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Directed assembly of barium titanate nanopeapods via
solvothermal processing with a mixed surfactant system
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ABSTRACT
Barium titanate (BaTiO3) peapod nanocomposites were prepared
by the controlled capture of nanoparticles (NPs) in scrolling hexa-
niobate (HNB) nanosheets. BaTiO3 NPs and proton-exchanged
potassium hexaniobate were treated solvothermally at 220 �C for
6 h in toluene to produce linear NP chains confined within multi-
walled HNB nanoscrolls. This method consistently produced nano-
peapods with average filling fractions greater than 70%. The
controlled introduction of nanocomponents along with a combin-
ation of oleylamine and oleic acid surfactants was critical to the
success of these reactions. The ability to form BaTiO3@HNB signifi-
cantly expands the number of important peapod composites
accessible by the controlled NP capture.

ARTICLE HISTORY
Received 11 February 2021
Accepted 18 July 2021

KEYWORDS
Hexaniobate nanocompo-
sites; barium titanate;
nanoscrolls; synthe-
sis; assembly

1. Introduction

Two-dimensional nanostructures have been sought for a variety of reasons including the
formation of nanocomposites with 0D nanoparticle materials to develop novel structures
with unique properties [1–2] and surface functionalisation [3–4]. It is known that certain
nanosheets have the ability to form scrolls and that these 1D nanoscroll (NSc) structures
have a range of applications in advanced materials and assembly [5–9]. Some examples of
compounds that can scroll include TiO2 [10], graphene [11], WS2 [12], V2O5 [13],
K4Nb6O17 [1] and Ruddlesden-Popper [14] and Dion-Jacobson [15] perovskites. These
types of nanomaterials have been studied due to their enhanced mechanical strength,
atypical trapping behaviours as well as their applications in areas such as ion exchange,
intercalation, organic–inorganic composite materials and heterogeneous catalysis [16–18].
Scrolling can also allow the production of nanocomposites via the controlled capture of
specific guest compounds, which can lead to new materials with the improved proper-
ties [19].

K4Nb6O17 is a layered compound that is biocompatible, chemically stable and displays
characteristics of a wide-band semiconductor [20]. Hexaniobate nanosheets have also
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shown evidence of photocatalytic activity under UV light [21,22]. The encapsulation or in
situ growth of nanoparticles within the hollow spaces of the scrolls is important when
considering the potential development of new nanodevices. The term ‘nanopeapod’ (NPP)
refers to a two-part nanocomposite system of nanoparticles (pea) and nanoscrolls (pod).
When nanoparticles are captured or grown within the hollow portion of the scroll, they
create these nanocomposites. The confinement of different nanoparticles having varied
properties, different from that of K4Nb6O17, can lead to the development of novel materi-
als that exhibit additive or completely new properties.

NPPs have several defining characteristics that can be modified such as those pertain-
ing to NP shape, size, and type, surfactants, scroll interlayer distances, structural uniform-
ity, and filling fraction of the NPs. Fabrication of new NPPs holds both fundamental and
practical importances in various applications. Synthetic routes in the formation of NPPs
have already been reported by different groups [2,19,23–30], though some of these meth-
ods may contain limitations such as application to only select combinations of nanocom-
ponents, long-processing times, high costs, negative environmental impact and poor
scalability for bulk synthesis. The combinations of exfoliation and scrolling of K4Nb6O17

using tetrabutylammonium hydroxide (TBAOH) and concurrent capture or subsequent
growth of various NPs offer a controlled method for the synthesis of these NPPs [2,27].
Critical to this process is the role of the surfactant; both NPs and NScs have surface
groups, which are critical in the assembly processes. The absence of proper surfactants
leads to clumping of NPs and the formation of empty scrolls.

The type of nanoparticle that is contained with a NPP has significant role in the defin-
ing its characteristics. Barium titanate (BaTiO3) is a perovskite that is well known for its
ferroelectric properties and incorporation in many devices [31]. Some BaTiO3 applications
include multilayer ceramic capacitors (MLCCs) [32], electro-optical devices [33], piezo-
electric actuators [34] and gas sensors [35]. BaTiO3 NPs have been synthesised by a var-
iety of methods including co-precipitation [36], sol-gel [37], hydrothermal [38] and
solvothermal methods [39]. NPs with sizes � 15 nm have the potential to be encapsulated
within HNB NScs. Our group has already synthesised multiple NPP structures such as
gold [2], iron (II/III) oxide [25,27], cerium (IV) oxide [28] and silver NPPs [40]. Herein,
we report the encapsulation of perovskite NPs where using a modified multisurfactant sol-
vothermal method, cube-shaped BaTiO3 NPs are readily captured within HNB
nanoscrolls.

2. Experimental

2.1. Synthetic reagents

Potassium carbonate (K2CO3, 99%) and niobium oxide (Nb2O5, 99%) were acquired from
Alfa Aesar (USA). Oleylamine (OAm, technical grade, 70%), oleic acid (OAc, 99.8%), sodium
hydroxide pellets (NaOH, ACS grade), barium nitrate (Ba(NO3)2, 99%), butanol (ACS
reagent, 99%), decanol (99%), titanium (IV) butoxide (reagent grade, 99%), toluene (certified
ACS, 99.8% anhydrous), acetone (certified ACS, 99%), and TBAOH30-hydrate were pur-
chased from Sigma-Aldrich (USA). Deionised water was obtained via reverse osmosis.

2.2. Barium titanate nanoparticles

BaTiO3 NPs with sizes ranging from 10 to 13 nm were synthesised via known solvother-
mal methods [41] in a stainless steel autoclave (Parr model 4749A) with a Teflon liner.
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NaOH (12.5mmol) was added to distilled water (2mL) in vial (I) and Ba(NO3)2 (1mmol)
was added to distilled water (3mL) in vial (II). A mixture of oleic acid (2.5mL) and buta-
nol (2mL) was prepared separately in vial (III), and decanol (3mL) was added to titan-
ium (IV) butoxide (1mmol) in vial (IV). The vials were combined in the reverse order in
which they were made, i.e. (III) to (IV), (II) to (IV) and (I) to (IV). The resulting white
mixture was stirred vigorously for 5min via magnetic stirring. This was then transferred
to the Teflon liner and placed into the autoclave. The autoclave was sealed, and the mix-
ture was heated to 180 �C for 18 h. BaTiO3 NPs were collected, washed three times with
toluene via centrifugation (6000 RPM) for 10min, and dispersed in a non-polar solvent
(toluene). Caution: Soluble barium salts are highly toxic and should be handled with
extreme caution.

2.3. K4Nb6O17

Crystalline samples of layered K4Nb6O17 were prepared by a high-temperature ceramic
method [1]. K2CO3 and Nb2O5 (molar ratio 1.4:1) were placed in a ball mill within a
stainless steel planetary cell (50mL). Zirconia ball media (10 balls, 5mm) were added to
the cell and placed in a ball mill (Spex Industrial Inc., Spex Mixer 8000) for 15min. After
the allotted time, the mixture was then placed in an alumina crucible. An initial excess of
10% K2CO3 was included to compensate for the volatilisation during high-temperature
synthesis. This mixture was heated at 900oC for 1 h and cooled to room temperature. A
further 10% of K2CO3 was then added to prevent the formation of potassium-deficient
phases. The mixture was milled again for 15min. The sample was placed in an alumina
crucible where it was heated for 2 days at 1050oC, followed by 1 h at 1100oC. The sample
was cooled to room temperature, washed via vacuum filtration with deionised water
(twice) and water/acetone (once), and then dried overnight at 75oC.

2.4. Acid exchange of K4Nb6O17

To obtain the proton-exchange form of HNB, HxK4-xNb6O17, 1 g of K4Nb6O17 powder
was combined with 8mL of a 6M HCl in a stainless steel autoclave (Parr model 4749A)
with a PTFE liner and heated at 90oC for 2 days. The product was then washed via centri-
fugation (6000 RPM) for 10min with deionised water (twice) and water/acetone (once)
and dried overnight at 75oC.

2.5. Solvothermal preparation of BaTiO3@HNB nanopeapods

0.1 g HxK4-xNb6O17, 0.2 g TBAOH, 5mL OAm, 2mL OAc and 3mL of toluene were
added to a PTFE Teflon liner and stirred for 1 h at room temperature. After the mixture
was stirred, 50mg of BaTiO3 NPs was dispersed in 2mL of toluene via sonication (2min)
in a separate vial and added to the HxK4-xNb6O17 mixture with no additional stirring.
The liner was then transferred to a stainless steel autoclave (Parr), sealed and heated to
220oC for 6 h. The resulting product was washed with toluene (3�) and separated via
centrifugation (13,000 RPM). It was found that the solid precipitate collected at the bot-
tom of the centrifugation tube consisted mainly of NPPs. For this reason, studies were
done mostly on samples collected from the lower region of the tube. Other reactions were
also investigated leading to the optimal synthesis conditions. These other reactions are
presented below.
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2.6. Characterisation
The morphologies of the products were characterised with a JEOL 2010 (USA) transmission
electron microscope (TEM) operated at an accelerating voltage of 200 kV; the TEM was
equipped with a Gatan slow-scan CCD camera and an EDAX Genesis (USA) energy-disper-
sive spectroscopy (EDS) system. TEM images of NPPs were analysed with the ImageJ soft-
ware to find interlayer spacing values of the multiwalled BaTiO3@HNB NPPs, determine
inner and outer NPP diameters, calculate filling fractions for the NPPs and determine BaTiO3

NP sizes. X-ray powder diffraction (XRD) data were collected for the host, protonated hexa-
niobate and BaTiO3 NNPs on a Philips X’Pert diffractometer utilising Cu Ka radiation
(k¼ 1.5418Å) and a curved graphite monochromator at a voltage of 45 kV and a current
of 40mA.

3. Results

3.1. Barium titanate nanoparticles

BaTiO3 NPs, synthesised via a modified literature procedure [41], exhibited a cubic shape
with an average size of 13 ± 2 nm; TEM images of the BaTiO3 NPs are shown in Figure
1A along with a size distribution diagram (Figure 1(B)). The observed XRD patterns for
the BaTiO3 particles can be seen in Figure S1A (figure found on-line in supplemental data)
and are in good agreement with the reference pattern for bulk BaTiO3 in Figure S1B; line
broadening is consistent with the smaller sized BaTiO3 nanoparticles (Figure S1A).

Varied synthetic routes were investigated to determine the optimal NP composition for
the capture within the hexaniobate nanosheet system. Synthesis of BaTiO3 NPs required
the use of oleic acid as the surfactant, whereas the formation of nanoscrolls typically uses
oleylamine. Oleylamine, however, readily reacts with the oleic acid located on the surface
of the BaTiO3 particles resulting in extensive NP agglomeration. Adjusted surfactant
ratios, therefore, were examined in the search for optimal NPs. Table 1 highlights the var-
ied synthetic routes used in these early studies, and Figure S2 shows some of the result-
ing NPs.

Nanoscrolls are typically between 0.1 and 1 lm in length with 2 to 6 inner spiral layers,
wall thicknesses of 10–20 nm and inner diameters ranging from 10 to 25 nm. Therefore,
the size of the BaTiO3 NPs that were required for encapsulation had to range from 7 to
15 nm. Varying the surfactant concentration produced unsuitable BaTiO3 NPs that had
either extremely large or small sizes (Figure S2). Particles that were synthesised without
the use of oleic acid (Sample 1, Supplemental data) were large (> 20 nm, Figure S2A) and
had spherical morphologies, whereas particles that were synthesised using a 50:50 mixture
of both surfactants (Sample 2, Supplemental data) (Figure S2B), had a range of sizes from
8 to 50 nm with various morphologies. The best NPs for this study were formed utilising
only oleic acid as the surfactant (Figure 1).

Table 1. The different ratios of oleylamine versus oleic acid that were used when designing a compatible barium
titanate particle for hexaniobate nanoscrolls.

Sample Oleic acid ratio (%) Oleylamine ratio (%)

1 0 100
2 50 50
3 100 0
4 100 0
5 60 40
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3.2. BaTiO3 hexaniobate nanopeapods

Earlier methods of NPP fabrication [2] worked well with NPs that contained the same sur-
factant as the NScs. This can be seen with studies from our group where oleylamine was
the surfactant when making the NP of choice [2,27,28]. Since the formation of monodis-
persed oleylamine-capped BaTiO3 NPs did not readily occur, a different approach to the
synthesis of BaTiO3 HNB NPPs was carried out where modification of the NPP system was
studied as opposed to the modification of the NP. Oleic acid and oleylamine were used in
various ratios to determine the best parameters for encapsulation (Table 2). Also, other
NPP synthesis variations were explored including reaction time, surfactant amounts, solvent
system and mixing times (Table 2). The initial reaction conditions (reactions 1–9) were
unsuccessful in encapsulation (Figure S3 and Table 2); extensive agglomeration and loose-
forming scrolls could be seen throughout all early attempts at encapsulation.

The production of NPPs is not only influenced by the amount of surfactant, NP size,
solvent, reaction time and temperature, but also other factors such as the presence of
TBAOH and types of surfactants play crucial roles as well. Within this study, TBAOH,
the exfoliating agent, separates the hexaniobate sheets from each other, while oleylamine
and oleic acid play dual roles as intercalant and surfactant. To better understand these
limitations, experiments were performed in a water-based system without the use of the

Figure 1. Barium titanate nanocubes. (A) Monodispersed cubic particles can be seen in the TEM images. (B) Size dis-
tribution of 200 measured particles with an average width of 13± 2 nm.
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surfactant. Formation of nanoscrolls was seen using this non-surfactant method but the
resulting scrolls were not tightly wound (Figure S4) and subsequent reactions to form
NPPs were not successful.

Further studies examined the role of reaction conditions for the optimal synthesis of
NPPs. Here, it was shown that strict control of nanoparticle introduction was significant
in the production of NPPs. Figure 2 shows the TEM images of BaTiO3@hexaniobate
NNP samples that were synthesised using various stir times. Samples that underwent the
typical NPP synthetic route [27] (Figure 2(B)), including 1-h stirring of the mixture along
with particles prior to the solvothermal treatment, showed agglomeration of NPs and low
levels of nanoparticle encapsulation. When the system was stirred for only 5min (Figure
2(A)) with particles present, evidence of the agglomeration was still present but with the
improved encapsulation. The addition of particles immediately after the 1-h stir showed
the best NP encapsulation (Figure 2(C)) and a decrease in agglomeration. Furthermore,
the optimal synthetic route used a surfactant ratio of 1:0.4 (5mL:2mL) of oleylamine to
oleic acid with particles being added after the 1-h stirring stage, immediately before the
solvothermal processing. Figure 3 presents a typical high-yield BaTiO3@hexaniobate NPP

Figure 2. Figure showing the effects of stirring before heating when synthesising BaTiO3@hexaniobate nanopeapods.
(A) Reaction 10, sample was only stirred for 5min with barium titanate particles introduced. (B) Reaction 13, sample
was stirred for 1 h with particles introduced. (C) Sample with stirred for 1 h without the particles added. After the 1-h
time passed, sonicated particles were added in before heating occurred.

Table 2. All the major synthetic routes that were taken when optimising the formation of BaTiO3@hexaniobate
nanopeapods. The final reaction, Reaction 14, was the best, producing the most encapsulation.

Reaction
Oleic acid ratio

(mL)
Oleylamine ratio

(mL) Solvent
Stir

(mins)
Particles present

during stir
Oven time

(hrs)
Oven

temp. (oC)

1 0 5 Toluene 60 Yes 6 220
2 2 3 Toluene 60 Yes 10 220
3 2 3 Toluene 60 Yes 8 220
4 1 4 Toluene 60 Yes 6 220
5 4 1 Toluene 60 Yes 6 220
6 0.5 5 Toluene 60 Yes 6 220
7 5 2 Toluene 60 Yes 6 220
8 2 3 Hex/EtOH 60 Yes 6 220
9 2 3 Hexane 60 Yes 6 220
10 2 5 Toluene 5 Yes 6 220
11 1 5 Toluene 60 Yes 6 220
12 Water 4320 Yes 0 N/A
13 2 5 Toluene 60 Yes 6 220
14 2 5 Toluene 60 No 6 220
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sample. Close examination of the peapods showed that typical captured BaTiO3 NP sizes
were 8–9 nm in size, interparticle distances averaged about 2.7 nm and the layer spacing
in nanopeapod scrolls was �3.5 nm.

BaTiO3@hexaniobate NPPs contained a certain number of NPs based on the length of
the nanoscroll, 10 NPs for the smaller scrolls (�150 nm in length) to 70 NPs for larger
scrolls (over 1 lm in length) with an interparticle space of about 2–3 nm. Additional
NPPs can be seen in Figure 4 showing variations of the sizes on NPPs obtained and the
number of encapsulated particles. Figure 4B highlights a BaTiO3@hexaniobate NPPs
showing a NPP over 1 lm in length. If smaller NPs are encapsulated, there is a chance
that the particles can align themselves in two separate rows; this can be seen in Figure 4C
(inset) where a set of 8-nm particles occur in two separate rows.

Overall, statistical evaluation of the encapsulated nanoparticles and the spacing between
them can be seen in Figure 5. Using these statistical values, it was possible to obtain filling
fractions for the NPPs. The filling fraction was determined for 150 NPPs. The pie chart
in Figure 6 shows the filling fraction distribution seen in the NPPs. The majority of the
NPPs have filling fractions over 70%.

The XRD pattern for the NPPs is shown in Figure 7A with corresponding patterns for
both BaTiO3 NPs and HNB nanoscrolls, Figure 7B,C, respectively. Comparing Figure
7A,B, evidence for the BaTiO3 NPs can be seen in the NPP sample, though the potassium
hexaniobate is more dominant in the pattern. The peaks located in the lower angle reflec-
tion of Figure 7A,C are the ‘fingerprint’ regions of the scrolls. Each one of the peaks in
this area is indicative of the intercalated scrolls. These data are consistent with the forma-
tion of the BaTiO3@hexaniobate NPPs.

4. Discussion

Both TBAOH and the surfactants (oleylamine and oleic acid) are essential to the forma-
tion of the BaTiO3@hexaniobate NPPs. TBAOH promotes the necessary exfoliation and
scrolling needed from the thicker hexaniobate crystallites, whereas the surfactant aids
in the functionalisation of both the nanoparticles and nanoscrolls. BaTiO3 NPs are

Figure 3. BaTiO3 nanopeapods made using the optimal synthetic pathway (Table 2, Reaction 14). Left. Image of four
adjacent nanopeapods. Right. Higher magnification image shows scroll layer spacing, interparticle distance and a typ-
ical size of nanoparticles located within the hexaniobate nanoscroll.
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made in a system where oleic acid is used predominantly as the surfactant. Attempts
were made to replicate these particles by substituting oleic acid with oleylamine, how-
ever this yielded NPs whose sizes were greater than 20 nm (Figure S2A). The differ-
ence between oleic acid and oleylamine is the functional group located at the head of
the aliphatic chain; oleic acid has a carboxylic acid group, whereas oleylamine has an

Figure 4. Additional BaTiO3@hexaniobate samples. (A) The capture of larger BaTiO3 particles. (B) An exceptionally
long (> 1lm) NPP is observed. (C) Two rows of encapsulated BaTiO3 nanoparticles can be seen in the centre of
the nanoscroll.

Figure 5. Overall statistics obtained from NPPs produced after successful replication of synthesis (Reaction 14 from
Table 2). Average particle size located within the scrolls was 10± 2 nm with an average of 27± 14 particles encapsu-
lated. These particles also had an average spacing of 2.7 ± 0.7 nm.
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amine group. The negative charge associated with the amine functional group of oleyl-
amine potentially had adverse effect on the particles that lead to the large growth.
More systems were then tested where both oleic acid and oleylamine were used as the
surfactant in the BaTiO3 NP synthesis (Table 1). The sizes of these NPs were very
broad, ranging from �8 to 20 nm (Figure S2). None of these systems lead to successful
encapsulation.

An understanding of the hexaniobate scrolling process is important when attempting
to modify nanopeapod production. Investigations on bulk hexaniobate nanoscroll and
CeO2 NPP systems [28] revealed that instead of the nanoscrolls and NPPs being produced
from individual exfoliated nanosheets, they develop from larger hexaniobate crystallites,
which are broken off during synthesis. In the case of the NPPs, the NPs preassembly

Figure 6. Filling fractions of the BaTiO3@HNB NPPs with 150 NPPs considered. Calculations based on the volume
occupied by particles inside scrolls.

Figure 7. Observed XRD patterns of the (A) synthesised BaTiO3@hexaniobate nanopeapods, (B) barium titanate nano-
particles (�) that were used in the synthesis and (C) observed pattern of potassium hexaniobate scrolls (�) alone. A
slight zero-shift in the data is attributed to sample displacement.
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along a crystal edge prior to peapod formation and detachment [28]. Further, results
from our group’s time-dependent studies show evidence of the partial formation of nano-
scrolls on the surface of the hexaniobate nanosheet with typical sizes of the crystallites
being as much as 50lm on an edge, but resulting in nanoscrolls that are much smaller in
length [27]. Other factors that influence the size of the nanoscrolls include temperature,
pressure, the rate of scrolling, the type of surfactant used to aid in intercalation and the
presence of any structural defects on the nanosheets themselves.

Previous successful NPPs syntheses, especially in situ methods, contain a stirring step
within the synthesis before the actual heating phase [2]. Stirring aids in the initial reaction
of the nanosheets with the exfoliants and surfactant. Hexaniobate nanosheets are attached
to a layered crystallite system before exfoliation. In the hexaniobate-layered system, only
the edges, top and bottom layers are considered to be reactive. This exfoliation is concur-
rent to scrolling, which is aided by the long-chain surfactant used in the synthesis.
However, when synthesising NPPs, the nature of the NP must also be taken into consid-
eration. The surfactant used in producing BaTiO3 NPs in this synthesis is oleic acid.
Hexaniobate nanoscrolls are made in a system that uses oleylamine as the surfactant.
Oleic acid, as the name suggests, is an acid, while oleylamine is a base. The synthesis of
hexaniobate nanoscrolls also uses TBAOH, which is used as the exfoliant and is also a
base. Hexaniobate nanoscrolls are made in a basic system as opposed to BaTiO3, which is
acidic. During the initial formation of nanopeapods (1-h stirring phase before heating)
TBAþ ions react with the negatively charged edges of the nanosheets. It is expected that
this reaction separates a sheet from either the top or bottom of the crystallite and starts
the initial scrolling step. Oleylamine is then introduced in the now revealed layer to fur-
ther the scrolling and expand the interlayer spacing within the nanoscroll. This overall
system is basic in nature due to both TBAOH and oleylamine being present at the same
time. If NPs are being introduced, whose nature is acidic, this can cause a change in the
initial reaction, negatively impacting the formation of the NPPs.

BaTiO3 NPs are coated with a layer of oleic acid. The introduction of these NPs to a
basic environment without strict control of processing steps can lead to agglomeration of
the particles due to loss of surface groups. This was seen when attempting to make
BaTiO3@hexaniobate NPPs by introducing BaTiO3 NPs in the stirring phase of the
synthesis (Figure 2(A,B)). Figure 2A shows a modified stirring time of 5min before the
solvothermal treatment. An increase in the number of the NPPs was seen; however, par-
ticle agglomeration was still present. The agglomeration is a result of the basic system pre-
sent, while particles were introduced. To potentially counter the agglomeration, particles
were introduced after the 1-h stirring phase. This led to a significant increase in encapsu-
lation of BaTiO3 NPs with decreased agglomeration seen throughout the sample (Figures
2(C) and 3).

To understand the mechanism behind the formation of the NPPs using this method, it
is important to consider how oleic acid and oleylamine function in the presence of one
another. The reaction of both oleylamine and oleic acid in a 1:1 molar ratio has already
been documented [42,43]. When oleic acid is added to a system of oleylamine in a 1:1
ratio, the carboxylic acid group deprotonates in the presence of the amine. This then
forms a carboxylic anion along with a quaternary ammonium cation. Reaction 1 shows
the overall scheme of the reaction that takes place.

C17H33COOHþ C18H35NH2!C17H33COO
� þ C18H35NH3

þ (1)

It is possible that when BaTiO3 NPs particles are added to a NPPs synthesis without
the presence of any excess oleic acid, oleylamine in the system reacts and removes the

274 A. BLANCO ET AL.



oleic acid on the surface of the NPs, leaving exposed facets of the NPs. These exposed fac-
ets can then react with each other, which leads to growth and agglomeration of the par-
ticles. This would explain the low yield in initial attempts making BaTiO3@hexaniobate
NPPs. The addition of excess oleic acid to the NPPs system increased the number of
NPPs obtained but agglomeration was still visible. As mentioned before, the 1-h stirring
phase of the synthesis allows for exfoliation and preliminary scrolling of the nanosheets.
However, when having both oleic acid and oleylamine in the system while stirring, the
formation of Reaction 1 will also be present. The presence of the anion and the cation in
this system decreased the number of nanoscrolls that would have been produced when
compared to a typical nanoscroll reaction. Also, it is suggested that the oleic acid sur-
rounding the NPs and the excess oleic acid added to the reaction can react with oleyl-
amine to form both anions and cations, even after stirring, which can lead to open facets
in the NPs but not as severely. This is the possible reason why increase in NPPs was
observed but with small agglomeration still present throughout. The main contributing
factor when taking this route was that the nanosheets had enough time to react with
oleylamine to start the initial scrolling process. With the nanosheets sequestering the
majority of the oleylamine, BaTiO3 NPs were protected from reaction with the oleyl-
amine, and this allowed for effective NP encapsulation.

5. Conclusions

In summary, BaTiO3 NPPs have been prepared by solvothermal methods using a mixture
of oleic acid and oleylamine. BaTiO3 NPs with sizes measuring �10 nm were successfully
encapsulated within hexaniobate nanoscrolls. Attempts at making BaTiO3 nanoparticles
with the use of just the surfactant, oleylamine, were too large and not suitable for encap-
sulation. Similarly, the use of oleic acid, when synthesising hexaniobate nanoscrolls, led to
the formation of loose, non-uniform scrolls. Oleic acid and oleylamine can react, such
that oleylamine can remove oleic acid from BaTiO3 nanoparticles leading to NP agglom-
eration. Stirring of the starting materials is essential for the initial scrolling process to
take place. However, as the results showed, the addition of the particles too early within
this step led to heavy agglomeration in the resulting attempt at encapsulation. This was
due to the oleylamine reacting with the oleic acid on the surface of the particles. The add-
ition of the particles after this stirring phase proved to be ideal to avoid agglomeration
and to still allow the preliminary scrolling process to occur. For these reasons, the ratio
system of both oleic acid and oleylamine was used in the overall nanopeapods synthesis
but with strict control over the timing of NP introduction in the process.

The successful encapsulation of BaTiO3 nanoparticles within hexaniobate nanoscrolls
has added another valuable composite to known nanopeapod systems. The combination
of BaTiO3 and K4Nb6O17 makes it a unique hybrid system with potential applications in
nanoscale polarisable materials.
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