, respectively, which is well in
accordance with the values reported for manganese oxide.*'
The deconvolution of the Mn 2p core spectrum presented
three characteristic peaks for each Mn 2p;, and Mn 2p;.,
associated with Mn®*, Mn*" and Mn”*" oxidation states (refers
to MnO, Mn,0; and MnO,, respectively), with a clear domi-
nance of Mn>" state in the manganese oxide coated BaTiOj;
sample.*” For the uncoated BaTiO; sample, the O 1s spectrum
consists of two peaks at the binding energy of 529.2 and
530.5 eV, corresponding to the lattice oxygen in BaTiO; and
the oxygen in the surface hydroxyl and aryloxide defects,
respectively.*®> While in the O 1s spectrum of manganese oxide
coated BaTiO; sample, an additional peak appears at the
binding energy of 529.6 eV corresponding to the Mn-O-Mn
environment of oxygen, confirming the presence of manga-
nese oxide.*?

The temperature dependence of resistivity (PTCR effect) for
the uncoated and manganese oxide coated BaTiO; samples are
presented in Fig. 9. The PTCR in BaTiO; is a grain boundary
effect that can be explained by the Heywang-Jonker
model.***> At around room temperature, the manganese oxide
coated BaTiO; sample (1.68 x 10” Q c¢m) exhibits a much lower
resistivity than uncoated BaTiO; (1.04 x 10° Q cm). This has

Fig. 7 TEM images of (a) BTO-60 and (b) BTO-60-M samples (sample labels explained in Table 2).
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been attributed to the presence of the manganese oxide on the
surface provides a relatively conducting network between the
BaTiO; particles (Fig. 7b).*™*° When the temperature increases

This journal is © The Royal Society of Chemistry 2023

to above the Curie temperature, according to the Heywang-
Jonker model,**** the potential barriers along the grain
boundaries of both samples become fully effective,*® thus the
resistivities of both manganese oxide coated and uncoated
BaTiO; samples increase to 2.85 x 10> Q cm and 1.65 x 10" Q
cm, respectively. The manganese oxide coated BaTiO; sample
shows a much larger resistivity jump (5.23 orders of magni-
tude) than the uncoated BaTiO; (3.20 orders of magnitude),
which indicates that the manganese oxide coating enhances
the PTCR effect of BaTiO;. This is because some Mn ions
substitute Ti*" during coating, and preferentially segregate
towards the grain boundary to form oxygen vacancies, barium
vacancies and dopant manganese ions, resulting in a signifi-
cant increase in the acceptor states concentration, which can
act as electron traps at the grain boundary, leading to a rapid
increase in resistivity above the Curie temperature.’*™> The
PTCR property in BaTiO; materials can be used to control the
resistance in a circuit as a function of temperature in the form
of thermistors, to be applied in the electronics industry includ-
ing temperature sensing (temperature trips), overcurrent pro-
tection (self-resetting fuses) and electronic timing circuitry.>'°
Also, this PTCR effect has recently been used by ourselves to
prevent thermal runaway in batteries."*
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4. Conclusion

Phase pure nanocrystalline BaTiO; samples with particle sizes
ranging from 11 to 139 nm have been synthesised via a solvo-
thermal method with various benzyl alcohol percentages in
benzyl alcohol/water solvent mixtures. The crystallite/particle
size of BaTiO; shows an overall decrease as the benzyl alcohol
percentage increases, especially at higher percentages (>80%)
of benzyl alcohol. The decrease in crystallite/particle size can
be attributed to the increased viscosity of the solvent mixture
when raising the percentage of benzyl alcohol. The tetragonal-
ity of BaTiO; decreases as the benzyl alcohol percentage is
raised, which can be ascribed to the presence of defects in
BaTiO; synthesised using higher percentages of benzyl alcohol
in solvothermal synthesis. The BaTiO; sample synthesised
using 60% of benzyl alcohol exhibits both relatively small crys-
tallite/particle size and fewer defects. A manganese oxide
coating has been applied to this BaTiO; sample, which shows
a negligible impact on its microstructure and morphology,
whilst it can significantly enhance the PTCR effect of BaTiO;.
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