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1. Introduction

Oleic acid/oleylamine ligand pair:
a versatile combination in the synthesis
of colloidal nanoparticles

*© Nadesh Fiuza-Maneiro,®
ef

Stefanos Mourdikoudis, (2 *® Melita Menelaou,
Guangchao Zheng,® Shuangying Wei, @22 Jorge Pérez-Juste,
Lakshminarayana Polavarapu (2 *< and Zdenék Sofer (2) *?

A variety of colloidal chemical approaches has been developed in the last few decades for the controlled
synthesis of nanostructured materials in either water or organic solvents. Besides the precursors, the
solvents, reducing agents, and the choice of surfactants are crucial for tuning the composition, morphology
and other properties of the resulting nanoparticles. The ligands employed include thiols, amines, carboxylic
acids, phosphines and phosphine oxides. Generally, adding a single ligand to the reaction mixture is not
always adequate to yield the desired features. In this review, we discuss in detail the role of the oleic acid/
oleylamine ligand pair in the chemical synthesis of nanoparticles. The combined use of these ligands
belonging to two different categories of molecules aims to control the size and shape of nanoparticles and
prevent their aggregation, not only during their synthesis but also after their dispersion in a carrier solvent.
We show how the different binding strengths of these two molecules and their distinct binding modes on
specific facets affect the reaction kinetics toward the production of nanostructures with tailored
characteristics. Additional functions, such as the reducing function, are also noted, especially for oleylamine.
Sometimes, the carboxylic acid will react with the alkylamine to form an acid—base complex, which may
serve as a binary capping agent and reductant; however, its reducing capacity may range from lower to
much lower than that of oleylamine. The types of nanoparticles synthesized in the simultaneous presence of
oleic acid and oleylamine and discussed herein include metal oxides, metal chalcogenides, metals, bimetallic
structures, perovskites, upconversion particles and rare earth-based materials. Diverse morphologies, ranging
from spherical nanoparticles to anisotropic, core—shell and hetero-structured configurations are presented.
Finally, the relation between tuning the resulting surface and volume nanoparticle properties and the
relevant applications is highlighted.

decades owing to their different properties compared to their
bulk counterparts. These properties include plasmonic, mag-

A large range of different types of nanostructures with distinct
compositions and shapes have attracted interest in the last few
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netic and catalytic properties. The numerous types of nanoma-
terials have received attention due to their plethora of
current and potential applications in various fields such as
energy storage,’ chemical catalysis,” electrocatalysis,® biology,*
biomedicine,” and environmental remediation.® To obtain
nanoparticles with the desired properties and potential for
the above-mentioned applications, one of the most efficient
routes for their production is the umbrella of colloidal bottom-
up chemical synthetic approaches. When chemical synthesis is
preferred, several parameters need to be adjusted thoroughly,
such as the type and amount of precursors,” solvents,®
surfactants’ and reducing agents.'® The surface ligands or
surfactants are crucial for the controlled generation of nano-
materials with a well-tuned size, shape and surface and volume
composition. Ligands are beneficial to provide a certain
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morphology to the particles during their growth, while also
ensuring their dispersibility in selected solvents and their
ability for post-synthetic functionalization. The different types
of ligands include thiols, alkylamines, carboxylic acids, phos-
phines and phosphine oxides.” Obviously, different ligands
have distinct surface chemical behaviors, reactivity and mole-
cular structures. For example, certain ligands bind strongly to
the nanoparticle surface and others present rather weak bond-
ing. Preferential binding to certain crystal facets is observed for
some ligands, while others bind to all crystallographic domains
in the same manner.'® Biocompatibility and ease of surface
functionalization usually vary between different types of
ligands. Therefore, due to the above-mentioned reasons, it is
quite common to use more than one ligand when employing
wet-chemical synthetic protocols. The combination of alkyla-
mines with carboxylic acids and/or phosphines and thiols aims
to endow numerous features, which can function in a
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synergistic way, producing nanoparticles with well-designed
characteristics and functionalities."*™?

Therefore, in this review, we decided to focus on the ligand
pair of oleic acid (OAc) and oleylamine (OAm) for the controlled
synthesis of diverse nanoparticle systems. OAc (cisCH3(CH,);-
CH—CH)(CH,),COOH) and OAm (cisCH;(CH,),CH—CH)-
(CH,)sgNH,) are high-boiling point (=350 °C) ligands, which
are liquid at room temperature and cost-effective, and although
they have approximately the same alkyl chain length (~2 nm,
see Scheme 1 and Fig. 6¢ for their linear molecular structures),
they present different binding modes and strengths and dis-
tinct reducing capacities. Thermogravimetric analysis (TGA) is
often used to determine the surface coverage of NPs with OAm
and OAc capping ligands. The TGA measurements of OAm,
OAc and OAm/OAc mixture are shown in Fig. 1. The TGA
profiles of pure OAm and OAc demonstrate single degradation
events occurring at around 240 °C and 280 °C, respectively.
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Scheme 1 Overview of the different categories of nanomaterials prepared in the presence of OAmM/OAc (at the stick models of the molecules, grey
spheres correspond to C atoms, white spheres represent H, red spheres are O and blue colour denotes N atom).

The OAm/OAc mixture exhibits two degradation events at
approximately 225 °C and 335 °C, which are attributed to the
degradation of OAm and OAc, respectively. The degradation
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temperatures of the adsorbed ligands compared to the pure
ligand molecules can be elevated due to the fact that the
surface-capped ligands are protected from degradation owing
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Fig.1 TGA plots of OAm, OAc, OAmM/OAc mixture and OAm/OAc-
modified gold and silver NPs.** Originally published by and used with
permission from ref. 14. Copyright 2017, Dove Medical Press Ltd.

to their close proximity to the nanoparticles. FTIR measure-
ments are also very useful to characterize the surface capping of
OAm and OAc on different NP systems. For example, various
peaks ascribed to OAm and/or OAc occur on surfactant-coated
gold and silver NPs (i.e., methylene rocking mode at 723 cm ™,
methylene stretching modes at 2800-3000 cm ' and C-H
stretching in C=C-H at 3005 cm ™" (Fig. 2))."* Certain mod-
ifications in the observed spectra of NP samples, e.g., the
splitting of the free N-H bending peak at 1630 cm ™" in OAm
into two peaks (at about 1570 and 1660 cm ™) in spectra of
capped Au and Ag NPs denote the oxidation of the amine
moiety to amide. The shifting of the carbonyl stretching peak
appearing at 1711 cm™ " in OAc to higher wavenumbers in the
spectra of capped gold and silver NPs indicates the chemical
coordination of the carbonyl species on the nanoparticle sur-
face, event after the post-synthetic washing stages (see also
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Fig. 2 FTIR spectra of OAm, OAc and OAmM/OAc-modified Au and Ag
NPs.* Originally published by and used with permission from ref. 14.
Copyright 2017, Dove Medical Press Ltd.
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Fig. 10 for further FTIR peak assignments for OAm/OAc and
Fig. 45). In the case of their "H-NMR spectra, the "H chemical
shift for OAm is 2.56 ppm (CaH, position), whereas that for OAc
is 2.18 ppm.”® Tuning the OAm/OAc ratio enables nanoparticles
with well-defined shapes to be obtained, which will have an
effect also on their properties such as plasmonic and magnetic
properties. OAm and OAc are classified as hard Lewis bases,
and under certain conditions they can form complexes with the
metal ions of the precursor compounds, which act as Lewis
acids. The generated complexes can then be thermally decom-
posed/reduced, leading to the nucleation and growth of nano-
particles in the reaction pot. We will also present the role of the
acid-base complex generated upon the use of both ligands
under discussion together under certain conditions and display
their distinct NMR spectra compared to the individual ligands.
Upon completion of the colloidal synthesis and washing stages,
the particles typically form stable dispersions in common
organic solvents such as hexane, toluene and chloroform.
However, ligand exchange protocols are often required for the
transfer of the particles to water when hydrophilicity is
needed."® The sections of this review are categorized according
to the different families of nanomaterials obtained in the
presence of both OAc and OAm. These families include metal
oxides, metal chalcogenides, metals, bimetallic structures, per-
ovskites, upconversion particles and rare earth-based materials.
Several morphologies, ranging from spherical nanoparticles to
anisotropic, core-shell and hetero-structured shapes are
demonstrated. We also discuss how tailoring the surface and
volume properties of NPs by choosing suitable OAm and OAc
ratios will affect their resulting performance in applications.
The main insights derived are given in the concluding section
herein, and also at the end of each section or sub-section for
the different nanoparticle compositions.

2. lron oxide, metal ferrite and other
oxide nanoparticles prepared with
OAmM/OAc

One of the main families of nanostructures prepared with the
ligand pair under discussion refers to that composed of Fe-
oxides and M-ferrites. The typical iron oxide compositions are
hematite (o-Fe,Oz), maghemite (y-Fe,O3;) and magnetite
(Fe304). Common ferrites are CoFe,O, an MnFe,0,. Besides
spherical particles, other morphologies including anisotropic,
core-shell shapes and heterostructures have also been explored
to a significant extent, often by merging materials of different
compositions. We start this section by describing magnetite
nanostructures, before presenting the ones with a more oxi-
dized form, that is, Fe,O;, followed by metal ferrite nano-
particles. The heterostructures and core-shell configurations
will be discussed in a later section.

2.1 Fe;O, nanoparticles

Magnetite NPs are increasingly being used in fields related to
biomedicine and environment, in addition to other fields.

This journal is © The Royal Society of Chemistry 2022
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Mohapatra et al. prepared Fe;O, NPs using FeCl, as a precursor
in a heated mixture of 1-octadecene (ODE), OAc and OAm
under an inert atmosphere.'” The particle size was controlled
between 2-12 nm by adjusting the amine to Fe mole ratio,
whereas a bigger size (16 nm) was acquired by applying seed-
mediated growth. The authors reported that the crystal field
splitting energy (CFSE) of OAc is higher than that of OAm, and
thus the spin orbit coupling was larger for OAm than OAc. This
caused larger magnetocrystalline anisotropy for the surface
layer of the OAm-coated NPs and the saturation magnetization
M; of these particles was higher compared to that of the OAc/
OAm-capped particles."” Another precursor, Fe(acac),, was used
to prepare Fe;O, NPs in the presence of 1,2-dodecanediol,
OAm, OAc and dibenzyl ether. The ligand pair provides a layer
around each particle, which hinders their aggregation. The
different functional groups between OAm and OAc result in
distinct particle morphologies, depending on the amounts
used. Homogeneous nanocrystals were generated only with a
certain concentration of OAc and OAm. In that report, dodeca-
nediol acted as the reducing agent.*®

Ivanco and co-workers also used iron acetylacetonate to
produce spherical 6.5 nm iron oxide NPs with the ligand pair
under discussion. Diphenyl ether was used as the reaction
solvent under reflux conditions and 1,2-hexadecanediol as the
reductant. The interparticle distance on a solid substrate could
be tuned by the use of NPs with varying surfactant sizes.'®
Wilson and Langell studied the surface composition of OAm/
OAc-coated magnetite NPs via X-ray photoelectron spectroscopy
(XPS), aiming to evaluate the nature of the ligand chemisorbed
on the surface and determine the effects of the surfactant on
the surface composition. The authors highlighted the capacity
of OAm to serve as a mild reductant. The presence of a C-N
bond from OAm and C-O and C=O bonds from the mono-
dentate carboxylate of OAc was confirmed in their spectra.
Carboxylate adsorbates arising from exposure to acetic acid

View Article Online

Review

and other short-chain carboxylic acids have been reported to
chemisorb strongly enough on transition metal oxide sub-
strates. They act as good capping agent linkers, enabling the
easier functionalization of the NP surface. The OAc/OAm pair
can displace or react with most of the surface hydroxyl moieties
generated under carboxylate adsorption. In that work, a slight
excess of OAm resulted in the limited chemical reduction of
Fe;O, on the NP surface. OAm chemisorbed as an amine,
whereas OAc was mainly in the form of monodentate carbox-
ylate to link the long-chain alkyl tail to the magnetite surface.
Even in its monodentate form, the carboxylate is more stable
than the amine. Although OAm is decomposed at 525 K,
desorbing nitrogen and depositing much of its aliphatic chain
as graphitic C, the monodentate carboxylate decomposed
slowly. Specifically, it lost most of its alkyl tail over a broad
temperature range but kept its carboxylic linker even on the
partially reduced oxide surface.*® Gao et al. prepared magnetite
nanocubes using Fe(acac);, OAm, OAc and trioctylphosphine
oxide (TOPO) in ODE at 260 °C in an autoclave (Fig. 3). Adjust-
ing the molar ratio of OAc to OAm was crucial to prepare
monodisperse nanocubes. OAm apparently binds to the Fe
centers on the NP surface in a rather weak manner, whereas
OAc has a much stronger bond with the crystal surface due to
its high oxophilicity. The nanocube morphology was no longer
produced by further varying the OAm/OAc ratio, which led
to the formation of triangular and other irregular-shaped
nanostructures. It seems that OAc can modulate the growth
rate along certain directions, which provides a range of NP
morphologies.*!

In another report, hydrophobic Fe;O, NPs with sizes in the
range of 7-12 nm were produced by using iron(im) isopropoxide
as the precursor, water vapor as the hydrolysis agent and
ethanol as the solvent. The OAm and OAc surfactants helped
to control the nucleation and growth of the NPs in an autoclave
reaction. It was found that OAm reacted with OAc to yield a

Fig. 3 (a) Low- and (b) high-magnification TEM images of magnetite nanocubes prepared at 260 measured °C for 2 h using 0.1 mmol TOPO with a
molar ratio 0.4:1 for OAc to OAm. Reprinted with permission from ref. 21. Copyright 2010, the American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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dialkylamide, which acted as a new surfactant and the real
capping agent of the NPs. "H NMR indicated that the amide is
bound at the NP surface through the amide proton (NH)
probably via a hydrogen bond, while oxygen and nitrogen were
not directly involved. The role of amine was fundamental in
reducing Fe(m) to Fe(u), forming magnetite NPs. In fact, if no
OAm was used, the above-mentioned reduction was inhibited
and hematite (o-Fe,03) was formed. In that case, OAc strongly
interacted with specific hematite faces, promoting the growth
of the non-interacting planes (Fig. 4)."

Liu and co-workers suggested that the long-chain decom-
position products of ODE can also act in a supplementary way
together with other surfactants to hinder particle aggregation.
It has been reported that the OAm/OAc pair also helps to
prevent, to some extent, further particle oxidation.** If poly-
pyrrole or poly(N-methylpyrrole), which is used as a reductant,
is combined with OAm/OAc, ordered lamellar nanostructures
would be impressively observed, probably via a template growth
assisted by the OAc molecules.”® Sun’s group reported in 2009

& Hydrogen
@ Carbon
@ Oxygen
@ Nitrogen

b)

Fig. 4 (a) Role of OAm, OAc and dialkylamine in the formation of iron
oxide NPs and (b) schematic drawing of the dialkylamide-coated NPs
(magnetite or anatase, bottom image). Reproduced with permission from
ref. 15. Copyright 2015, the American Chemical Society.
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that the utilization of excess OAm is important to ensure a
strongly reductive environment for the thermal decomposition
of iron acetylacetonate.*® At that time, it was already shown that
OAm can indeed serve as an alternative, inexpensive and even
stronger reductant than 1,2-hexadecanediol, which was pre-
viously utilized to prepare magnetite NPs.>”

The reductive conditions offered by the large amount of
OAm used lowered the precursor decomposition temperature
to 170 °C, at which small spinel-structured iron oxide NPs were
synthesized.”* Actually, in that report, the sole use of OAm in
benzyl ether was largely responsible for the lowering of the
decomposition temperature, given that prior works showed
that the combination of OAm, OAc and 1,2-hexadecanediol
necessitated a high reaction temperature close to 300 °C to
isolate the product, which was not magnetically responsive and
contained FeO. The OAm-capped NPs showed good catalytic
properties for the CVD growth of boron NWs.>* The above-
mentioned work by Sun and Zeng was reported in 2002 on the
synthesis of 4 nm magnetite NPs in the presence of iron
acetylacetonate, 1,2-hexadecanediol, OAm/OAc and phenyl
ether. Seed-mediated growth was employed to produce larger
Fe;0, NPs.>® Magnetization measurements on powder samples
prepared with that protocol yielded a blocking temperature, Ty,
at ~20 K. Above this temperature, these 4 nm particles were
superparamagnetic and the measured magnetization was
36.2 emu g~ '.>°

Salado et al. discussed that the -COO™ group has higher
affinity than the -NH™ group of the deprotonated OAm to the
iron oxide surface. They also commented that the existence of
the ligand pair is required to retain kinetic control of the
growth conditions to produce magnetite NPs with a well-
defined size in the range of 3.5-7 nm.”” Horak and co-
workers used Fe(u) oleate and mandelate complexes, which
led to the formation of monodisperse particles in a controlled
size range. In their report, the beneficial influence of the
enhanced amount of carboxyl groups stabilizing the NPs at
the growth stage was noticed. The authors mentioned that by
using an equimolar ratio OAm/OAc, a mixture of carboxyl
anions, protonated oleylamine and acid-base complex is gen-
erated. The carboxyl anions of OAc have high electron-donating
capacity to the NP surface and offer good stabilization of the
NPs during growth. A ligand exchange process was applied to
transfer the magnetite NPs to an aqueous medium, forming
stable dispersions with applicability in the biomedical domain.
PEG derivatives containing phosphonic and hydroxamic
groups were employed, given that they demonstrate good
affinity to Fe.”

Guo et al. reported an easy solvothermal synthetic process
involving Fe(acac);, OAm and OAc and found that two inter-
mediates, Fe(acac)(OA), and N-(cis-9-octadecenyl)-oleamide
(00A), played key roles in tuning the surface protection of
the NPs and the reducibility of the reaction system. FTIR
spectra illustrated that the dissolution of OAm in ODE is
followed by the dissociation of amines due to the appearance
of bands assigned to the N-H" stretching. The OOA intermedi-
ate was produced from the condensation reaction of OAm and

This journal is © The Royal Society of Chemistry 2022
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OAc. The free carboxyl groups of OAc were all converted to OOA
or to an iron carboxylate complex upon heating to 200 °C. The
presence of OAm contributed to a strong reductive environ-
ment, whereas when the OAc amount was low, the surface of
the formed magnetic nanocrystals lacked sufficient protection.
OAc preferred to bind with the (111) planes, and then slowed
down the growth rate of these planes, enabling the formation of
anisotropic triangular prisms. In fact, Fe(acac),(OAc),, which
was produced in the early stages of the precursor preparation,
was critical to tune the particle size and shape through the
control of the amount of ‘free’ OAc in the reaction system. OOA
also affected the reaction process by regulating its free energy,
and also acted as a reductant, though weaker than OAm
(Fig. 5).*°

Granata et al. reported that an interparticle distance of
around 2 nm can depend on the thickness of the molecular
capping, which is related to the chain length of the ligands
used. The authors reported that the ligand coordination pro-
vides the CFSE generated from ‘d’ orbital splitting with a
magnitude defined by the ligands having a certain coordination
symmetry. When metal cations at the NP surface are coordi-
nated with OAc, CFSE tends to be bigger and the spin-orbit
coupling becomes lower. Magnetic anisotropy is formed by the
spin-orbit coupling taking place at magnetic cations, which
decreases with a decrease in the spin-orbit coupling, resulting
in a decrease of the coercivity (see also ref. 17 above for a
discussion on the CFSE and the magnetocrystalline
anisotropy).>® Marchetti and co-workers reported that the O,~
of the OAc molecules bonded covalently to magnetite NPs can
reduce the surface spin disorder, and therefore the surface
contribution to the anisotropy. Actually, Mossbauer spectro-
scopy revealed that sometimes these spinel oxides are
composed of a mixture of magnetite and y-Fe,O; (maghemite).
Under certain conditions, the OAc ligand enables NPs to exhibit
magnetic properties very similar to that of the bulk. Even for
small NP sizes, OAc does not perturb their magnetic properties,
given that it ensures the absence of surface spin disorder.*"

The synthesis of Fe;O, and MnFe,O, by the reduction of
metallic salts in the presence of OAm/OAc in benzyl ether
resulted in the formation of nanostructures with a size in the

Anisotropic growth
Poor Surface Protection Status

Fig. 5 Scheme depicting the size and shape control regulated by
Fe(acac)(OAc), and OOA?® Copyright 2016, The Royal Society of
Chemistry.

This journal is © The Royal Society of Chemistry 2022
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range of 10-80 nm and various morphologies (spheres, octahe-
dral, and cubes). The OAm/OAc ratio significantly affected the
growth rate of the nanocrystals. This effect was attributed to the
varying binding ability of the two stabilizers on the crystal
facets. The particle size was mostly influenced by modifying the
quantity of the metal precursors, whereas the shape was tuned
by adjusting the concentration of the stabilizers. Specifically,
the size of the NPs was enhanced by reducing the relative
concentration of OAm.>* In another report, monodisperse
magnetite NPs were produced in big quantities by the pyrolysis
of Fe(acac); using ODE as solvent and TOPO, OAm and OAc as
surfactants at high temperature. In this case, OAc and OAm
were injected at a specific molar ratio at 120 °C in the reaction
mixture. The authors found that if all reagents were mixed at
room temperature, followed by heating at 260 °C, the resulting
product showed poor crystallization and wide size distribution,
highlighting the beneficial role of their injection approach.
TOPO affected the particle size only when using a certain molar
ratio for OAm/OAc. The introduction of a given amount of
CTAB in the reaction mixture, with a set OAc/OAm ratio of
1:16, enabled the tuning of the particle morphology from
spherical NPs to triangles and rods.*

Wu et al. published a work in which propargyl focal point
PAMAM-type dendrons with four carboxylic acid end groups
displaced OAc and OAm on the surface of Fe;0, NPs via the
‘grafted onto’ method.** The PAMAM-type dendrons were che-
lated to the particle surface in a way that favored their stabili-
zation. Actually, molecules that bear multiple carboxyl groups
have stronger binding abilities and can be adsorbed more
effectively on the surface of NPs. The resulting NPs in this work
were very stable in water and doxorubicin (DOX) could be
loaded in them, enabling thermosensitive drug release
activity.>* Monodisperse hollow magnetite particles with sizes
of 7 and 10 nm were produced through a high-temperature
method involving ODE, a controlled OAm/OAc ratio, trimethy-
lamine oxide and iron pentacarbonyl. Zwitterionic dopamine
sulfonate (ZDS) was used to replace OAc/OAm and provide
water solubility to the particles. This material demonstrated
an efficient performance as a T;-weighted contrast agent for
MRI, owing to its low saturation magnetization and spin-
coupling shells.*®

A solvent-free method was presented by Maity et al. for the
preparation of Fe;0, NPs with a defined size and shape. In fact,
no ‘conventional’ solvent was used, but OAm and OAc were
both used in excess, thus serving also as a solvent mixture due
to their liquid nature at a broad temperature range, including
room temperature. Fe(acac); was the iron source. The particle
size was controlled by modifying the reaction temperature or
time. The resulting NPs showed an increase in saturation
magnetization with an increase in the reaction time and
temperature. This was assigned to the enhancement in the
crystallinity of the particles.*® Similarly, Nakaya et al. combined
Fe(acac)s, 1,2-hexadecanediol and OAm/OAc to prepare magne-
tite NPs without the use of a ‘classic’ solvent. The excess ratio of
ligands to metal ions could suppress nucleation through com-
plexation with Fe ions and slowly induce NP growth.’” By
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adjusting the reaction time and temperature, monodisperse
Fe;O0, NPs with a controlled size in the range of 5-20 nm were
isolated. In another work, the combination of iron acetylaceto-
nate with OAm/OAc was employed to provide magnetite NPs
with a narrow size distribution in the range of 5-12 nm. The
authors investigated the influence of the OAm/OAc ratio and
they stated that carboxylic acid molecules are present as dimers
in a non-polar solvent due to the hydrogen-bonding interaction,
which results in a decrease in the electron-donating ability of
the oxygen atoms in the molecules.*® The formation of an acid-
base complex was highlighted also in that work, together with
protonated oleylamine and carboxylate anions, depending on
the OAc/OAm ratio used. When the OAc/OAm ratio was low
(0.2), the particles appeared to be poorly coated by surfactants,
with the formation of chain aggregates, poor dispersion and too
small interparticle distances. The authors suggested that the
concentration of carboxylic anion produced through the depro-
tonation reaction, which selectively binds to the particle surface
competing with entities of weaker electron-donating ability,
such as OAm, protonated OAm and acid-base complex, is low.
Interestingly, the FTIR measurements in that report indicated
that in the presence of the OAm/OAc ligand pair, the carbox-
ylate groups would adsorb on the surface. The adsorption of
OAm would be identified only when only OAm was used.
However, in the case of mixed ligands, deprotonated carboxylic
acid would preferentially bind to the NP surface. The acid-base
complex formation between OAm and OAc can be represented
as follows:*®

RCOOH + RCNH, < RCOO :RCNH;" (1)

The deprotonated OAc from the above-mentioned equilibrium
equation can be absorbed by the surface of the NPs given that
these acid-base complex pairs are only formed by weak hydro-
gen bonds. Then a free proton will be available in the disper-
sion medium to be absorbed by OAm:

RCOOH « RCOO™ + H" and RCNH, + H" <> RCNH;"
(2)

In fact, carboxylic anions showed a facet-specific selective
binding, favoring the formation of cubic shapes under certain
conditions. The produced NPs were transferred in water using
the amphiphilic co-polymers (PMAO-PEGME) (poly(maleic
anhydride-alt-1-octadecene-polyethylene glycol methyl ether).
The presence of -COOH groups on the NP surface was identi-
fied by FTIR, allowing further conjugation with biomolecules
for targeted cancer therapy.*®

Gao et al. prepared monodisperse Fe;0, NPs with a size in
the range of 5-12 nm via a facile solvothermal approach using
the OAm/OAc pair, TOPO, diethylene glycol, iron acetylaceto-
nate and a temperature of up to 260 °C. The beneficial role of
the amine/acid ligand pair was demonstrated, where if no OAc
was used, the product did not show good dispersibility, as
observed by TEM imaging. When excess OAc was added,
the viscosity of the reaction medium significantly increased,
hindering the diffusion of the reaction species, resulting in a
significant degree of aggregation. Otherwise, a ‘reasonable’
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amount of OAc would make the surface Fe atoms of the NPs
coordinate with the COOH groups of OAc, creating a steric-
stabilizing layer, which prevents aggregation and promotes the
growth of monodisperse NPs. Still, the DEG-OAm-OAc reaction
medium is quite viscous, but if it allows the diffusion of growth
species, even at a slow rate, it will hinder particle aggregation.*°

Fe(acac);, hydrazine, EG, B-cyclodextrin, OAm and OAc were
combined to synthesize 3D-assemblies of Fe;O, nanocrystals in
a one-pot process. The generation of spherical magnetite
aggregates was largely dependent on the use of cyclodextrin,
whereas OAm and OAc ameliorated the shape of the constitu-
ent magnetic NPs in the assembled spheres.*' Nano-Fe;O,-
loaded tubular carbon nanofibers (nano-Fe;O,-TCNF) were
produced by a suitable process involving the addition of
TCNF to organic-phase reactions of Fe(acac); with 1,2-
hexadecanediol, using also the OAm/OAc pair. Magnetite NPs
were dispersed and loaded on the C surface. After annealing,
the resulting nanocomposite was employed as a negative elec-
trode for Fe/air batteries. The downsizing of the conductive
magnetite particles was deemed to have contributed to the
good electrochemical characteristics of the material. It seems
that the thermal treatment at 500 °C did not deteriorate the
quality of the surfactant-capped NPs.*> In another report, EG,
iron acetylacetonate, OAm and OAc were combined in a sol-
vothermal heating approach to prepare hydrophobic magnetite
NPs. It was shown that although OAc could promote particle
growth, it also increased the thickness of the organic coating,
thus decreasing the magnetic properties of the particles. By
tuning the OAc amount, cuboid shapes could be isolated.
Stearic acid was also beneficial for the growth of the NPs. The
ratio between the OAm and EG solvents affected the product
composition, shape and magnetic properties.*®

In 2009, Harada and Hatton reported that twofold sym-
metric rectangular NP superlattices could be formed by the
slow evaporation of the carrier solvent from colloidal disper-
sions of OAm/OAc-coated magnetite NPs (Fig. 6). The two
ligands were expected to align in parallel and alternating
directions and lead to the formation of ladder-like molecular
networks, as depicted in Fig. 6a. The two molecules interact
strongly with each other via van der Waals forces between the
neighboring aliphatic chains. As mentioned above, OAm and
OAc have very similar chain lengths and the schematic repre-
sentation of the NP assembly is consistent with the ‘real’ NP
assembly structure derived by TEM. In fact, the van der Waals
interaction forces between NPs are present over a large length
scale, often inducing a close-packed arrangement for the NPs.
In that work, the size of the superlattices reached microscale
values with no evident disorders or defects, and it could be
tuned by adjusting the amount of OAc in the evaporating
colloid.** Harris et al. presented a comprehensive qualitative
model revealing the crucial role of the acid-base complex
formation (Fig. 8) between the ligand pair under discussion.
The authors reported that OAm binds only in a single motif on
the particle surface, whereas OAc has three different binding
motifs, i.e., monodentate, bridged and chelating. Ignoring the
effect of electron affinity, it was suggested that OAc had a
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Fig. 6 (a) Schematic illustration of a molecular assembly of OAc and OAm
and (b) NP superlattice constructed by the cooperative assembly of NPs
and fatty molecules. Reproduced with permission from ref. 44. Copyright
2009, the American Chemical Society. (c) Molecular structure of OAc and
OAm. Reprinted with permission from ref. 41. Copyright 2005, the Amer-
ican Chemical Society.

statistically greater probability to bind to surface iron atoms
than OAm if they are competing for the same Fe(u) or Fe(i)
species on the NP surface. A surfactant double layer could be
created with OAc molecules near the NP core and OAm entities,
providing an outer layer not bonded to the NP surface atoms.
The reason given for the unlikely existence of OAm on the
surface layer was that it cannot be understood how it would
bind to Fe;O, and that OAc cannot form a carboxylate with
OAm and with the magnetite surface simultaneously. Due to
the generation of the acid-base complex with OAm, plenty of
OAc molecules have a dissociated hydroxyl group compared to
only OAc, and this promotes adsorption. In addition, when the
electrostatic pressure and steric hindrance increase, some OAc
molecules are forced closer to the NP surface Fe atoms, and
thus more bonds can form between the iron atoms and OAc
species. Still, the authors stated that an OAc-only system does
not possess a lower binding energy in comparison to OAc/OAm
systems. The addition of OAm resulted in more stable NPs. The
use of OAc alone led to the formation of a viscous red-brown
product, which was difficult to purify and characterize, while
the exclusive use of OAm produced NPs in a quite low yield.
The authors discussed the phenomena taking place with the
use of different OAm/OAc ratios, and they concluded that an
optimum ratio permits a good trade-off between NP surface
charge, free proton concentration in the dispersion medium
and {-potential.>®

Asadi and co-workers found that an optimum OAc/OAm
ratio of 3 permitted the tuning of the particle size with
nanometer accuracy by just modifying the reaction heating
rate. Fig. 7 demonstrates the characteristic TEM images of
their samples, which were produced in the presence of
iron(m) acetylacetonate, 1,2-hexadecanediol and benzyl
ether.” The authors discussed that the free protons (H') are
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Fig.7 TEM images of samples obtained at OAc/OAm ratio of 3 at
different heating rates. Reprinted with permission from ref. 45. Copyright
2018, the American Chemical Society.

neutralized in the reaction medium by OAm through the
formation of RCNH;" or by the desorption of a bound OAc
moiety (RCOO™) from the NP surface. Thus, it was clear that
besides the type and concentration of the ligand in the reaction
mixture, the ratio between the two ligands exhibited a critical
effect on the reaction evolution, and consequently on the size,
shape and distribution of the NPs. Using the above-mentioned
optimum surfactant ratio, the binding energy of oleate on the
NP surface was maximized, yielding the most stable growth
species, with decelerated but homogeneous growth kinetics.
Excess OAc provoked an increased concentration of free pro-
tons in the reaction pot. Then, due to the limited amount of
amine species, the free protons would not be fully neutralized.
Consequently, the electrostatic pressure and chemical potential
between the medium and the NP surface increased, causing the
desorption of the bonded oleate from the surface. In this way,
the NP surface would become unprotected, leading to aniso-
tropic colossal growth and large-faceted NPs.**

In another report, magnetite NPs covered by OAm, OAc and
1-stearoyl-2-hydroxy-3-glicerno-sn-phosphocholine (18LPC)
could interact with the abundant human plasma proteins
HSA (human serum albumin) and HTF (human transferrin),
where the type and strength of the interaction was dependent
on the nature of the protein. Significant binding was confirmed
for HSA-iron oxide NPs, as revealed by fluorescence quenching
experiments. The amphiphile-coated particles were envisaged
for potential biomedical applications as biocompatible
nanodevices.® Sondari and colleagues discussed that the
bonding pattern of the carboxylic acids on the Fe;O, NP surface
was a combination of molecules bonded symmetrically and
molecules bonded at an angle to the surface. According to their
results, OAc was chemisorbed on the particles as a carboxylate
and their NPs could be used as wastewater treatment agents.*”
Another work reported the synthesis of spherical 16 nm and
cubic 20 nm NPs in the presence of the ligand pair under
discussion. It was mentioned that OAc is known to coordinate
to the [111] facet of the growing crystal, which favors the
generation of cubes and octahedral nanostructures. Also these
researchers mentioned that OAm coordinates in no preferential
mode to all the crystal facets, resulting in the production of
nanospheres. When bigger sizes were pursued, the use of less
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Fig. 8 Acid—-base complex formation between two OAc molecules. The
blue dotted line denotes the hydrogen bond between the deprotonated
H* and oxygen molecule. The blue atom is nitrogen. Red atoms are
oxygen. Grey atoms are carbon and white atoms are hydrogens. Reprinted
with permission from ref. 39, Copyright 2015, the American Chemical
Society.

OAm was proposed, providing low polydispersity and the gen-
eration of a minor portion of octahedral particles and nano-
cubes. In that case, the concentration of OAc affected the NP
size to a lower extent compared to OAm.*®

A continuous flow approach for the synthesis of OAm/OAc-
coated magnetite nanocrystals was also published, where the
authors mentioned that when the concentration of OAm/OAc
reached 1.2 M, the viscosity of the reaction medium increased,
given that the diffusion coefficient of the solute is inversely
correlated with the solvent viscosity. When the viscosity of the
solvent increased, the nanocrystal growth rate decreases and
NPs of smaller sizes were produced. However, in a lower
concentration range (0.3 to 0.6 M for OAm/OAc), the reactivity
of the monomer decreased when the concentration increased
to 0.6 M. This occurs because of the stronger binding effect.
Consequently, the supersaturation degree of the reaction med-
ium decreased, favouring the growth of bigger particles due to
the decreased number of nuclei created during the nucleation
step.*® Rossi and co-workers presented an economically appeal-
ing route to produce Fe;O, via the thermal decomposition of
Fe(acac)s. The role of iron(ur)-oleate as the actual precursor to
obtain the NPs was analysed when OAc was combined with iron
acetylacetonate. Combining OAc and OAm led to an increase in
the precursor decomposition temperature to T > 200 °C,
preventing the generation of Fe-oleate, which would decom-
pose at lower temperatures. Still, the presence of both OAm and
OAc was crucial to achieve good size control. Adding mono or
di-alcohols did not impair the OAm-OAc interaction or the
decomposition temperature, ameliorating the size control, and
relatively cheap molecules could function quite well such as
1,2-octanediol and cyclohexanol.>®

Sweigart and co-workers reported that HBF, can generate
ammonium salts with OAm and possibly result in NP solubility
in DMSO by forming a bilayer with the aliphatic chains of OAc
on the NP surface in DMSO. The ligand exchange process
applied endowed solubility to the particles in polar solvents
such as DMSO and acetone, whereas the NPs were not soluble
in non-polar solvents such as THF, dichloromethane and
hexane. Dispersibility in polar aprotic organic solvents such
as DMSO and dimethylformamide (DMF) facilitates the proces-
sing of the obtained NPs for applications in catalysis, gas
storage and electronic materials.”® Mohapatra et al. published
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a seedless thermolysis route to prepare monodisperse Fe;O,
NPs in the presence of OAm and OAc. The particles had a
controlled size in the range of 3-32 nm and their heating
efficiency was measured. The authors suggested that excess
OAm can increase the deprotonation of OAc and result in the
formation of acid-amine complex. With an OAm/OAc ratio of
1.2, the increased deprotonation of OAc molecules and their
highest electron-donating ability resulted in preferential bind-
ing with cations on specific Fe;0, facets and led to anisotropic
shapes. The acid-amine complex pair maintained the pH value
of the reaction medium at 8-9, promoting the formation of
crystalline magnetite. A higher OAc concentration could shift
the pH to acidic conditions, increasing the NP size. Alterna-
tively, excess OAm offered a sufficient reductive environment,
allowing the decomposition of Fe(acac); even at the moderate
temperature of 200 °C.>> 7.1 nm magnetite NPs were prepared
using the same precursor together with the ligand pair dis-
cussed in this review. The replacement of the OAc/OAm pair by
polymeric ligands (Fig. 9) resulted in an important increase in
Dy,. The interparticle distances in Langmuir-Schaefer mono-
layers could be tuned in this way, as studied by atomic force
microscopy (AFM) and grazing-incidence small-angle X-ray
scattering (GISAXS) technique.”

Eom et al. used the ligands under discussion to prepare
magnetite and cobalt ferrite NPs using benzyl ether as a
solvent. A spherical shape was observed for CoFe,O, NPs
when both OAc and OAm were employed, whereas the use of
pure OAc resulted in highly crystalline nanocubes. In the
case of Fe;O,, the sole use of OAc resulted in either nano-
cubes or hexagonal shape, depending on the synthesis tem-
perature. Higher temperatures induced the formation of
nanohexagons.>® Klokkenburg et al. reported the FTIR charac-
terization of magnetite NPs dispersed in cyclohexane, which
were prepared using OAm/OAc pair. The most relevant peak
assignments for both in situ and ex situ spectra are depicted in
Fig. 10.%°

Therefore, for magnetite nanostructures, one can summar-
ize that OAm/OAc can control the morphology of the produced
particles, usually by tuning the ratio between the two ligands as
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Fig. 9 Schematic illustration of iron oxide NPs coated by poly(n-butyl
acrylate) or polystyrene ligands.>® Copyright 2019, The Royal Society of
Chemistry.
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Fig. 10 Assignment of the most relevant bands observed in the FTIR
spectra of OAmM/OAc-coated FezO4 NPs. Reprinted with permission from
ref. 55. Copyright 2007, Elsevier.

they normally bind in different ways on the facets, thus
favouring the growth in distinct modes. The interparticle dis-
tances and protection against aggregation are also controlled,
and an acid-base complex may often form as a result of the
reaction between the two ligands. OAm provides more reductive
conditions in the medium, affecting the precursor decomposi-
tion temperature. The particles may also be transferred in water
by applying ligand exchange processes. Table 1 presents the
main information related to the synthesis of the various
magnetite nanostructures produced using OAm/OAc and dis-
cussed in this review.

2.2 Fe,03; nanostructures

Fe(m) oxide can occur in the form of hematite (o-Fe,O3), which
crystallizes in the rhombohedral lattice system and has weak
magnetic properties. It can also be found in the form of
maghemite (y-Fe,03), which is a polymorph of hematite but it
possesses a spinel structure, like magnetite, and has strong
magnetic properties.

Wu et al published the synthesis of ao-Fe,O; oblique
and truncated nanocubes in the presence of acetylacetonate
(Hacac), OAm and OAc using a solvothermal protocol (Fig. 11).
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In the absence of OAc, truncated nanocubes with certain
exposed facets were produced. In fact, OAc has a strong chelat-
ing ability to Fe atoms and its non-polar tail group provides
steric hindering, thus endowing an excellent stabilizing func-
tion. The crystal phase of the iron oxides produced were
accurately regulated by adjusting the volume ratio of OAm/
Hacac, as shown by XRD and Raman monitoring measure-
ments. In particular, for high OAm/Hacac ratios, pure Fe;O,
would be isolated because the excess amount of OAm offers
quite strong reductive conditions for the reduction of Fe** to
FeZ+‘56

Petridis and colleagues confirmed through FTIR measure-
ments that OAc is bound to the NP surface through carboxylate
anions, in a chemisorption manner. Its coordination mode is
reported to be chelating bidentate. Alternatively, OAm appeared
to be bound on the particle surface via the unpaired electron
group of the amine moiety. Regarding the magnetic properties,
the type of capping ligand (either OAm or OAc) did not modify
the particle coercivity, while the saturation magnetization did
not seem to be affected by the type of ligand, but rather by the
particle size.’” In another report, the use of OAc and OAm
helped to incorporate maghemite NPs in a host template
composed of polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) diblock copolymer. Also, in that work, FTIR showed
that the particle surface was dominantly coated by OAc, which
coordinates to the surface in a stronger way compared to OAm.
The high affinity between the PS block and organic ligands
facilitated the good dispersibility of the NPs in the block
copolymer.”®

Actually, the OAm/OAc coating of y-Fe,O3; NPs can also affect
the maghemite-hematite phase transition behavior. For exam-
ple, laser irradiation of 15 mW could induce this transition for
the uncoated 4 nm NPs, but 120 mW would be needed for
coated NPs of a similar size to make this transition happen.®®
Meledandri et al. prepared maghemite NPs via the thermal
decomposition of Fe(acac); in the presence of OAm/OAc. By
varying the surfactant/precursor ratio, they managed to obtain
particles in the range of 3-6 nm. Their saturation magnetiza-
tion was in the expected range of values for y-Fe,O; NPs of this
size.®® Also, when applying the microwave-assisted synthesis of
maghemite NPs, the addition of OAc helped to limit the extent
of NP aggregation, in comparison to the use of only OAm. In
that work, an increase in the amount of OAc led to a shift from
superparamagnetic to paramagnetic properties.®’ Zhang et al.
used an MW method to produce maghemite NPs in the
presence of iron acetylacetonate, OAm, OAc and biochar
(Fig. 12). The resulting product was a nanocomposite consist-
ing of 6-17 nm particles and biochar. They suggested that OAm
acts as a reductant and weak capping agent, while OAc plays the
role of main capping agent. The single use of OAm led to larger
NPs due to its weak capping function. In that paper, the
presence of oxygen in air perturbed the reducing action of
OAm, resulting in the most oxidized form of iron.®* Under
similar conditions, the use of inert Ar gas led to the formation
of a wustite (FeO) composition, as shown by the group of
Shouheng Sun in 2007.%* Wustite NPs could be stable for one
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Table1l Summary of the main information regarding the various FezO,4 (magnetite) nanostructures prepared in the presence of OAm/OAc and featured
in this review (for more details on their synthetic protocols, such as reaction times and co-reagents, please see the text in the current review and in the

corresponding references)

Size/morphology OAm/OAc ratio Fe precursor/temperature Ref.
2-16 nm/nearly spherical 2/3 FeCl,/240 °C 17
10 nm/mainly hexagonal 1/1 Fe(acac);/300 °C 18
6.5 nm/spherical 11 Fe(acac);/265 °C 19
5 nm/not specified 1.5/1 Fe(acac);/300 °C 20
12 nm/cubic 2.5/1 Fe(acac)3/260 °C 21
7-12 nm/rhombic, triagonal, hexagonal 1.5/1 and varying Fe(m) isopropoxide/140-220 °C 14
5-20 nm/nearly spherical and cubic-like 2.5/1 Fe(acac);/200 °C 22
3-10 nm/faceted and cubic 1/1 Fe(acac);/180 °C 23
3-20 nm/slightly faceted 1/1 Fe(acac);/265 °C 25
8-27 nm/cubic-line to slightly faceted From 4/1 to 1/4 Fe(ur) oleate or Fe(m) mandelate/320 °C 28
7-37 nm/triangular prism to quasi-spherical Varying in a range Fe(acac);/240 °C 29
4 nm/spherical 1/1 Fe(acac);/245 °C 31
10-50 nm/spherical, octahedral, cubic From 0/1 to 2/1 Fe(acac)s/Reflux T 32
~10 nm/spheres, triangles, rods Varying Fe(acac)3/260 or 315 °C 33
7 and 10 nm/hollow Varying Fe(acac);/240-250 °C 35
5-20 nm/spherical 1/1 Fe(acac)3/200-300 °C 37
5-12 nm/spherical to faceted and cubic Varying Fe(acac);/250-320 °C 38
5-12 nm/nearly spherical 2.5/1 Fe(acac);/260 °C 40
Varying sizes/mostly spherical to agglomerated-irregular From 5/1 to 1/5 Fe(acac);/180 °C 39
7-13 nm/mostly spherical to faceted From 1/3 to 1/1 Fe(acac);/300 °C 45
4-8 nm/nearly spherical to faceted 1/1 Fe(acac);/250 °C (flow synthesis) 49
3-32 nm/nearly spherical From 6/1 to 3/1 Fe(acac);/240 °C 52
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Fig. 12 Growth mechanism for iron oxide NP-biochar nanocomposites.
Reproduced with permission from ref. 62. Copyright 2019, Elsevier.

month in an organic solvent in air. The amino group of OAm
was deemed to hinder rapid oxidation.®* The distinct capping
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abilities between OAm and OAc would cause selective
facet passivation during growth, leading to varying NP
morphologies.®?

Regarding the bonding mode of the surfactants, Marchetti
and co-workers mentioned that Fe*" surface ions can be com-
plexed with OAc via carboxylate heads with monodentate and
bidentate coordination, whereas their complexation with alky-
lamine ligands takes place through -NH, groups. In their work,
FTIR spectra denote the prominent presence of OAc as a
capping ligand (with OAm being possibly a minor surface
component). The minimum distance between the surfaces of
two adjacent NPs was around 3 nm (Fig. 13). The presence
of interparticle interactions was confirmed by magnetic
measurements.®’

The use of oxidizing agents such as trimethylamine-N-oxide
(TMAO) can also help to isolate NPs of iron(i) oxide composi-
tion, as shown by Mathur and co-workers. In their work, iron(u)

d=30m @ — —,.

Bidentate

/carboxi late

Oleic acid Oleic acid

1-Fe;03 NPs

Fig. 13 Scheme depicting maghemite NPs coated by OAc, in an arrange-
ment at the minimum distance between them. Reprinted with permission
from ref. 65. Copyright 2013, Institute of Physics.
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and iron(m) oxalates were the Fe sources. The role of OAc and
how its oleate groups can enable ligand exchange with TMAO to
occur was discussed. The role of ligands and how they can
radically affect the precursor decomposition temperature, and
thus the reaction pathway and the resulting NP size and
crystalline phases was analyzed.®® Superparamagnetic iron
oxide NPs coated with OAm and OAc could also be formulated
in vitamin E (p-o-tocopheryl-co-poly(ethylene glycol) 1000 suc-
cinate) micelles through a facile solvent-exchange method. The
resulting composites showed potential for nanothermotherapy
and MRI applications, exhibiting improved thermal, magnetic,
cellular uptake, cytotoxicity, therapeutic and imaging proper-
ties than commercial and other materials previously reported
in the literature.®” In a synthesis involving imidazolium ionic
material as the reaction medium, OAm and 1,2-hexadecanediol
were crucial to achieve the formation of maghemite nanorods.
In that work, different shapes were also produced, such as
nanocubes and nanospheres, and the presence of OAc played a
significant role in the control of morphology. For instance, the
formation of cubes was attributed to the preferred stabilization
of iron oxide {100} surfaces by OAc.®® In the case of iron-iron
oxide core-shell NPs produced using Fe(CO)s as an iron pre-
cursor and ODE as the solvent with OAm/OAc surfactants, the
presence of a crystalline Fe;O, shell offers better stability
toward deep core oxidation for prolonged time.*

Another iron salt, that is, Fe(un) acetate, was used as a
precursor to prepare iron oxide NPs with a size in the range
of 5-43 nm. 1,2-Dodecanediol was used as the reducing agent
and combinations of OAm, OAc, TOP and polyvinylpyrrolidone
(PVP) were used as dispersants. The minimum temperature to
obtain crystalline NPs was 240 °C. Increasing the amounts of
OAm and TOP was associated with an increase in particle size.
It has been proposed that OAm and TOP may form stable
complexes with the individual metal atoms of the precursor
prior to nucleation. These complexes can increase the decom-
position temperature, thus suppressing nucleation and leading
to larger NPs.”® Farber et al. commented that a drawback of
OAc-coated NPs is the absence of functional groups for the
chemical attachment of proteins and ligands to their surface.
However, for example, Pluronic F127 coating can associate with
the hydrocarbon tails of OAc via its hydrophobic polypropylene
oxide chains. In their work, they managed to coat iron oxide
NPs with hydrophobized aldehyde-rich dextrans. These parti-
cles were initially treated with OAc and had a spherical shape
with a size in the range of 15-45 nm. The magnetic properties
of the particles were mostly retained after their functionaliza-
tion with dextran. Therefore, the combination of attractive
magnetic properties, capacity for further surface binding of
biological entities and particle stability in water render these
nanomaterials particularly interesting for magnetically-assisted
drug delivery.”*

Zanchet and colleagues decomposed Fe(acac); in the
presence of 1,2-hexadecanediol, OAm, OAc and benzyl ether
for the production of 5-10 nm magnetite NPs. The authors
used 2,3-dimercaptosuccinic acid (DMSA) to transfer the NPs
to water. The particles were superparamagnetic at room
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temperature and the preliminary tests to incorporate HeLa
cells and MRI measurements were promising.””> In fact, OAm
is known to form deprotonated OAc given that the carboxylate
moiety has greater reactivity than the carboxylic acid group for
the surface of Fe-oxide NPs. When both diol and OAc are added
in the reaction mixture, it can be suggested that Fe binds to
both the diol and oleate simultaneously, and these two entities
can control the formation of NPs. As mentioned above, FTIR
spectroscopy has demonstrated that the carboxylate group of
oleate molecules is chelated to Fe in a bidentate mode. When
dispersed in a hydrophobic solvent such as heptane, the long
carbon chains of oleic acid in OAc-capped NPs are extended in
the solvent. At high temperatures, it is proposed that the
diffusion of oleate complexes is enhanced and that a big
population of complexes deposits on the surface of small
NPs, followed by the creation of an oleate bilayer.””> Sun and
co-workers proposed that the generation of NPs advances via
the replacement of the acetylacetonate of the iron salt by 3
equiv. of OAc/OAm, which are needed to secure monodisperse
particle sizes. The authors mentioned that iron oxide particles
are produced by the assembly of their respective atomic spe-
cies. These species are produced through the partial reduction
and decomposition of iron oleate in the presence of OAm.
The addition of a biotinylated-phospholipid, DSPE-PEG(2000)
biotin, to the initial hydrophobic iron oxide NPs provided a
robust double-layer structure on the surface of the particles,
where its inner layer is the starting oleate/OAm coating and the
outer layer is the phospholipid. This surface treatment can help
make these NPs suitable for the attachment of biomolecules
and act as a label for highly sensitive biosensing performance,
separation and imaging applications.”*

As a summary for a-Fe,03, it can be noted that also in this
case, the different binding modes between OAm and OAc lead
to varying passivation degrees in different facets, affecting the
particle morphology. FTIR is an important tool to study the
binding modes of the ligands. The role of the complexes
formed between ligands and metals prior to nucleation has
also been discussed. These nanomaterials can be further func-
tionalized with suitable biomolecules, thus becoming water-
dispersible and biocompatible.

2.3 Metal ferrite nanostructures

Maenosono and co-workers argued that the coordination ability
of TOPO to the surface of iron oxide and metal ferrite NPs is
much more reliable than that of OAm or OAc. Their MFe,O,
NPs (M = Mn, Fe, Co, Ni and Zn) had sizes in the range of
3-4 nm and their synthesis was low-cost, MW-mediated and
employed 1-dodecanol. The authors envisaged that the fine
tuning of the structure of these ferrite NPs and their corres-
ponding magnetic properties will render them promising mate-
rials for magnetic data storage, catalysis, sensing, and
ferrofluid-related applications.”> In another report, NiFe,O4
NPs were prepared by decomposing nickel and iron acetylace-
tonates in the presence of OAm and OAc, which functioned
simultaneously as solvents, stabilizers and reductants. Tuning
the OAc/OAm ratio helped to control the size and size
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distribution of the 10 nm particles. The upgrading of a heavy
crude oil reaction with low hydrogen pressure was the catalytic
property investigated for these NPs.”® Cannas et al. demon-
strated that 'H NMR is a technique that can be employed to
identify signals denoting the presence of hydrogen bonding,
arising from the existence of the acid-base complex. As men-
tioned above, the reaction of an OAc molecule with an OAm
molecule can lead to the generation of the aforementioned
complex. Interestingly, FTIR spectra showed that the OAc group
can undergo modification to an elaidic group upon bonding to
the NP core. The authors showed that their CoFe,O, NPs are
capped by a shell of residual surfactant (arising from the OAc
and OAm mixture) and this layer also remained unmodified
after a silica-coating step. The cytotoxicity of these NPs was
studied on human cells using trypan blue and MTT assays.”’
Cobalt ferrite and iron manganese oxide NPs, capped by OAc
and OAm, were stable in toluene for several months at room
temperature, as reported by Arenholz and co-workers. These
researchers used single-source precursors to synthesize their
particles and the effect of the decomposition temperature,
reaction time and precursor amount were investigated. It was
found that the stoichiometry of the cobalt ferrite was a function
of precursor concentration, whereas the stoichiometry of iron
manganese oxide was not dependent on it.”® The group of
Begin-Colin demonstrated that oleate entities coming from OAc
and precursors offer a reducing atmosphere, resulting in core-
shell NPs, with a Co,Fe;_,O@Co,Fe;_,0, composition. The use
of OAm ligand promoted the decomposition of the precursor
and less reducing medium, with a higher oxidation of ferrous
cations, yielding NPs with a homogeneous composition, with-
out a core-shell structure. This is not in full agreement with
above-mentioned reports, which focused on the reductive con-
ditions offered by the presence of OAm. The authors preferred
the use of commercial iron stearate rather than Fe-oleate, given
that the latter has been reported to be less stable because of its
high sensitivity to the synthesis, washing and storage condi-
tions. Amine species promoted the decomposition of stearates,
and therefore increased the monomer concentration, resulting
in the generation of a big population of nuclei with a small size,
according to the La Mer theory. Ways to control the particle
shape from spherical to cubic were also presented in this
work.””

Liang et al. commented that in OAm-mediated decomposi-
tion, the amine can initiate nucleophilic attack on the car-
boxylic groups of the acac ligand upon gaining energy, thus
resulting in crystal nucleation and growth. Actually the broad
use of metal acetylacetonates as precursors for iron oxide and
ferrite NPs is owing to their environmentally benign nature and
low sensitivity to moisture. In that work, liquid cell TEM was
employed for particle characterization, which is a technique
that enables NP growth to be monitored in situ, which can help
to reveal the growth mechanisms taking place.’’ In another
report, Mn,Fe; ,O concave nanocubes (Fig. 14) were prepared
through a thermolysis process. The size and shape of the
resulting particles were tailored by modifying the OAm/OAc
ratio, precursor concentration, reaction temperature and
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Fig. 14 TEM images of Mng 1sFeq gsO concave nanocubes with different
shapes and sizes by modifying the total concentration of precursors at a
constant heating rate.8* Copyright 2014, The Royal Society of Chemistry.

reaction time. Highly branched cubic mesocrystals with sizes
larger than 100 nm were produced by mixing 1-ODE as a co-
solvent with OAm/OAc. The addition of octadecene made the
nanocubes less protected by OAc, and their high surface energy
initiated aggregation, and thus the formation of highly
branched cubic aggregates. It was reported that a 1:1 volume
ratio of OAc and OAm provides a sufficient amount of OAc to
regulate the competitive growth in the (111) direction over the
(100) direction, causing the generation of a truncated octahe-
dron shape. Actually, the carboxylate groups of OAc can create
stable complexes with the Fe** and Mn*' ions on the
Mn,Fe; ,O nuclei. Thus, the ratio of OAc/OAm should not be
too high, otherwise the formation of nanocrystals would be
prevented. Alternatively, OAm, as a weaker ligand, permits the
fast decomposition of metal oleate complexes, causing a homo-
geneous nucleation of Mn,Fe; ,O through the quick decom-
position of a big fraction of the precursors. A large amount of
OAm would lead to growth of all crystal planes in the same
manner, causing the formation of a spherical shape. The
particle morphology can be also varied by modifying the ratio
between manganese and iron cations, given that these cations
possess distinct binding strengths with OAc.5! MnFe,0, NPs
with sizes in the range of 5-12 nm were capped by OAm and
OAc during their synthesis, and subsequently these ligands
were replaced by meso-2,3-dimercaptosuccinic acid, enabling
the dispersion of the NPs in aqueous medium. This replace-
ment left carboxyl groups to extend from the NP surfaces,
offering electrostatic repulsion suitable for dispersion in water.
Phenyl ether and 1,2-hexadecanediol were also used as reagents
in that work, besides Mn- and Fe-acetylacetonates.®> Kawabe
and co-workers prepared nickel zinc ferrite NPs via co-
precipitation and the particles were simultaneously coated on
carbon microcoils (CMC). SEM imaging illustrated that the use
of OAm and OAc facilitated better coverage of the NPs on the
CMC. An optimum ratio between the particles and CMC was
found to achieve the highest coverage of the CMC by the NPs.
In that case, Ni-, Zn- and Fe-nitrate salts were used as
precursors.®®

In 2004, Sun and co-workers published the synthesis of
magnetite (Fig. 15a) and MFe,0, (M = Fe, Co, Mn) NPs in the
presence of metal acetylacetonate salts, 1,2-hexadecanediol,
OAm and OAc in phenyl or benzyl ether solvents at high
temperature. A seed-mediated growth approach was employed
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Fig. 15 (a) 12 nm FezO4 NPs. Reprinted with permission from ref. 84.
Copyright 2004, the American Chemical Society. (b) FesO4 NPs. Repro-
duced with permission from ref. 87. Copyright 2011, Elsevier. (c) CoFe,O4
NPs.88 Copyright 2015, The Royal Society of Chemistry.

to increase the particle size from 3 up to 20 nm. The use of the
OAm/OAc ligand pair was crucial for the generation of well-
defined NPs. The exclusive use of OAc led to a viscous red-
brown product, which was hard to isolate and characterize.
Conversely, the single use of OAm resulted in Fe-oxide particles
at a quite lower yield compared to the reaction in the presence
of both OAm and OAc.*>** Subsequently, the same group
followed the above-mentioned synthetic route and published
another paper focusing on the shape-controlled preparation
and shape-induced texture of MnFe,O, NPs. In that work, the
particle size was mainly tailored by modifying the precursor
concentration, whereas the shape was tuned by adjusting the
quantity of the stabilizing agents. The careful evaporation of
the carrier solvent (hexane) resulted in the formation of nice NP
superlattices.®> Iwamoto et al. prepared spinel ferrite NPs with
Nd and B elements doped in their crystal structure. The polyol
process was used, involving tetraethylene glycol (TEG), OAm
and OAc, together with the precursors of each element (Fe, Nd,
and B). It was found that prolonging the refluxing time led to an
increase in the particle diameter. As expected, at a fixed amount
of OAm and OAc, the ligand content per NP surface area
decreased as the mean particle size increased. Regarding the
magnetic properties, the magnetic anisotropy was enhanced by
inserting Nd and B elements in the spinel, and the ferrite NPs
possessed higher coercivity in comparison to the magnetite
NPs.®® The production of Fe(u), Co(n) and Ni(u) ferrite NPs
(Fig. 15b) starting from (multi)metallic single-source precursors
was achieved in the presence of OAm/OAc, benzyl ether and 1,2-
dodecanediol. The particle size was in the range of 9-25 nm.
The complexation of metal ions by oleate or OAm renders the
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M-ion soluble in non-polar solvents. Variations in the magnetic
properties among the different samples were attributed to their
morphological changes. In fact, the substitution of Fe(u) in the
spinel structure by Co(u) led to a radical increase in coercivity at
low temperatures, whereas substituting Ni(u) reduced the coer-
civity values.®”

Crouse and Barron studied the effect of tuning the total
ligand concentration and the ratio OAm/OAc, aiming to achieve
improved control of the size distribution of Co-Fe-O NPs. 1,2-
Hexadecanediol was also used, together with iron- and cobalt-
acetylacetonates, and different synthetic conditions were
explored. It was suggested that metal alkoxides could have
been formed in the presence of diol. The authors indicated
that under certain conditions, the diol may compete with OAm/
OAc, possibly resulting in a bigger size distribution for the
produced particles. Larger NPs with a tendency to form faceted
shapes were obtained in OAc-rich conditions than in OAm-rich
conditions. The role of OAm was critical when aiming to
maintain a spherical shape. Adjusting the Co:Fe ratio also
contributed to the growth mode to some extent. Specifically, the
Co-rich compositions affected the particle size and shape.®

Another type of ferrites, that is, Cu,Fe;_,O, NPs with sizes in
the range of 5-7 nm were produced using Cu(HCOO), and
Fe(CO)s in the presence of OAm/OAc. Surface functionalization
was performed using a hydrophilic multifunctional polymeric
ligand containing PEG(800) moieties and a fluorophore. The
final water-soluble, superparamagnetic and fluorescent parti-
cles showed potential as MRI contrast agents for specific cell
targeting.’® It was suggested that even repeated washing cannot
remove easily the covalently attached monolayer of OAm/OAc
on ferrite particles due to the chemical bonding of the surfac-
tants on the NP surface. In certain cases, a decrease in satura-
tion magnetization was reported, which can be due to the
surface spin disorder, often described as the so-called magne-
tically dead layer, and the increase in surface-to-volume ratio.
The melting temperatures of pure OAc and OAm are 13-14 °C
and 21 °C respectively. This implies that the Brownian relaxa-
tion of Zn-substituted iron oxide NPs contributes, at a higher 7,
to the magnetic moment recorded during ZFC-FC scans, which
will affect the mode of the temperature dependence, in addi-
tion to significantly increasing the magnitude of susceptibility.
Pyrolysis of the surfactants at 500 °C can generate a carbon
coating around the NPs, yielding a promising sorbent for
steroid contaminants and dyes through a magnetic solid-
phase extraction process.”

Cobalt ferrite NPs with a monodisperse size have been
prepared using the synthetic protocol under discussion in
benzyl ether. The treatment with tetraethyl ortho-silicate
(TEOS) resulted in the formation of CoFe,0,-SiO, nanocompo-
sites. The dilution in the silica matrix aimed to weaken the
interparticle dipolar interactions. The effects of these interac-
tions were evaluated after annealing the as-prepared and silica-
diluted CoFe,0, NPs at various temperatures.’”

A more unusual composition, that is, Fe,TiOs NPs, was
produced using Fe(NO3);-9H,0 and Ti(OC;3;H,), through a sol-
gel approach. Ethanol was the solvent and oxalic acid acted as
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the chelating agent. Surfactants as OAm/OAc, sodium dodecyl
sulfate and CTAB were tested for their effect on particle size. A
smaller NP size was obtained in the presence of SDS. The
resulting particles were evaluated as photocatalysts for the
decolorization of RhB and MB dyes under UV light
irradiation.”® The self-organization of the colloids consisting
of NPs larger than 4 nm could be explained in terms of the
interplay between isotropic steric repulsive forces due to sur-
factant layers, isotropic attractive van der Waals and anisotro-
pic attractive dipolar interactions. Besides the chain length of
the OAc molecule, which is around 2 nm, as mentioned above,
its width has been reported to be of 0.5 nm. To estimate the
number of OAc molecules attached to the particles surface, one
can assume that every adsorbed molecule covers an area of
0.5 nm®. The tail of an OAc molecule can take any orientation
due to its thermal motion. It has been reported that oleic,
dodecanoic and citric acid may decrease the surface spin
disorder, leading to quite high magnetization values (at least
normalized ones to non-organic content). Of course, the OAc
adsorption efficiency can depend on the solvent used as well as
on other synthetic parameters.” Cobalt ferrite NPs with a size
of 11 nm were prepared using the OAm/OAc ligand pair and
were supported on Vulcan XC-72. The resulting nanocomposite
had a good accommodation/dispersion of the NPs over the
Vulcan support, owing to the existence of OAm/OAc and the use
of a suitable liquid self-assembly method. The composite
showed very good activity as an electrode material for
lithium-air and lithium-ion batteries.”® Ligand stripping of
the OAm/OAc-capped MgFe,0, NPs with Et;OBF, enabled the
removal of the surface ligands, e.g., OAm/OAc or carboxylate
residues from the particle surface. Aiming to isolate
agglomeration-free dispersions of NPs in aqueous medium
targeted for photocatalytic reactions, OAm/OAc surfactants
could be substituted by citric acid. The surface stabilization
positively affected the adsorption of compounds and boosted
the degradation of contaminants.’® The formation of an acid-
base complex was supported in another work by Verma and
Pravarthana via FTIR spectroscopy, where OAm was found to
deprotonate OAc. The complex functioned as a binary capping
agent and the free surfactants were removed by applying
washing steps.®”

Thanh and co-workers reported the synthesis of CoFe,O,
NPs (Fig. 15c) by thermally decomposing the corresponding
metal acetylacetonate salts in organic solvents, in the presence
of OAmM/OAc and 1,2-hexadecanediol or octadecanol.®® These
authors highlighted the different strengths and selective bind-
ing energies of OAm and OAc with the surfaces of the NPs to
achieve good shape control. Using high ligand quantities, the
OAc species was suggested to rapidly attach to the lowest-
energy {100} facets and prevented the growth of the particles
in the [100] direction by creating a dense ligand layer, causing
the generation of cubic NPs. When the metal salts complexed
with OAc to generate metal oleates, it was proposed that the
decomposition temperature of these complexes increased from
190 °C to 300 °C, which affected the growth evolution and the
final particle monodispersity. A scheme illustrating the shape
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Fig. 16 Schematic representation of the shape evolution of CoFe,O4 NPs
under different synthetic conditions: (a—c) dioctyl ether with hexadeca-
nediol at a range of reaction times and low (a), medium (b) and high
concentrations of OAc and OAm (c) and (d—f) in ODE at varying reaction
times and concentrations of OAc and OAm without diol/ODE-ol (d), with
diol (e) and with ODE-ol (f).28 Copyright 2015, The Royal Society of
Chemistry.

evolution of the nanostructures according to the solvents,
reducing agents, ligand concentrations and reaction time is
shown at Fig. 16.5®* PMAO was used as an encapsulating agent
for the water transfer of OAm/OAc-capped cobalt ferrite NPs.
The reaction process for this encapsulation is depicted in
Fig. 17 and the surface modification was confirmed by techni-
ques such as FTIR and TGA. The water-dispersible NPs exhib-
ited a very good performance in magnetic hyperthermia and
showed minimal cell cytotoxicity.”®

Saez-Puche and colleagues stated that OAc can protect NPs
in the presence of OAm from van der Waals attraction, mini-
mize interparticle interactions and limit growth because the
organic layer constitutes a steric barrier to the transfer of mass.
It has been reported that OAc can lead to high coercivity values
due to its cumulative effect on surface spin disorder, large
strain and surface anisotropy. Similarly, an increase in magne-
tization due to anisotropy effects induced by the ligand coating

was also reported for OAc-capped magnetite NPs.” In the case
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Fig. 17 Scheme illustrating the encapsulation of OAmM/OAc-coated NPs
with PMAO through hydrophobic interactions.%® Copyright 2018, The
Royal Society of Chemistry.
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of MnFe,O0, NPs, Hu et al. demonstrated that the elevated
affinity of OAc to metal ions on the surface of NPs results in
a smaller particle size compared to the use of ligands with
weaker affinity, such as OAm and 1,2-hexadecanediol. In their
work, when these reagents were used as single surfactants, the
particle shape varied from asteroidal to cubic and nearly
spherical. When mixed surfactants were employed, the particle
shape was modified, for instance, asteroidal particles turned to
nearly spherical ones when hexadecanediol was mixed with
OAc. The magnetic properties of the different types of particles
were a function of the size and surface state of the NPs.'

Thus, in the case of mixed metal ferrite nanomaterials,
besides the binding modes and strengths, which affect the
particle growth and final shape, the role of the ligand pair
under discussion has also been discussed on how it influences
the magnetic properties of different materials. Ligand exchange
with suitable surfactants may improve the applicability of NPs
in both the ‘bio’ and catalytic fields.

2.4 Miscellaneous oxide nanostructures

Ce0,. Ceria nanoflowers with a tailored shape (cubic, four-
petaled and starlike) and size (10-40 nm) were produced in a
heated OAm/OAc solution using (NH,),Ce(NO;)s as the Ce
source. The OAm/OAc ratio, precursor concentration and reac-
tion temperature and time affected the particle size and shape.
The assembly of primary particles into NFs by three-
dimensional oriented attachment was proposed as the growth
mechanism. This was attributed to the quick decrease in sur-
face ligand coverage provoked by the sudden decomposition of
the precursor at temperatures above 220 °C in a strong redox
reaction. The possible formation mechanism for the NFs is
illustrated at Fig. 18."°" Ceria nanocubes with several different
sizes (5-40 nm) were prepared with OAm/OAc in a solvothermal
process. Using a second solvothermal stage, the particles were
captured within scrolling hexaniobate nanosheets to produce
ceria@hexaniobate nanopeapods (Fig. 19). These types of nano-
composites are envisaged for applications in catalysis-
photocatalysis, SPR-based sensing, as battery components,
etc.'?

Colvin and co-workers managed to transfer cerium oxide
nanocrystals to water by using a combination of poly(acrylic
acid)-octyl amine (PAAOA) and OAc as phase transfer agents.
Regarding the reactivity of nanocrystalline ceria with oxidants
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Fig. 18 Scheme demonstrating the possible growth steps for ceria nano-
flowers. Reprinted with permission from ref. 101. Copyright 2008, Wiley-
VCH.
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Fig. 19 TEM images of CeO,@hexaniobate nanocomposites. Repro-
duced with permission from ref. 102. Copyright 2019, Wiley-VCH.

such as hydrogen peroxide, the tightly packed layer of OAm
ligands on the particle surface could act as a strong barrier for
electron transfer. In this study, the authors observed a transi-
tion from Ce(m) to Ce(wv) by injecting H,O,. An increase in the
amount of OAm led to the formation of larger and more
elliptical nanocrystals.'®® Imagawa et al. reported that OAc
plays an essential role in the formation of rods in the CeO,
system. By modifying the amount of OAm under ligand pair
conditions, the aspect ratio of the NRs could be tuned. In the
case of spherical particles, a very small amount of OAm resulted
in irregular morphologies and a broad size distribution."**
Co0. When CoO (and NiO) NPs were produced in the
presence of OAm/OAc and TOPO in alcohol solvent, it was
observed that the use of TOPO favored smaller particle sizes.
This was ascribed to the fact that TOPO coordinates to the
particle surfaces in a stronger mode compared to OAc or OAm.
The lack of Coz;0, traces in the XRD measurements was
attributed to the stabilizing role of OAm, which hinders particle
oxidation when used as both the solvent and stabilizer. Never-
theless, it was mentioned that when mixed with OAc and TOPO,
OAm can be substituted at high reaction temperatures by the
latter ligand, owing to its weak stabilizing function. MW-
mediated fast heating was employed and the particle size could
be controlled in the range of 3-6 nm."® Shi et al. produced CoO
hollow spheres and octahedral NPs through the thermal
decomposition of Co(acac), in the presence of ODE and OAm/
OAc. The Coz;0, nanostructures could also be isolated by
calcinating the CoO particles (Fig. 20). Shape control of the
cobalt monoxide particles was achieved by tuning the reaction
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Fig. 20 SEM images of (a) nano-octahedra composed of CozO4 and (b)
Co0.1%¢ Copyright 2012, The Royal Society of Chemistry.
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conditions such as ligands and reaction atmosphere (presence
of inert gas).'®

When 3D self-assembled CoO nanoflowers were obtained in
the presence of OAm/OAc, it was suggested that the ratio of the
ligand pair may play a key role in preventing crystal growth
along a certain crystal plane direction, thus generating a flower-
like morphology. In particular, it was noticed that a decrease in
OAm/OAc ratio led to an increase in the mean NFs size.'”” Dai
and Teng demonstrated that when cobalt acetate tetrahydrate is
decomposed at 300 °C under inert gas in the presence of OAm/
OAc, the amount of OAm can define the composition of the
resulting NPs. Specifically, CoO or Co would be obtained by
changing the quantity of OAm due to its reducing action.
Alternatively, OAc could accelerate the growth rate and influ-
ence the final structure and morphology of the particles. An
octahedral shape could be derived due to surfactant control
over the nanocrystal facets in the course of growth owing to the
strong coordination of OAc on the O,-rich facet of the nano-
crystal or coordination of OAc through a cobalt-rich facet.'*®

In fact the binding capabilities of the passivating OAm/OAc
ligands can be controlled to a significant degree by adjusting
the reaction temperature, yielding different sizes, structures
and surface chemistry of CoO NPs upon the thermal decom-
position of cobalt acetate. The reaction atmosphere (O, or N,)
can also affect the binding capabilities of the surfactants, being
stronger in the case of oxygen, providing a smaller NP size. A
larger size of around 300 nm was obtained when nitrogen gas
was added to the reaction mixture. The magnetic behaviour of
the resulting products was discussed by analysing the role of
uncompensated surface spins and defects.'*® Interestingly, Yan
and co-workers showed that when synthesizing CoO and Mn;0,
starting from simple formate precursors, the addition of OAc
provided poorly crystalline products, and thus the sole use of
OAm was preferred as solvent. The injection method was not
chosen when using the aforementioned precursors for Co and
Mn, and it was observed that the precursor concentration
rather than the reaction time affected importantly the NP
crystal size. However, when aiming to produce CuO,, it was
found that the injection method could remarkably improve the
size uniformity of the produced NPs. For that system, a suitable
quantity of OAc facilitated the control of the size distribution of
the NPs in a narrow range. The size polydispersity was worse
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when OAc or OAm were used alone."'® Zhu et al. produced
In,0; NPs via the thermal decomposition of In(dipy);Cls-2H,0
in OAm/OAc under an inert gas atmosphere. It was observed
that the single use of OAc did not yield any NPs, while a large
amount of OAm without OAc resulted in the quick growth and
aggregation of the produced particles. The higher oxophilicity
of OAc was responsible for its stronger binding to the surface
atoms of the NPs compared to OAm. Therefore, an equiatomic
ratio of OAm/OAc was chosen and the particle size could be
tuned from 10 to 50 nm, depending on the molar ratio of
precursor to combined OAm/OAc solvent.''* In,O; nanocubes
(Fig. 21a) were produced by Lee and co-workers in the presence
of OAm/OAc, H,0 and trioctylamine. For the solubility of the
prepared particles, trioctylamine alone cannot act as an effi-
cient ligand, where the presence of OAm or OAc is required for
their solubility. The size of the nanocubes could be tuned from
8 to 12 nm by changing the OAc/OAm ratio from 1/7 to 1/3.'"

Mn;0, or MnO nanostructures with sizes in the range of 5-
25 nm could be produced through the decomposition of
Mn(acac), by simply modifying the nucleation temperature.
The reaction medium also contained paraffin oil, OAc, OAm
and dodecanol. Paraffin oil is a non-polar solvent, which does
not generally participate in the reaction, and thus it can be
simply used as a suitable injection solvent for a fast decrease in
the reaction temperature. Dodecanol plays a crucial role in the
control of the NP size and the high yield of monodisperse NPs.
OAm offered alkaline conditions, facilitating the formation of
self-assembled superlattices for the as-prepared NPs. The use of
an excess of all three ligands (OAm, OAc, and dodecanol) was
beneficial for the particle growth in all crystal planes on the
surface of the manganese oxide nuclei. Interestingly, FTIR
measurements showed that the Mn;O, NPs were coated by
dodecanol, whereas the MnO NPs (Fig. 21b) were capped by
OAm, showing that these ligands played a key role in each one
of the oxide compositions, correspondingly. However, the role
of all these surfactants was important for the formation of
monodisperse, non-aggregated NPs.''®> Gao and colleagues
pyrolyzed Mn(u) acetate in 1-ODE using the OAm/OAc ligand
pair and produced both MnO and Mn;O, nanocrystals. It was
found that the Mn**~OAm coordination was kinetically driven
and promoted the generation of a Mn3;O, phase owing to the
relatively low electronegativity of the N in OAm. Alternatively,

Fig. 21 TEM images of (a) In,Os nanocubes. Reprinted with permission from ref. 112. Copyright 2006, the American Chemical Society. (b) MnO
nanocubes.!** Copyright 2009, The Royal Society of Chemistry. (c) Star-like MnO nanocrystals.* Copyright 2014, The Royal Society of Chemistry.
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the Mn*"-oleate coordination was thermodynamically driven
and could hinder the central metal ion (Mn®") from being
oxidized due to the somewhat high electronegativity of O from
the oleate ligand. Considering the hard and soft acid and base
theory, Mn>* is a hard acid, whereas deprotonated OAc and
OAm are hard bases. However, the deprotonated OAc shows
stronger hardness than OAm. Thus, the OAm/OAc ligand pair
provides a molecular switch for modifying the chemical
environment of the Mn-precursor, leading to either OAm-
dominant or OAc-dominant coordinating conditions. These
conditions can largely determine the oxidation state of Mn in
the resulting NPs. In fact, the thermal decomposition of OAc
may also assist the formation of Mn;0, by supplying O. An OAc-
dominant environment will give rise to branched MnO NPs
(Fig. 21c); however, the prolonged heating treatment of these
nanocrystals will degrade the oleate ligands and make the
system OAm-dominant. This will induce the generation of a
Mn;0, phase, and also convert the branched MnO nanocrystals
to spherical Mn;0, ones.***

SnO,. Tin oxide has been studied due to its promising
properties for use in gas sensing owing to its high gas sensi-
tivity, good stability and low cost. The robustness of OAc as
ligand was observed in a study reporting the preparation of
SnO, NPs in the presence of OAm, dibenzyl ether, tin acetyl-
acetonate and trimethylamine-N-oxide. In particular, the firm
attachment of OAc on the NP surface was shown since it was
not completely removed even after calcination at 600 °C. Sen-
sing films are commonly fabricated by calcination at high
temperatures but this processing also triggered particle growth
and sintering. The sensing film packed with 9 nm tin oxide
NPs displayed a very good sensing performance for VOCs
(5-200 ppm) such as ethanol, formaldehyde and toluene at an
operating temperature of 350 °C."'° Leite and co-workers
reported the synthesis of 2-6 nm Sb-doped SnO, NPs and
studied their solubility in CHCl; and THF using OAc and
OAm. The authors presented a set of molecular dynamics
simulations involving the compatibility of the amphiphilic
molecules OAc and OAm in a mixture of both chloroform and
THF."'® 2-4 nm Tin oxide quantum dots were prepared via a
MW-assisted route and it was found that annealing at 400 °C
was enough to remove most of the carbon organics from the NP
surface. However, the functional groups of OAm and OAc
remained strongly attached on the NP surface, as shown by
FTIR, and the particle size was kept below 10 nm. Excellent gas
sensing properties toward ethanol vapor were observed for the
highly crystalline annealed NPs.'"” The OAm-assisted hydro-
lysis of tin alkoxide in the presence of OAc, which acted as a
solvent and surfactant, resulted in the formation of SnO, NRs
and bipods. The varying degrees of OAm/OAc interactions with
certain exposed faces of SnO, structures may explain the
disparate growth behaviors of the two types of nanostructure
morphologies. Excellent visible-light-driven photocatalytic
properties were observed for the SnO, bipods.'*®

TiO,. Titanium dioxide has received much interest
thanks to its exceptional optical and electronic properties,
high efficiency, high photo-stability, strong oxidizing power,

This journal is © The Royal Society of Chemistry 2022
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non-toxicity and low cost. It can be used in photocatalytic
applications such as degradation of contaminants and water
splitting. Also for this system, OAm and OAc have been
reported to condense exothermically, in situ generating diolea-
mide. The formation of dioleamide can be confirmed by
"H NMR spectroscopy. This molecule also serves as a ligand
that binds more selectively to the {001} facets via its carboxylic
group and in a weaker way to the {101} facets through its NH
group. If the OAm/OAc ratio is 1:1, the aforementioned amide
can be formed, whereas if, for example, OAc is in slight excess
compared to OAm, then an equilibrium between the amide and
excess OAc occurs. This will also affect the growth mode and
the final shape of the resulting titania NPs. The preferential
growth on certain facets is also affected by the reaction time.
Jardiel and co-workers employed titanium(wv) tetrabutoxide and
ethanol together with OAm/OAc in their work. Additional
surfactants such as trifluoroacetic acid, arginine and 11-
aminoundecanoic acid were tested, aiming to acquire TiO,
nanostructures with a tunable morphology.*****

Dinh et al. published a versatile approach based on the
solvothermal method to prepare various shapes of titania
nanocrystals including rhombic, dumbbell, spherical and trun-
cated, among others. Water vapor as the hydrolysis agent
accelerated the reaction rate, while OAm and OAc were used
as surfactants. The carboxylic acid functional groups bind
tightly on the TiO, surface, promoting the generation of a
nanorod shape. For the material under discussion, OAc binds
strongly to the anatase {001} faces, while OAm prefers to adhere
on the {101} faces. The OAm/OAc acid-base pair catalyst can
also contribute to a higher condensation rate without affecting
the hydrolysis rate. OAc can react with titanium n-butoxide or
hydroxyalkoxide to generate carboxyalkoxide moieties, which
slow down the hydrolytic condensation process. OAm can favor
the nonhydrolytic condensation process by aminolysis reaction
with titanium carboxyalkoxide. In the absence of OAc, the
exclusive formation of rhombic shape was noticed. When
OAm was not used, a mixture of spherical NPs and nanodots
was obtained. A scheme presenting the morphology evolution
of the TiO, NCs according to the OAc/OAm ratio is shown in
Fig. 22."*" The anatase TiO, NPs prepared in the presence of
OAm/OAc can also occur in 16 nm elongated bipyramid or 8 nm
uniform bipyramid morphologies, as shown by Xing and co-
workers. It is worth mentioning that the OAm and OAc layers
can be removed by treating the NPs with NaBH, in chloroform,
with no grain growth taking place.'**

Another Ti source, titanium sulfate, was used by Luo et al. to
produce anatase TiO, NPs with several shapes in the presence
of OAm/OAc and combinations of other reagents such as
H,S0,. Upon increasing the reaction time and temperature,
functional groups or even C chains of OAm and OAc could be
destroyed by sulfuric acid. While the adsorption and protection
action of OAm and OAc deteriorated, the unstable nano-
subunits of TiO, could aggregate rapidly, thus decreasing the
surface activation energy and becoming a relatively stable
phase with low energy after nucleation. By changing the reac-
tion parameters, the crystal growth evolution was modified and
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Fig. 22 Scheme demonstrating the morphological evolution of titania
NCs depending on the OAc/OAm ratio added. Reprinted with permission
from ref. 121. Copyright 2009, the American Chemical Society.

NPs with either porous mesocrystals or uniform hollow mor-
phology were produced.'*

The combination of supercritical methanol, OAm/OAc,
PEGME/citric acid and titanium(v) tetraisopropoxide led to
the formation of hierarchically porous anatase titania micro-
particles, where primary 5-9 nm TiO, NPs were generated
firstly, which subsequently loosely aggregated to form second-
ary 0.2-1.5 um particles in the presence of PEGME/CA. Inter-
estingly, OAc-TiO, had a larger crystallite size than the bare
TiO, particles produced in supercritical methanol, possibly
because the OAc molecules reacted with methanol in its super-
critical state to generate methyl oleate. FTIR measurements
showed a relatively low degree of surface modification by OAc,
indicating that the use of OAc did not result in effective
suppression of the crystal growth. The electrochemical perfor-
mance of the C-coated TiO, particles, obtained by calcination in
the presence of surface modifiers was evaluated. The primary
particles prepared using PEGME/CA were smaller than in the
case of the use of OAm/OAc ligands. An excellent performance
for the final materials was observed when they were used as
anodes in sodium- and lithium-ion batteries. However, the
electrochemical activity for the carbon-coated titania particles
obtained starting with OAm/OAc-capped NPs did not increase,
given that this ligand pair did not lead to effective suppression
of the crystallite size."** Li et al. bought commercial needle-
shaped rutile TiO, NPs, the surface of which they treated with
HCI before testing their chemical reactivity with dispersants.
For this purpose, the adsorption amounts of OAc, OAm, oleyl
phosphate and oleyl alcohol were measured and compared.
OAc can adsorb chemically on TiO, by unidentate bonding
between the carboxylic acid group and Ti*'. Actually, oleyl
phosphate and OAm adsorb also on titania through chemical
interaction, whereas oleyl alcohol does not. The dispersion
activity of the dispersants was related to the type of functional
groups, given that these moieties determine the interaction and
the quantity of dispersant absorbed on the powder. OAc,
phosphate and OAm demonstrated very good efficiency for
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dispersing the HCl-treated titania. The alkaline nature of
OAm helped toward a better efficiency, and its suitability can
be explained by the fact that the treated powder is acidic.
Hydrogen bonding between the -OH groups of the
phosphate-based dispersants can offer an even better disper-
sion performance for TiO,. In addition, OAm was most efficient
in introducing electrical double layer repulsions, which dis-
persed TiO,. Oleyl phosphate achieved a very effective steric
repulsion.’®>'*® Another finding worth noting is that OAm was
adsorbed predominantly on 3:1 anatase:rutile hydrophobic
TiO,, whereas OAc showed preferential adsorption on rutile
hydrophilic TiO,."*’

Morazzoni and co-workers produced anatase titania nano-
crystals via the solvothermal decomposition of titanium but-
oxide in the presence of OAm and OAc as morphology-adjusting
agents. OAc demonstrated selective binding on the anatase
{001} face, whereas OAm binds mostly to the anatase {101}
face, which limits the growth in that respective direction.
Carefully modifying particle morphology and the exposed crys-
tal faces will help to tailor the photocatalytic performance of
TiO, nanocrystals. In that study, the {001} surfaces played a
crucial role in the photocatalytic process of phenol mineraliza-
tion with O, as an oxidant by providing oxidation sites, while
the {101} surfaces offered reductive sites and were only indir-
ectly involved in photocatalysis.’*® Hydrophobic OAc-capped
titania NRs and OAm/OAc-capped magnetite NPs became
hydrophilic after their surface modification with short-chain
carboxylic acids (acrylic, acetic and methacrylic acids). The
acrylic acid-exchanged particles were well-dispersed for several
months in polar solvents, unlike the case of the acetic- or
methacrylic-acid exchanged solutions, which did not show
stability. This was attributed to the presence of OAc left on
the TiO, surface."”® Indium-tin oxide NPs with an average size
of 6 nm were produced via a hot-injection route in the presence
of OAm/OAc surfactants. Indium- and tin-acetates were the
precursors and 1-ODE was the reaction solvent. 3-
Aminopropyldimethylethoxysilane was used to replace the
initial ligands and the aminated NPs became electroactive
through functionalization with ferrocenoyl chloride. These
electroactive nanomaterials are deemed candidate materials
for electrochemical charge storage systems.'** Liu and co-
workers produced anatase TiO, NPs with a tailored size and
aspect ratio using a simple solvothermal route with titanium
butoxide as the precursor, OAc/OAm as the ligands and ethanol
as the solvent. Ethanol is an environmentally friendly solvent
and OAc (component of vegetable oil) is relatively environmen-
tally benign. The effect of the OAc/OAm ratio on the size, aspect
ratio and shape of TiO, NPs was investigated. The morphology
of the resulting particles is affected by the hydrolysis and
condensation rates. The hydrolysis reaction rate using OAc/
OAm is much slower than that in aqueous reaction medium,
which influences the shape evolution of the particles.*
Gonzalo-Juan et al. described how the production of coordina-
tion complexes at intermediate reaction stages can be adjusted
to grow different shapes of TiO, such as NWs, NRs and NPs.
The distinct binding strengths of OAm/OAc in their
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solvothermal approach affected the shape of the final TiO,
nanomaterials. In their work, in the absence of OAm, OAc
induced the anisotropic growth along the [001] plane of the
nanostructures with a low aspect ratio. Higher OAm concentra-
tions promoted the onset of anisotropic growth along the [101]
plane, favouring the generation of NCs with a lower aspect ratio
such as nanorods. Alternatively, an OAc/OAm ratio of 75:25
resulted in an isotropic growth mode and the produced parti-
cles had an aspect ratio of around 1. Fig. 24 schematically
depicts the preferential growth patterns for TiO, NCs along the
different planes.'?

In fact, the OAm/OAc pair can help TiO, NPs to achieve a
better dispersion in the poly(ethylene terephthalate) matrix com-
pared to commercial TiO, (P25). Accordingly, PET/TiO, nanocom-
posite mats (Fig. 23) with remarkable thermal stability and
mechanical properties were produced by electrospinning.’*?

ZnO. Zinc oxide is a wide band gap, low-cost and environ-
mentally benign semiconductor, which has received much
interest in the past few years. It can be applied in several fields
including components in electrooptical devices, piezoelectric
transducers, varistors, UV absorbers and gas sensors. Turge-
man and Gedanken sonochemically grew ZnO crystals on either
crystalline or amorphous OAm/OAc-capped magnetite particles.
The sizes of the ZnO crystals were the same on both occasions.
The resulting particles had a width of 200 nm and length of
500 nm."** Suehiro et al. prepared monodisperse 7 nm ZnO
nanocrystals by decomposing zinc acetylacetonate in OAm/OAc
in the presence of 1,2-hexadecanediol at 220 °C. It seems that
Zn(acac), can react with OAc to form zinc oleate, and 1,2-
hexadecanediol can have a nucleophilic attachment to the
carbonyl groups of Zn-oleate. Subsequently, the polycondensa-
tion and dehydration of the produced Zn(OH), nuclei resulted
in the generation of nano-ZnO. The authors proposed that the
steric hindrance offered by the long chain of the diol restricted
the fast crystal growth of ZnO or Zn(OH), nuclei with the
assistance of the coordinating ligands OAc and OAm. Conse-
quently, monodisperse zinc oxide NPs were isolated. The
obtained particles were used to fabricate thin ZnO films via a
simple drop-casting method and subsequent calcination. These
films were coupled with a p-type NC film to be tested as
candidate materials for optoelectronic devices.'*® The Hyeon
group, in 2005, published the large-scale synthesis of ZnO
nanocrystals with a homogeneous size and hexagonal pyramid

Fig. 23 SEM images of (a) PET/TiO, nanofibers with 5 wt% TiO, and
(b) 10 wt% TiO,. Reprinted with permission from ref. 133. Copyright 2020,
Wiley-VCH.
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Fig. 24 Scheme presenting the distinct preferential growth modes along
the [001] and [101] planes of titania nanostructures.**> Copyright 2010, The
Royal Society of Chemistry.

morphology via the thermolysis of a Zn-oleate complex. The
latter was produced by reacting zinc chloride with Na-oleate
before being mixed with OAm/OAc and heated at 300 °C under
an Ar flow."*®

Tang and co-workers produced Mn-doped ZnO nanocrystals
with a hexagonal structure via the thermal decomposition of
Zn-acetate and Mn-acetate using OAm/OAc at a range of tem-
peratures, ligand ratios and Mn doping amounts. Accordingly,
the particle size could be tuned in the range of 47-375 nm, and
the resulting shape could be varied from hexagonal nanopyr-
amids (Fig. 25a) to hexagonal nanodisks and irregular nano-
spheres. The reported protocol was quite easy to reproduce and
was deemed as scalable for large production. When OAc was
added in excess (4:1 to OAm), no ZnO:Mn was formed, prob-
ably because of the formation of a Zn-OAc chelate complex
which prevented the decomposition of the Zn(u) acetate with a
low amount of OAm. An increased ratio of OAm led to a
decrease in size and the particle shape was modified from
hexagonal to irregular spheres."*” Zeng and colleagues pub-
lished the one-pot thermolysis of Zn(acac), and Mg(acac), in
the presence of OAm/OAc and managed to introduce Mg in the
ZnO lattice with no phase separation for concentrations up to
20% (Fig. 25b and c). The ZnO phase did not show any
significant selectivity (that is, ‘preferential binding affinity’)
for one of the two ligands, whereas MgO demonstrated a strong
selectivity for OAc. Varying the amount of OAm used could lead
to either a nanoflower (with low OAm quantity) or nanoparticle
configuration (with high OAm quantity)."®

Other oxides with several different compositions have
also been synthesized using the OAm/OAc ligand pair. In
particular, BiVvO, with multiple morphologies and/or porous
structures were produced with bismuth nitrate and ammonium

Nanoscale Horiz., 2022, 7, 941-1015 | 961


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Review

View Article Online

Nanoscale Horizons

3\ R

o (X 2 ———

Fig. 25 (a) SEM image of Mn-doped ZnO hexagonal bipyramids. Reproduced with permission from ref. 137. Copyright 2018, Elsevier. (b and c) TEM
images of MgZnO nanostructures with varying Mg doping. Reproduced with permission from ref. 138. Copyright 2015, Wiley-VCH.

metavanadate precursors, sodium hydroxide as pH-controlling
agent, ethanol and EG as solvent and/or dodecylamine, OAm/
OAc as ligands. The choice of the surfactants was critical for the
formation of high-surface-area porous BiVO, NPs. The pH of
the precursor solution affected the surface area of the product
to a significant extent. Excellent photocatalytic activity was
observed for porous olive-like BiVO, particles for the catalysis
of phenol degradation using a small amount of hydrogen
peroxide under visible light irradiation.”*® CawO, nanocrystals
were prepared by Lee et al. using surfactants such as citric acid,
CTAB and a mixture of OAm/OAc. Regardless of the initial
capping layer, the original surfactant could be subsequently
replaced by bioinert block copolymer micelle enclosure using a
solvent-exchange method. "H NMR and TGA measurements
indicated that the OAm/OAc coating was not fully replaced with
the new enclosure formed by the PEG/PnBA/PEG-PLA block
copolymers. Thus, the possible effect of residual OAm/OAc on
the toxicity of the particles should be assessed prior to their use
in biomedical applications.**°

OAc/OAm-coated Gd,O; nanoplates were encapsulated in an
N-dodecyl-PEI-PEG polymer to produce hydrophilic clusters
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for Ty-weighted MRI (Fig. 26). The resulting material had a
surface chemistry of lower toxicity compared to the initial
nanoplates."*' Watt and co-workers prepared PbO nanocrystals
via a one-pot method by introducing O, gas in an air- and
moisture-free complex of Pb with OAc and OAm in 1-ODE at
190 °C. Thin films of the nanocrystals were fabricated using the
1,2-ethanedithiol-based dip-coating process.'** The synergistic
effect of OAc and OAm was also suitable for the preparation of
MoO;_, nanocrystals in a top-down approach starting from
bulk a-MoOj;, where in this work, OAc offered H' ions, while
OAm provided free electrons. The amine group from OAm
coordinated with Mo®" to release H,O molecules. The crystal
lattice of the bulk precursor then broke down to yield nano-
crystals, while oxygen deficiencies could also be formed. Strong
localised surface plasmon (LSPR) absorption in the Vis and NIR
region between 400 and 1100 nm was observed for the resulting
particles. When only OAc or OAm was used as a single solvent,
the absorption in the visible region was very weak, implying
that no oxygen defects were formed under that conditions."*?
Nanocrystals with the Cs,WO; composition were prepared in
the presence of OAm/OAc, and in that work the modification of
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Fig. 26 Preparation of Gd,Oz@N-dodecyl-PEI-PEG clusters for use as excellent T;-weighted MRI agents. Reprinted with permission from ref. 141.

Copyright 2020, Elsevier.
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the ligand pair ratio led to the formation of three different
shapes, including hexagonal prisms, truncated cubes and
pseudospheres. Increasing the quantity of OAm induced the
generation of more faceted shapes. For certain ligand ratios,
the product consisted of mixed crystalline phases, for example,
WO, 7, trods and Cs,WO; nanostructures."** 3D symmetric
dendrites of BaWO, were produced with a solvothermal
approach in water-hexane bilayer solutions in the presence of
barium-oleate complex in the hexane layer and sodium tung-
state in the water layer. A phase transfer reaction was carried
out, where aqueous Ba”>* passed in hexane which was mediated
by the use of Na-oleate and OAm/OAc. Increasing the concen-
tration of OAm or the temperature resulted in the formation of
sharper and longer branches and higher-order hierarchical
structures. Protonated OAm is formed due to its basicity in
the presence of water and can react with Ba-oleate to form
adducts composed of protonated OAm cations and oleate
anions. The release rate of free Ba®* ions from the Ba-oleate
will be faster when using OAm. Then the released free Ba(u)
ions will react with WO,>~ ions to produce BaWO, particles.'*
Zou and co-workers published a facile and reproducible one-
pot method to produce a series of metal oxides (CdO, PbO, ZnO,
SnO and Ga,03) with their respective bulk materials as pre-
cursors. The OAm/OAc ligand pair was used for each oxide.
Although the whole concept for this synthetic route resembles a
top-down approach, the nanoscale oxide materials were formed
from molecular complexes via a bottom-up strategy. FTIR
measurements showed that OAc was converted to M-OAc and
all these metal complexes had an ionized structure. An increase
in the reaction temperature led to the dissolution of bulk metal
oxides, and after exceeding a critical value, homogeneous
nucleation occurred spontaneously, followed by the growth
stage. In the case of CdO, the molar ratio of OAm/OAc was
studied regarding its effect on the particle size and shape.*®
Rodriguez and colleagues published a paper on the synthesis
and structural characterization of modified hafnium tert-
butoxide materials for use as sources to produce HfO, NPs. A
solvothermal process using OAm/OAc as the solvent was chosen
based on the tendency of this system to form a nanowire shape.
The resulting products could generate hafnia dots, plates and
rods, depending on the type of precursor molecule used.'*’
Uranium dioxide NPs were prepared via the thermal decom-
position of uranyl acetylacetonate in the presence of OAm/OAc
in octadecene solvent. The minimum number of stable nuclei
was produced at an OAm/OAc ratio of 1:1 and increasing the
amount of either OAm or OAc resulted in an increase in the
population of stable nuclei, accompanied with a decrease in the
final NP size (Fig. 27). FTIR spectra demonstrated that OAm
reacted with OAc in a condensation way to produce N-(cis-9-
octadecenyl)oleamide (OOA). However, OOA was not found on
the NP surface, while the particles were passivated by OAc via
chelating bidentate interaction."*® Barron and co-workers pre-
pared binary and ternary metal oxide NPs via the thermal
decomposition of metal acetylacetonate salts, which were the
sources of Fe, Mn, Pd, Cu, Al and Gd, respectively. Benzyl ether
was the solvent, 1,2-hexadecanediol the accelerating agent and
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Fig. 27 (a—-c) TEM images of UO, NPs with OAc/OAm ratios of 1:3, 1:1
and 3:1, respectively. (d) TEM image of NPs produced using uranyl
acetylacetonate (0.4 mmol), 1-ODE (1 g), OAc (10 g) and OAm (10 g).
Scale bar: 10 nm. Reprinted with permission from ref. 148. Copyright 2006,
the American Chemical Society.

OAm/OAc were the surface ligands. Besides the capping agents,
OAm/OAc seemed to also play a role in the decomposition of
the precursors. For example, Cu(acac), readily forms complexes
with diol or OAm (and possibly benzyl ether), and these
coordination compounds should be deemed as the actual
copper sources, leading to the formation of Cu-O fragments
for particle growth.'*’

The influence of OAm/OAc ratio on the morphology of Y,03
NPs was reported in another work, where shapes such as
hexagons, rods, irregular morphologies and plates could be
isolated. In the initial growth stages, the OAm bonded to the
particle surface poisoned the {111} plane, providing a platelet
shape and stabilizing the {101} planes. OAc preferentially
absorbed on the {111} planes and these competing conditions
affected the particle morphology.**°

GeO, particles were prepared via a solvothermal route
involving OAm/OAc, which showed potential for use in anodes
of lithium-ion batteries. The authors discussed the growth
evolution of the OAm/OAc-capped oxide particles based on
the formation of complexes of Ge with OAm and OAc. For
example, a (Ge-OAm)** complex may form in the beginning,
which can be partially substituted later by oleate ions due to
their stronger binding, resulting in Ge-oleate. Afterwards, the
latter complex will decompose to give GeO,. The OAm/OAc
ligand (and solvent) pair mixture assists the generation of small
nanoplates, which finally assemble to generate an ellipsoidal
shape with a porous structure. However, the hydrophobic
ligand pair deteriorates the battery performance. Thus, remov-
ing the ligands with glacial acetic acid can improve the electro-
chemical activity, and this performance can be improved by
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wrapping the particles with rGO/PANI composites.'>" Li TisOy,/
carbon nanocomposites were produced by first preparing LTO
NPs in supercritical methanol, followed by calcination under a
mild reducing atmosphere. The influence of surface modifiers
with distinct functional groups and chain lengths (OAm, OAc,
and hexylamine) was investigated regarding their effect on the
particle size, shape, crystallinity and electrochemical behavior.
Interestingly, the OAm-capped LTO particles had the smallest
crystallite size, probably because the surface modification with
OAm radically inhibited the crystal growth. Apparently, the
reaction of the amino group of OAm with the hydroxyl groups
of LTO was more robust compared to their reaction with the
carboxylic groups of OAc. A higher degree of surface coverage is
a critical factor to more efficiently delay the interparticle
aggregation during the calcination step. If OAm is compared
with hexylamine, a worthy observation is that the use of a
longer chain length would result in a larger organic content,
even though the modifier with a shorter chain length would
provide a higher degree of surface coverage. The optimum rate
performance of the LTO/C nanocomposite prepared with OAm
was attributed to the combination of smaller crystallite size,
larger C content, uniform carbon layer coverage, larger Ti**
content and bigger population of defects. These characteristics
would lead to the quick diffusion of electrons and Li" inwards/
outwards of the individual LTO NPs."” Three-dimensional
hierarchical superstructures of BaCrO, were produced via the
hydrothermal reaction of Ba(NO3), and Na,CrO, in an aqueous-
hexane bilayer system. The OAm/OAc pair was used to generate
hydrophobic Ba-oleate micelles. The acid-base chemical equi-
librium is responsible for the presence of deprotonated OAc
and protonated OAm in the medium. The deprotonated OAc
would interact with Ba(u) to yield Ba-oleate. Stabilization of the
latter with OAm would induce the formation of micelles with
hydrophobic outer parts, which are stable in solvents such as
toluene. Subsequently, Ba(n) would react with CrO,> at the
interface of the hexane and water phases, resulting in the
nucleation of BaCr0O,.***

MgO nano/microparticles with numerous shapes and por-
ous structures were produced using a surfactant-mediated
solvo- or hydrothermal process in dodecylamine or OAc solvent.
The ligands tested included PVP, PEG, CTAB, OAm and triblock
copolymer P123 or F127. Depending on the solvent used,
different degrees of crystallinity were observed. Calcination
below 550 °C in an oxidative atmosphere could remove F127,
CTAB and OAm molecules. The obtained MgO particles showed
a propensity to possess a hexagonal shape when surfactants
such as F127, P123 and OAm were added to the reaction
system.’® Sub-2 nm uniform oxide NCs (TiO,, ZnO and
Nb,Os, among others) were produced by the thermal decom-
position of suitable precursors in the presence of 1-ODE and
OAm/OAc. The interaction between the ligands and inorganic
moieties resulted in well-organized layered mesostructures."”

In the case of thorium dioxide NPs, OAc exhibited selective
adsorption on the (110) surface, resulting in the transformation
of octahedrons to NRs. OAm and TOPO did not modify the
equilibrium shape of the ThO, NPs. The (111) surface was the
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most stable facet at a low OAc coverage, whereas the (110)
surface became the most stable facet when the OAc coverage
was greater than 2 ligand/nm®. Modifying the relative stability
of the surface had a significant effect on the equilibrium shape
of ThO,, as illustrated in Fig. 28."°° A high-temperature, quick
solvothermal route was employed to produce (NH,),WO; with
OAm/OAc as the solvent and WClg as tungsten precursor. When
only OAc was used as the solvent, an unknown phase was
isolated, not possessing the typical composition of ammonium
tungsten bronze. The addition of a small amount of OAm in the
reaction pot resulted in the formation of a mixture of small
nanocubes and bundles of nanofibers, given that not all the active
particle sites were surfactant-coated. A large amount of OAm led
to homogeneous oblong blocks possessing a glossy appearance
with a relatively low reaction yield, owing to the increase in pH
value associated with excess OAmM."> WCly was used as the
tungsten source for the synthesis of 3 nm WO; quantum dots
in the presence of OAm/OAc and ethanol. A CuCl, ligand
exchange treatment was applied to replace the long chains of
the OAc and OAm capping agents. This treatment was required
because it is beneficial for improving the performance of the
tungsten oxide material toward the sensing of H,S."®

It was reported that both OAc and OAm can serve as ligands
at 305 °C, but the acid is a more active ligand at 330 °C. The
amine is more labile at 330 °C, which actually assists the
decomposition of Sm-oleate but cannot actively participate as
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Copyright 2018, The Royal Society of Chemistry.
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Fig. 29 TEM images of: (a) Sm,O3z NPs. Reprinted with permission from
ref. 159. Copyright Nature Publishing Group. (b) Ag,S NPs. Reprinted with
permission from ref. 160. Copyright 2019, Elsevier. (c) CdIn,S, NPs.16*
Copyright 2015, The Royal Society of Chemistry. (d) Zn,Cd; S NRs.
Reproduced with permission from ref. 162. Copyright 2010, Elsevier.

a capping agent. Consequently, at that temperature, Sm,0;
particles (Fig. 29a) were mainly coated by OAc, with the regular
growth mode resulting in a square platelet shape. At a lower
temperature of 305 °C, the mobility of the amines decreased to
some extent, and thus both acid and amine could function as
surface ligands. However, the labile and weak binding mode of
amines led to more rapid and perhaps irregular particle growth.
An increase in the amount of OAm caused faster decomposition
of the Sm-oleate precursor. The formation of square platelets,
which were mostly capped by OAc, was favored at 330 °C, while
a flower shape was produced at 305 °C, and in the latter case
the particles were coated by both OAm and OAc."*

To conclude this sub-section on metal oxides with miscella-
neous compositions, one of the main topics discussed in different
reports is again the control of the crystal growth in certain
directions depending on the preferential binding modes and
binding strengths of the different ligands on specific facets. The
formation of coordination complexes at intermediate reaction
stages can also affect the final particle size and shape.

3. Metal chalcogenides
Ag-Based

Metal chalcogenide nanostructures have received significant
interest due to their morphology- and composition-dependent

This journal is © The Royal Society of Chemistry 2022
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semiconductor properties. They can be used as solar absorber
materials and have found applications in photovoltaics and
photocatalysis. In a report presenting the solvothermal synth-
esis of AgAbS, NPs, OAm complexed with Ag" and OAc com-
plexed with Sb*". The amino groups of OAm and the carboxylic
groups of OAc combined with the metal cation to form a metal
complex. In fact, the excellent coordination ability of OAm with
metal cations led to the generation of Sb(OA); solvate, starting
with SbCl; as the antimony source. Sulfur anions could be easily
dissolved in OAm to form an anionic ligand solution, which aided
the size and shape control of the NPs. Thus, OAm, an excellent
surfactant and weak chelating agent, would dissolve silver cations
and sulfur anions, while OAc would dissolve antimony cations.
Actually, S-OAm solutions functioning as sulfur precursors occur
mostly as alkylammonium polysulfides at low temperatures.
When heating the reaction mixture to higher temperatures, the
polysulfides would react with the excess OAm to generate H,S.
This compound can integrate with the metal precursor to produce
AgSbs, NPs under suitable conditions."®®

In the case of the Ag,S system, the sole use of 1-
dodecanethiol as the ligand resulted in cluster formation.
Adding OAc helped to significantly improve the dispersity of
the NPs but it caused an important decrease in the emission
intensity of the quantum dots. The presence of a small amount
of OAm could hinder the formation of undesirable Ag NPs and
assisted the improvement in fluorescent intensity at high
temperature. A strong emission in the second NIR window
was noticed. Probably, the affinity of OAm for metals and sulfur
was the main factor that ensured the absence of metallic Ag in
the final product (Fig. 29b). After ligand exchange, the hydro-
philic Ag,S QDs were used for whole-body blood vessel imaging
and tumor imaging in living mice."®°

Jiang and Chen noticed that increasing the amount of long-
chain OAc or decreasing the amount of short-chain 1-
octanethiol could slow down the growth of Ag,S QDs due to
steric factors and render their synthesis more controllable. Ag(1)
ions could be reduced by OAm to undesirable Ag NPs. Actually,
OAm would activate the monomers and accelerate the nuclea-
tion and growth of the Ag,S particles in the beginning of the
reaction. Aiming to prevent the reduction of Ag(i) ions during
the synthesis, 1-octanethiol was added to the reaction mixture.
This thiol is a soft Lewis base ligand and Ag(1) is a very soft
Lewis acid, while OAm and OAc are classified as hard Lewis
base ligands. The bond between Ag(i) and thiol should be
stronger than that between Ag(1) and OAm (or OAc). Therefore,
the standard redox potential of Ag(1) is lower when Ag(1) ions are
coordinated by thiols, and thus these ions will be harder to
reduce. However, OAc is expected to bond to Ag stronger
compared to OAm and the strong coordination bond between
the monomers and ligands will decrease the reactivity of the
monomers. Based on this, the authors evaluated the photo-
luminescence properties of their QDs in a range of different
OAc concentrations. Higher OAc concentrations led to the
preparation of smaller Ag,S QDs. On the contrary, the presence
of OAm was not convenient to produce small-size QDs because
of its above-mentioned accelerating effect on the growth.'®*
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Cd-Based

A triple ligand system (TOPO-OAm-OAc) was very efficient for
the synthesis of high-quality CdSe NPs within a short reaction
time using a capillary microreactor with a serpentine micro-
channel in the heating section (Fig. 30). To achieve small-sized
particles, a high molar ratio of Se to Cd was required, and the
concentration of OAc was kept at low levels. Accordingly,
massive nucleation could occur and the slow growth of
TOPO-capped CdSe NPs could be ensured by diluting the
precursor solution with non-coordinating 1-ODE. In the case
of OAm, it has been reported to act as a favorable ligand for the
fabrication of CdSe NPs via micro-reaction, owing to its low
melting point, strong packing density and low reactivity in air.
Improved monomer reactivity was observed for an amine-Cd
complex. The addition of OAm induced a blue shift in the
absorption peak and high particle concentration. In fact, CdSe
NCs with a high photoluminescence quantum yield were
obtained when all the above-mentioned ligands were simulta-
neously present.'®

Al-Salim et al. published a work in 2007 on the synthesis of
CdSe,S, in eight solvents with distinct coordinating properties
such as amines, phosphines, 1-ODE and TOPO. NMR and IR
characterization showed that the particles prepared in non-
coordinating solvents were stabilized in solution mostly by OAc,
whereas the particles produced in coordinating solvents were
stabilized by the solvent, phosphine, phosphine sulfide ligands
and some OAc. Some of these surfactants can potentially act as
metal-site-coordinating ligands such as TOPO and OAc (via
oxygen), amines (via nitrogen) and TOP-sulfide (via the S atom).
In addition, certain ligands are potential chalcogen-site-
coordinating molecules such as TOP and triphenylphosphine
(via the P atom) and primary and secondary amines (via weak
hydrogen bonding). OAc was demonstrated to increase the
growth rate of CdSe QDs given that the number of nuclei
generated after injecting TOPSe into cadmium oleate in 1-
ODE was reduced by the increase of OAc amount but remained
stable after the initial nucleation step. In the "H NMR spectra,
OAc displays a multiplet signal centered at 5.35 ppm because of
its alkene hydrogen atoms. The amide, which can be formed by
the reaction of OAc with OAm, exhibited a signal at 5.95 ppm
because of the amide proton of the dialkylamide. Coordinating
solvents favored the formation of CdSe NPs with a hexagonal
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Fig. 30 Schematic illustration of the capillary microreactor with a ser-
pentine channel in the heated part used to produce high-quality CdSe
nanocrystals. Reprinted with permission from ref. 165. Copyright 2009, the
American Chemical Society.
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crystal structure, while weakly- or non-coordinating solvents
gave rise to cubic crystal structures."®®

CdSe QDs coated with TOPO-OAm-OAc in toluene
were reported to display bright and uniform luminescence-
displaying green color upon exposure to 365 nm UV lamp.
However, the QDs dispersed in pyridine/chloroform exhibited a
blue-green color of lower intensity. In fact, FTIR measurements
showed that ligand exchange with pyridine was not effective to
fully remove OAm and OAc from the particles surface. The
complexation of OAm or OAc with monomers and Cd precursor
hampered the nucleation and resulted in early ripening, which
is associated with larger rather than smaller NP sizes. OAm,
being labile, is less effective in decelerating the crystal growth
in comparison to OAc and TOP. Both OAc and OAm passivated
the majority of vacancies and trap sites on the CdSe surface,
and consequently enhanced the quantum yield and photo-
stability. A sufficient amount of OAc and OAm residual ligands
on the NP surface after pyridine treatment created a high
potential barrier for charge transfer to take place between the
polymer and CdSe QDs, rendering the quenching mechanism
due to charge transfer being less likely, where energy transfer
would then be initiated, which was prominent in the case of
MEH-PPV:CdSe-OAm nanocomposites.*®’

Abazovic and co-workers employed a hot-injection route to
produce CdIn,S, and ZnIn,S, NPs. When the OAm/OAc ligand
pair was used, 20-30 nm mesocrystals were self-organized in
marigold-like structures. OAc could act as a complexing and
capping agent, and the ratio between In ions and OAc was a
crucial parameter to control the synthesis of the NPs. To speed
up the degradation of the metal-OAc complex, the addition of
OAm played a key role. The basicity of OAm facilitated the more
rapid decomposition of the above-mentioned complex. Taking
into account that Cd(u) has a weaker binding energy with
OAc than Zn(u), the same principle for OAm utilization was
employed to produce ZnIn,S,. The OAm/OAc pair offered a
suitable platform for the generation of complex hierarchical
morphologies. XRD measurements illustrated that the decom-
position of metal-oleates and subsequent nucleation, even in
the presence of OAm, is the dominant process controlling the
overall kinetics of the CdIn,S, NPs (Fig. 29¢)."*" Zn,Cd;_,S
semiconductor NPs with a tunable composition and morphol-
ogy were prepared in the presence of OAc/OAm and paraffin oil
via a non-injection, scalable and reproducible approach. When
OAc was omitted, the particle shape was modified from sphe-
rical to nanorods (Fig. 29d). All the resulting particles had a
hexagonal wurtzite crystal structure and the shape transition
was not composition-induced.'®®* CdS nanopencils were pro-
duced in the presence of CdS seed NPs, OAm/OAc and
dimethyldistearylammonium chloride (DDAC) at 260 °C.
Although the reaction could proceed in the absence of OAc,
the resulting particles were small with a broad size distribution.
The presence of OAc was required to achieve uniform CdS
nanopencils. Subsequently, Au NPs could be deposited on CdS
to form CdS-Au nanopencils (Fig. 31a).'%®

The OAm exchange of oleate-capped zinc blende CdSe NPs
was reported to offer optical properties similar to that of OAm-
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https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Nanoscale Horizons

Fig. 31 TEM images of (a) Cd—Au nanopencils. Reprinted with permission
from ref. 168. Copyright 2010, the American Chemical Society. (b) CuFeSe,
NCs. Reprinted with permission from ref. 169. Copyright 2015, the Amer-
ican Chemical Society. (c and d) CulnS, nanostructures. Reproduced with
permission from ref. 170. Copyright 2014, the American Chemical Society.

capped wurtzite CdSe NPs. Before OAm exchange, the ZB-CdSe
NPs displayed characteristic FTIR spectral features corres-
ponding to OAc ligands being deprotonated and bonded on
their surface in the form of negatively charged oleate. The OAm
exchange narrowed the energy gap between the first and second
excitonic absorption bands, and this narrowing effect was size-
dependent. Quenching, subsequent recovery and enhancement
of the photoluminescence emission were observed due to OAm
exchange. The chelating bidentate interaction between the
carboxylate group and surface Cd cation was weakened in the
presence of OAm. This effect can be ascribed to the formation
of hydrogen bonding between oleate and OAm on the surface of
CdSe NCs. OAm can bond on the particle surface through
hydrogen bonding with oleate groups. An alternative bonding
mechanism also proposed is that OAm bonds to the surface
oleate via hydrogen bonding and a coordinating bond to a
surface Cd cation. The lone-pair of electrons of the N atom of
OAm can be donated to the empty orbital of the surface Cd
cation. High-temperature annealing helped to replace the ole-
ate ligands from the NP surface by OAm."”* CdSe nanoplatelets
were produced in a mixture of 1-ODE and OAm for the wurtzite
lattice or in 1-ODE/OAc for the ZB lattice. Especially in the latter
case, OAc helped to hinder platelet aggregation. In the case of
the wurtzite structure, no aggregation was observed in chloro-
form in the presence of OAm and tributylphosphine, even if
OAc was absent."””

A capillary microreactor was employed to continuously
produce NIR-emitting CdSe,Te;_, nanocrystals. TOPO or TOP
was used as the solvent for the anion precursor, while OAc and
OAm were the solvents for the cation precursor. Then, an easy
single-step coating process was applied, taking advantage of the

This journal is © The Royal Society of Chemistry 2022
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dissolution of cadmium oxide and free elemental S in OAc.
Consequently, a very thin CdS shell was grown on the as-
prepared CdSe,Te;_, nanocrystals in an epitaxial manner. Also,
in this case, OAc was the potential metal site-coordinating
ligand (via oxygen) and TOP served as the potential chalcogen
site-coordinating ligand (via the P atom)."”® Kolny-Olesiak and
co-workers prepared different shapes of CdTe NPs by modifying
the composition of the solvent (1-ODE and OAm mixture). At a
later stage of the reaction with a high OAm content, also OAc
depletion played an important role, resulting in the destabiliza-
tion of the particles and promoting nanowire formation. The in
situ-formed CdO NPs (by the reaction of Cd-oleate with OAm)
acted as an additional source of Cd monomer during the
synthesis and affected the growth of the CdTe NPs.'”* Hassinen
et al. produced CdTe QDs in the presence of tetradecylpho-
sphonic acid and OAm. Adding OAc did not lead to the release
of any amine or phosphonate anhydride ligands from the
particle surface. Nevertheless, if phosphonic acid was added
to the partially OAc-coated particles in a high-temperature
ligand exchange process, OAc moieties would be released from
the surface. Forced ligand exchange after ligand stripping with
bis(trimethylsilyl) selenium would lead to the presence of OAc
species on the ligand shell and cause hydrolization of the
TDPAanh ligands to TDPA ligands. Also, the bound OAm was
removed from the particle surface in this way."”

The single source precursor approach was used for the
synthesis of CdSe QDs through the decomposition of 2-(N,N-
dimethylamino)ethylselenolate of cadmium. The OAc ligand
induced the formation of a direct band gap, whereas OAm
showed only a broadband emission. PMMA was used as a
dispersant polymer and the annealed CdSe/PMMA film was
studied regarding its photoluminescent properties as a func-
tion of precursor/ligand ratio. The carboxylate groups of the
OAc molecules bind strongly to the Cd surface atoms through
electrostatic interactions, while the amino terminations of the
OAm moieties would display a lower binding affinity to the II-
VI QD surfaces. Considering that the head groups of the ligands
adsorb readily at the NP surface, the ligands are expected to
play a significant role in particle formation in the polymer
matrix as well as in the control of the particle size and the
resulting optical properties of the nanocomposite films. The PL
spectra denoted that the OAc entities form a shell surrounding
the QD surface, interacting with the Cd dangling bonds. The
low degree of grafting for the OAm species would be associated
with a bigger number of surface defects.'”®

In the case of CdS nanostructures, different shapes such as
irregular, spheres and nanorods were produced by adjusting
the solvent ratio of OAm/OAc. Ill-defined and agglomerated
particles were obtained when an insufficient concentration of
OAm and OAc was employed, which is associated with their
poor capping ability. Increasing the concentration of OAm
offered a more controllable morphology owing to its excellent
capping nature compared to OAc. A higher monomer concen-
tration of OAm assisted the anisotropic growth of NRs (c-axis)
in the preferential (002) orientation, as shown by XRD
monitoring."”’
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The reaction between OAm and OAc was shown to be
essential for the formation of CdTe NWs in the presence of
CdO. It assisted the activation of the Cd precursor and con-
tributed to the creation of favorable reaction conditions for NW
formation by oriented attachment. Especially, the use of OAm
as a solvent was crucial to achieve nanowires. The formation of
amide, caused by the reaction between OAm and OAc, could not
occur in the absence of CdO. Excess OAc hindered the genera-
tion of metallic Cd in the course of the reaction. Increasing the
amount of TOP hampered the formation of nanowires, while
the OAc did not show any detrimental effect in obtaining NWs.
Alternatively, it helped to develop a dense ligand shell around
the NPs and limit aggregation.’”® Recently, Zamkov and co-
workers demonstrated a thermodynamically-driven aggregative
growth for the shape control of CdS (and CdSe) NCs. Several
insights were presented by the authors. For instance, in an
OAm/CdCl, environment, a low dispersion of particle sizes
persisted for the duration of the synthesis, whereas the aggre-
gative growth in the presence of OAc featured the formation of
two NC populations at intermediate stages. The use of OAm/
OAc mixtures led to the generation of very thick (>4 nm
diameter) rods. The main strategy presented by the authors
was the replacement of the atomic precursors with small-size
NCs as building blocks, which provided a more facile way to
safely predict the shape evolution of the resulting particles."”
An organometallic hot-injection route was used by Adegoke and
Park to epitaxially passivate the surface of CdSe QDs with a non-
toxic In,S; shell layer, thus avoiding the use of the highly toxic
CdS (Fig. 32). Hexadecylamine and OAm were used as both
capping agents and reductants, while TOP, OAc, lauric acid and
1-dodecanethiol were the surface-capping agents. The lattice
mismatch between CdSe and In,S; was ~14% and the final
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particles were transferred to water and showed excellent cell
viability, as revealed by the MTT cytotoxicity assay.'®°

Cu-Based

Copper-based chalcogenide nanostructures comprise a highly
attractive category of materials, which occur in a broad range of
elemental compositions and crystal phases. Elongated CulnS,
nanomaterials such as nanorods are promising for applications
in solar energy conversion, given that the interconnected
nanocrystals offer extended pathways for the enhancement of
electrical conductivity, unlike their single spherical-shaped
counterparts. The group of Kolny-Olesiak observed that mod-
ifying the amount of OAc in a system containing OAm, OAc,
copper and indium precursors affected the reactivity of the
monomers, as described in their paper on CulnS, nanostruc-
tures (Fig. 31c and d). Consequently, the size of the copper
sulfide seeds formed in situ after the injection of tert-
dodecanethiol was affected. These seeds will then function as
a sulfur source. The seed formation implies the higher reactiv-
ity of Cu compared to In in the reaction solution. It seems that
indium ions are mostly coordinated by OAc and OAm in the
initial reaction stages. The use of a small amount of OAc led to
the formation of relatively larger seeds (8 nm), which resulted
in the formation of hybrid copper sulfide-copper indium dis-
ulfide nanocrystals as intermediates during the growth process
of NRs."”°

Using large amounts of OAc resulted in smaller seeds
(4 nm), which gradually turned to copper indium sulfide NRs.
The reaction between OAm and OAc at high temperatures
appeared to be the critical factor triggering the attachment
between NRs to form multipods and networks. The "H NMR
spectra suggested that quick exchange dynamics occurred in

5 3
T ¢
TOPSe, TOPIn, TOPS
240 °C - 300 °C A Spf
5

Ligand
Exchange

GSH

NH

OHNMO

Fig. 32 Scheme depicting the organometallic synthesis and ligand exchange reaction of GSH-coated CdSe/In,Ss QDs.*®° Copyright 2017, The Royal

Society of Chemistry.
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the metal-oleylamine (or OAc) complexes. OAc can protonate
acetate ions, and the acetic acid formed in this reaction will be
removed from the solution upon heating. OAm seemed to be
bound to the ends, rather than to the sides of the nanorods.
The formation of networks of end-to-end NRs is attributed to
the decrease in stabilizing effect of OAm, which was removed in
a certain rate from the solution through its metal cation-
catalyzed reaction with OAc."”°

Waurtzite CulnS, NPs (Fig. 33a) were prepared by using
copper- and indium-nitrate precursors with dodecanethiol.
The size and shape of the NPs were controlled by adjusting
the Cu/In ratio together with the addition of more ligands such
as OAm and OAc. For example, when OAc substituted a half of
dodecanethiol by volume, uniform NRs were produced. Com-
bining 3 mL of OAc, 3 mL of OAm and 4 mL of thiol led to the
formation of quasi-spherical NPs with a mean size of 8 nm. The
hard bases OAm and OAc could function cooperatively with the
thiol to provide a suitable coordination. The hard bases could
coordinate with In(ur) on the lateral surface of the nanocrystals,
and then guide the wurtzite copper indium disulfide phase to
grow along the c¢ axis. OAc could prevent the massive aggrega-
tion of NRs, while also inducing a type of attraction between the
different nanorods."®"

Chang and Waclawik produced zinc blende CulnS, nanos-
tructures in the presence of copper iodide, indium acetate and
1-dodecanethiol using 1-ODE or OAc at 220 °C. The thermo-
dynamically metastable wurtzite crystal structure was favored
when the solvent was replaced by OAm or TOPO. Metal ions are
Lewis acids, while OAm and TOPO are Lewis bases, and thus
metal complexes are often generated during the reaction. In
that report, OAc was deemed to be less likely to form complexes
with metal ions because of its acidic property. The chalcopyrite
phase (obtained also in the case of 1-ODE solvent) is similar to
the zinc blende phase due to the fact that it can be regarded as
resembling a double zinc blende structure along the c-axis.'®*
Li et al. produced alloyed CulnS,-ZnS NRs via a heating method
in mixed OAm/OAc as the solvent. Cu-, In- and Zn-acetates were
used as the precursors, while the source of sulfur was tert-
dodecanethiol. It was found that indium oleate could react at
high temperatures with OAm to form indium hydroxide. The
synthesis started with the generation of copper sulfide parti-
cles, which later transformed to CulnS,-ZnS via the incorpora-
tion of In- and Zn-ions.'®® For the preparation of Fe- and Zn-

Fig. 33 TEM images of (a) CulnS, nanorods.*®! Copyright 2011, The Royal
Society of Chemistry. (b) Cu,_,Se nanocrystals.®®2 Copyright 2020, Else-
vier, reprinted with permission. (c) Cu,_,Se nanodisks. Copyright 2012, The
Royal Society of Chemistry.18
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substituted CulnS, NPs, Tremel and co-workers employed OAc
(a hard Lewis base), OAm (a borderline Lewis base compared to
OAc) and thiourea (a soft Lewis base) to form suitable com-
plexes. Considering that Fe(i) is a strong Lewis acid similar to
Ga(m), OAc can be used to form an appropriate complex but
Zn(u) is not a strong Lewis acid, and therefore OAm was chosen
also as a borderline coordinating solvent. The authors investi-
gated the complex formation, structure and optical properties
for the resulting particles using several characterization
techniques. The prepared Culn; ,M,S, (M = Fe, Zn, and Ga)
colloidal dispersions were stable for many weeks and these
materials were considered potential agents for low-cost ink jet-
printed solar cells.’®® Regarding the formation of the chalco-
pyrite structure, the role of OAc and the reaction temperature
was highlighted by Vahidshad et al., where combining OAc with
OAm or using a mixture of OAm with 1-ODE favored the
production of a chalcopyrite structure as a dominant product.
Concerning the particle morphology, the trigonal shape was
prevalent when a mixture of OAc/OAm/1-ODE solvents was
used, unlike the case of only OAm solvent (mixture of semi-
trigonal particles and full triangles). OAm could react with
In(m), a hard Lewis acid, while thiourea could react with
Cu(1), a soft Lewis acid, besides also serving as a source of
sulfide ions. Increasing the thiourea to OAm ratio led to an
enhancement in chalcopyrite production with respect to
wurtzite."®” In the case of the CulnS, system, it was reported
that OAc could reduce the precursor reactivity, leading to a
decrease in the population of nuclei formed during the nuclea-
tion step. Consequently, this would maintain the presence of a
considerable quantity of precursors during the growth step,
causing an increase in the NP size. 1-ODE and OAc could help
to carefully regulate the kinetic growth of the NPs and obtain
well-defined nanocrystals. A mixture of OAm and 1-ODE (1:1 in
volume) led to the formation of rectangle-like NRs and quasi-
round bodies. Thinner nanorods were obtained upon replacing
half the amount of OAm with OAc."®® Lu et al. also corroborated
through their findings that the obtained crystal phase can be
tuned to be either chalcopyrite or wurtzite by modifying the
ratio between TOP/OAc/OAm. TOP, being a soft base, shows a
tendency to bind with Cu’ ions, which is a soft acid, thus
regulating the coordination functions of the solvent with the
copper cations. This suppresses the reactivity and slows down
the NP growth rate. Then, the copper and indium cations would
have increased possibility to be distributed in an ordered
manner, promoting the formation of a chalcopyrite phase as
the TOP ratio increased.'®® For the synthesis of the system
under discussion, the strong reduction property of OAm is a
crucial feature. OAm can expedite the precursor decomposi-
tion. It can reduce elemental S to S>~ and it can also reduce
Cu(n) to Cu(r). The latter can react with OAm to form
[Cu(0OAm),]". These complexes will hinder the formation of
binary copper chalcogenides such as CuS or Cu,S. The possible
mechanism for the formation of CulnS, is presented in
Fig. 34."°° OAm and OAc were used as structure-directing
agents for the assembly of QDs into 1D quantum chain
superstructures through a stepwise heterogeneous reaction
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Fig. 34 Scheme illustrating the proposed synthetic mechanism for CIS
NCs. Reprinted with permission from ref. 190, Copyright 2012, Springer
Nature.

approach. High-quality lead sulfide (PbS) and copper indium
sulfide (CulnS,) QDs could be readily crosslinked into micro-
scale QCs via the interdigitation of vulcanized solid sulfur
precursors. The chain-like structures can be used for Li-ion
batteries applications."**

Regarding the CuFeSe, system (Fig. 31b), the effect of OAc
on its shape evolution was investigated by varying the amount
of ligand in the reaction process. A high-temperature route
was employed in the presence of OAm solvent, while the
precursors were Cu(u) acetylacetonate, Fe(m) acetylacetonate
and Ph,Se,."* Gabka et al. prepared Cu-Fe-S NCs with varying
compositions (from copper-rich to iron-rich) and sizes using
OAm/OAc, CuCl, FeCl; and thiourea. The crystal structure could
be either chalcopyrite or high bornite. It was found that ODE
could be formed in situ from OAm through the elimination-
hydrogenation reaction taking place between OAm and the NP
surface.'®? Vahidshad et al. published a report on the synthesis
of CuGas, NPs using copper chloride, Ga-acetylacetonate and
thiourea in a solvent medium composed of either single OAm
or a mixture of OAm/OAc and 1-ODE. The morphologies of the
produced NPs were either elongated, polygonal or a combi-
nation of both, as a function of the particle crystal structure.
This phase could be mostly wurtzite, chalcopyrite, or a
balanced mixture of both crystal structures. The addition of
OAc favored the formation of an increased percentage of
chalcopyrite in the product. The temperature and amount of
OAm also affected the resulting crystal structure to a significant
extent. For example low temperatures and increased or exclu-
sive use of OAm promoted the generation of wurtzite."*?

The OAm/OAc ratio was studied regarding its effect on the
LSPR properties of Cu,_,Se NPs (Fig. 33b) produced via a hot-
injection route. In that work, OAm/OAc was used as both the
solvent and ligand pair, while CuCl and elemental selenium
powder were the Cu and Se sources. In general, OAc often
coordinates to the NP surface through carboxylate groups,
which are negatively charged and can act as electron donors,
resulting in a decrease in the free carrier density. Alternatively,
OAm will coordinate to the surface through its amino group,
which will not influence the free carrier density of the NPs."®> A
phosphine-free hot-injection protocol was employed to synthe-
size pure-phase monodisperse berzelianite Cu,_,Se nanoplates
using elemental Se, OAm and 1-dodecanethiol. Besides being
dissolved in OAm/thiol, Se was also tested as a precursor
combined with 1-ODE, sole OAm or sole OAc, respectively.
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Obvious LSPR behavior was observed in the case of the nano-
plates prepared at 180 °C."** Shen et al. presented a facile non-
injection approach to produce Cu,_,Se NPs with several shapes
(hexagonal self-assembled nanodisks (Fig. 33c), elongated hex-
agonal bipyramids and trigonal bipyramids). To achieve this,
the ratio of Cu-stearate, OAc, OAm and Se-ODE was adjusted.
Interestingly, FTIR measurements implied that the surface of
the prepared NPs was only coated by OAm, even though both
OAm and OAc were used as stabilizers. When a high concen-
tration of OAc was added, the growth of the (200) facets
appeared to be too fast. Triangular Cu,_,Se NPs showed a
propensity to assemble in three-dimensional superlattices
when the reaction conditions were OAm-rich.'®® Small Cu,_,Se
NPs with a size of <5 nm were synthesized using Cu(u) stearate
with NaHSe in the presence of OAm/OAc at 95 °C at the toluene/
water interface. The potential photovoltaic properties of the
nanocrystals were evaluated by fabricating NC-sensitized TiO,
solar cells, which demonstrated a high fill factor, implying their
possible application in photovoltaic devices.'>®> Combining
OAm with OAc (and 1-ODE) was also proven to be beneficial
for the controllable synthesis of the Cu,_,S system. Hierarch-
ical nanostructures, truncated octahedral morphologies, nanor-
ods and spherical Cu,_,S were reported. CuCl was the copper
source, while elemental S was the sulfur precursor. When single
OAc was used as the solvent, no plasmonic peaks appeared in
the NIR region, indicating the presence of a stoichiometric
Cu,S phase. Depending on the amount of 1-ODE and OAm, Cu-
rich or Cu-deficient phases with different shapes could be
isolated."®®

In the case of the CulnSe, system, a nanoplate-like morphol-
ogy was obtained with the sole use of OAm, while its partial
replacement with OAc and 1-ODE resulted in a bunch of
hierarchical structures. Using pure OAc or a mixture of OAc
with 1-ODE led to a nanocube-like morphology with sizes in the
range of 25-50 nm."” A relatively easy, non-injection process
was employed for the synthesis of CulnSe, and CuGaSe,
hexagonal microplates. OAc was critical to generate the micro-
plate morphology, taking into account that this shape was not
observed in the absence of OAc.'”® A facile, relatively green and
cost-effective approach was reported for the synthesis of high-
quality Cu,ZnSnS, NPs with a single source precursor. OAm/
OAc were used and the reaction temperature was lower than
220 °C. It was found that OAc plays a key role in the generation
of these quaternary nanocrystals. OAc was suggested to bind to
the surface of the particles and it may also form stable com-
plexes with them, since the aforementioned composition is not
the most thermodynamically stable one formed during the
course of the synthetic process. If no OAm was used, bypro-
ducts appeared in the work under discussion even after apply-
ing a reaction temperature of 300 °C."°

It is generally accepted that deprotonated OAc (carboxylate
anions, C;;H33C00™) can interact selectively with certain crys-
tal facets due to their high electron-donating capacity. In the
case of CuSbS, nanostructures prepared at high temperature, it
must be considered that Cu* and Sb*" are soft and hard acids,
respectively, and therefore the coordinating power between the
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metal ions and the hard Lewis bases OAm and OAc followed the
order of Sb*" > Cu". Thus, Cu" could form a complex with Tu (a
sulfur source) and Sb could form a complex with OAc and OAm.
Given that the Cu-Tu complex is more reactive than the Sb-
complex, heating the mixture causes the decomposition of the
former to generate Cu,_,S. Then, the Sb-OAm-OAc complex
will decompose and be incorporated in the Cu,_,S lattices by
ion exchange to yield CuSbS, and 3Cu'. 1-ODE could not
significantly influence the size and shape of the resulting
particles, considering that nanoplatelets were obtained when
OAm was used as the solvent, with or without dilution by 1-
ODE. In contrast, OAc modified the shape to nanobricks. The
use of a low amount of OAc resulted in the formation of smaller
particles but would reduce the shape homogeneity for the
resulting Su(sulfur powder)-OAm-OAc-ODE sample. Combin-
ing OAm and ODE with Su resulted in the formation of
nanoplatelets with the best shape homogeneity (Fig. 35a).>*°
Cu,ZnSnS, nanocrystals were prepared from copper, zinc and
tin dithiocarbamate complexes in the presence of OAm/OAc.
These particles could be readily dispersed in non-polar solvents
such as toluene. Subsequently, an extraction process was
employed to transfer the NPs to a K,S solution in formamide.
Accordingly, the nanocrystals were electrostatically stabilized
with $*~ in formamide and HS™ in the aqueous medium.
Interestingly, the FTIR spectra showed that residual alkyl
ligands were still left on the NP surface, which are probably
arranged in rather compact configurations, and in this manner,
they do not extend into the polar solvent (e.g., water or
formamide). A carefully performed extraction process could
maintain the original size and structure of the CZTS NPs.>"!
Babu and co-workers observed that the sole use of OAm
resulted in the formation of nearly spherical Cu,ZnSnS, NP,
while single OAc or an OAm/OAc mixture promoted the gen-
eration of hierarchical microspheres and nanodisc-like struc-
tures. The formation of disc-like structures could be attributed
to the structural direction of the aliphatic carboxy anion from
OAc while interacting with the NP surface. Nanodiscs and
nanoflower-like shapes may arise from the formation of
hexagonal-shaped Cu,_,S NPs after the generation of the
corresponding nuclei. A lower amount of OAm was associated
with sheet-like morphologies. Regarding the resulting crystal

Su-OAm-ODE |b) {/LE

Fig. 35 SEM image of (a) CuSbS, nanostructures®®® and (b) TEM image of
NizS4 nanoprisms.2%* Copyright 2018 and 2014, The Royal Society of
Chemistry, respectively.
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structure, the combination of elemental sulfur with OAm
promoted the formation of zinc blende NPs, whereas 1-
dodecanethiol in OAm favored the formation of the wurtzite
phase.?®” It was reported that the phase of CZTS nanocrystals
could be tuned from kesterite to wurtzite using dodecanethiol-S
solution and OAc instead of OAm in the presence of metal
precursors during the synthetic procedure. Combining OAc
with the thiol assisted the tuning of the size of the spherical
particles in the range of 8-20 nm. Kesterite is the most
thermodynamically stable phase of CZTS and the differences
in the reactivity and coordination strength of the different
reagents will determine the final crystal structure (kesterite or
wurtzite).>*

In the case of the Cu,ZnSnSe, system, the nanoplates
obtained using OAm/OAc were slightly different than those
produced with 1-ODE/OAc. Morphological similarities were
noticed to some extent in the hierarchical configuration
obtained using OAm/OAc/1-ODE. The tetragonal phase of
CZTSe was obtained for all the above-mentioned samples.>’®
Copper tin selenide NPs were produced via a hot-injection
process under N, gas in the presence of OAm/OAc and 1-ODE
at 230 °C. CuCl,-2H,0, SnCl;-2H,0 and elemental Se powder
were the precursors. The presence of OAm and OAc helped to
obtain highly crystalline nanostructures with a tailored mor-
phology. In the absence of OAc, agglomerated particles were
produced. Regarding the formation mechanism, it seems that
small Cu,_,Se NPs are generated initially upon injecting the Se
precursor in the metal-oleate mixture. Subsequently, the diffu-
sion of Sn** ions resulted in the formation of Cu,SnSe; NPs.>%°

Fe-Based

Schaak and co-workers published a paper on the hot-injection
synthesis of Fe-Ge nanostructures in the presence of OAm/OAc,
Gel,, Fe(CO)s and hexamethyldisilazane (HMDS). The reaction
temperature was a crucial factor for the control of the resulting
particle shape and composition. At 260 °C, nanospheres of
Ni,In-type Fe;Ge, were produced. Applying a temperature of
300 °C converted the spherical nanocrystals to CoGe-type FeGe
NWs.**” Zhang et al. prepared iron sulfide nanostructures with
several morphologies (nanoparticles, nanoribbons and nano-
plates) through a single-source precursor approach in mixed
solvents composed of OAm/OAc/1-ODE. The cubic Fe;S, phase
was obtained using Fe(Ddtc); precursor. This was attributed to
the weak binding of OAm or OAc on the Fe ion. When
Fe(Ddtc),(Phen) was used as the iron source, it was suggested
that the Phen moiety from the decomposed precursor acted as a
chelating ligand, strongly coordinating to the Fe phases. Con-
sequently, a five-ring structure with iron ions was created,
leading to a nanoplate shape with Fe,Sg composition. Espe-
cially the presence of OAm was indispensable for the produc-
tion of iron sulfide nanostructures, since a mixture of OAc/ODE
solvents did not result in any product. The formation of FeS,
nanoribbons was suggested to arise from the template-
direction of micellar structures formed via the self-assembly
of the capping ligands.?*® FeSe, nanoflakes with a tetragonal
crystal structure and Se-deficiency were produced using ferrous

Nanoscale Horiz., 2022, 7, 941-1015 | 971


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Review

chloride and selenium trioctylphosphine via a solution-based
route in OAm/OAc. Adding OAc at a certain stage of the heating
process was crucial to acquire the tetragonal PbO-type phase.
The sequence of the addition of OAm and OAc in the reaction
pot was reported to affect the nucleation and growth evolution
of the nanocrystals. OAm can form a complex with Fe, and it
was observed that when no OAc was used, nanoflakes with an
inhomogeneous morphology were produced. Nevertheless, the
much earlier presence of OAc in the reaction mixture could
affect the nucleation and delay the growth of FeSe,, providing a
poorly crystalline product. It has to be noted that the complex-
ing ability between the N atom of OAm to Fe atom and the O
atom in OAc to Fe atom is different. Fe(u) can be present in a
more stable manner in amines than in organic acids. The early
presence of OAc and the absence of OAm will not properly
preserve the state of Fe, resulting in the formation of different
products (e.g., monoclinic Fe;Se,;).>*° In the case of FeCoS,
nanocrystals obtained in the presence of OAm/OAc with metal
acetylacetonate precursors and elemental sulfur, initially large
and uniform 2D microsheets were formed. Further heating at
higher temperatures in the presence of excess OAc transformed
the sheets to monodisperse spherical NPs via a digestive
ripening process. OAc was bound to the NPs via the oxygen
atoms of the carboxylic group in three different modes, i.e.,
monodentate, bridged and chelating. OAm binds to the NPs
surface through the N atom of its amino group. OAc facilitated
the formation of the final spherical shape, but OAm was largely
responsible for the formation of the initial uniform sheets.
Unlike OAm and OAc, in that work it was found that 1-ODE was
detrimental to the formation of monodisperse particle sizes
and homogeneous shapes. It neither assisted the formation of
sheets, nor was it found to act as a digestive ripening agent.>'°

Ni-Based

Ethylenediamine-based compounds were used as single-source
precursors to produce NiS (and MnS) nanocrystals. Irregular
shapes were obtained when OAc was combined with dodeca-
nethiol, whereas the combination of thiol with OAm led to
faceted cubic-shaped rhombohedral-phase NiS particles. Com-
bining OAm with thiol provoked the formation of OLAH" and
dodecane thiolate anion. The anion could bind to the surfaces
of the NiS crystals better than the neutral thiol, contributing to
isotropic particle growth. With an increase in the reaction time,
shape evolution to faceted nanocubes occurred. Regarding the
MnS composition, particles with a rock-salt structure and
hexagonal shape were isolated in a mixture of OAmM-ODE by
adjusting the reaction temperature. With a suitable OAm/ODE
ratio, monodisperse MnS nanocubes can be formed. In the case
of NiS particles, the exclusive use of OAm resulted in uncontrol-
lable nucleation and formation of polydisperse NPs.”'' A
temperature-controlled injection method was employed for
the synthesis of rGO-functionalized nickel sulfide NPs. Single
(OAm) or mixed (OAm, OAc, ODE) solvent systems were tested.
Consequently, nanocrystals with a controlled phase (NiS, NiS,,
and Ni3S,) were deposited on rGO (reduced graphene oxide)
sheets. When OAc was used, FTIR measurements illustrated its
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complete chemisorption on the NPs surface. OAm could assist
the reduction of GO NPs, given that rGO has lower reactivity
with S than GO. However, when OAm was used as a single
solvent, the interaction between OAm and GO was stronger
than that between the nickel and sulfur ions, causing the
generation of uncontrolled nickel sulfide phases on rGO. Thus,
to overcome this issue, the mixed solvent approach was used
(Fig. 36), yielding phase-controlled NPs with a homogeneous
size. The injection method enabled the sulfur ions to react
slowly with the well-dispersed nickel ions, ensuring the gen-
eration of specific single phases.”"

Ni;S, NPs were produced via the decomposition of two
different nickel precursors in the presence of 1-dodecanethiol
and OAm/OAc. The choice of precursor led to a change in the
triangular nanoprism shape to tetrahedra (nanopyramids). By
keeping the concentration of OAm stable, an increase in the
amount of OAc resulted in an increase in the size of the
nanoprisms, but a further enhancement of its concentration
led to particle aggregation and a broad size distribution. A
variation in the OAc and OAm concentrations had no impact on
the particle shape when nickel chloride was used as the
precursor (Fig. 35b). However, it influenced the shape in the
case of the Ni(acac), precursor (tetrahedral pyramids, NWs,
NRs and butterflies were formed).>**

Ni-Se nanostructures of different stoichiometries were pro-
duced via colloidal synthesis in the presence of OAm or OAm/
OAc mixture. OAm served as a reductant and/or stabilizer,
whereas OAc acted as a co-surfactant to produce different
stoichiometries. The sole use of OAm was mainly associated
with thermodynamic-type growth in all directions, leading to
the formation of spherical particles.>"*

Pb-Based

In the case of the PbS system, FTIR measurements indicated
the formation of oleyl ammonium oleate salt through the
reaction of OAc with OAm. This ammonium salt is the medium
where the chemical reaction for the generation of PbS takes
place. The spectral features of PbS QDs as a function of
temperature, reaction time and Pb/S ratio were studied by
Razumov and co-workers.?*® Zhao et al. produced PbS QDs in
the presence of ligands such as OAm, OAc and TOP. It was
found that the amphiphilic polymer approach, using PMAO-
PEG, could transfer the particles to water without losing their
initial structure and photostability when OAc or OAc/TOP were
the starting ligands. Nevertheless, OAm caused severe ligand
etching, inducing Ostwald ripening and resulting in a double
size distribution and total photoluminescence loss within a
short time after transfer to the aqueous medium. Etching and
Ostwald ripening resulted in several unpassivated surface
atoms, which deteriorated the PL properties to a significant
extent.”’® Shape-controlled PbS NPs were prepared using Pb-
acetate and dodecanethiol, while additional reagents such as
OAm, OAc and 1-ODE were also tested. By using suitable
mixtures of surfactants, shapes such as octahedral, starlike
(Fig. 37a), cubic, truncated octahedral and truncated cubic were
produced. Increasing the reaction temperature could cause the

This journal is © The Royal Society of Chemistry 2022
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Fig. 36 Scheme representing the growth of rGO/nickel sulfide structures in different solvent mixtures. Reproduced with permission from ref. 212.

Copyright 2017, Wiley-VCH.

binding of OAm to the NP surface to be weaker, thus inducing
the acceleration of the nanocrystal growth rate. However, a
bigger aggregation risk is also associated with the weaker
binding of OAm.*"” Warner and Cao showed that the suitable
combination of OAm, OAc and TOP could tune the morphology
of the PbS nanostructures from cubic and stars to rods
(Fig. 37b) and branched NWs. Although some previous reports
indicated that OAm has the tendency to coordinate with the
{111} PbS facets and prevent the formation of nanocubes, this
was not confirmed by the work under discussion.**®

A Pb-stearate complex and OAm-selenium were employed as
precursors to produce monodisperse PbSe nanocrystals with a
tailored morphology. Five different shapes (quasi-spherical,
cubic, octahedral, cubooctahedral and star-shaped) were gen-
erated, while the particle size could be tuned from 18 to 50 nm

Fig. 37 SEM image of (a) star-like PbS nanostructures. Reprinted with
permission from ref. 217. Copyright 2012, the American Chemical Society.
(b) TEM image of PbS nanorods. Reproduced with permission from ref.
218. Copyright 2008, Institute of Physics.

This journal is © The Royal Society of Chemistry 2022

by adjusting the amount of OAc, keeping the amount of OAm
unchanged. OAm was effective and required during the hot-
injection process, but if used in excess it led to the etching of
the NP surface. A low concentration of OAc favored the passiva-
tion of {100} facets, producing quasi-spherical and cubic NPs
(Fig. 38a), while a high OAc amount promoted the generation of
octahedral and star-shaped NPs with {111} facets. More OAc
also suppressed the activity of the monomers, resulting in a
lower population of nuclei in the reaction pot, and therefore
PbSe NPs with a larger size were synthesized.>'® Shao et al.
investigated the use of OAc, OAm and dibenzylamine in the
shape-controlled synthesis of PbSe nanocrystals (Fig. 38b). OAc
seemed to possess a more intense interaction with PbSe than
that of DBA, as it was shown that the use of OAc can modify the
nanostructure shape from cubes to octahedrons. However,
FTIR indicated that DBA had a stronger interaction with the
NPs than OAm. The synergistic effect between OAm, OAc and

Fig. 38 (a) TEM image of PbSe nanocubes.?'® Copyright 2013, The Royal
Society of Chemistry. (b) SEM image of star-shaped PbSe NCs. Reprinted
with permission from ref. 220. Copyright 2014, the American Chemical
Society. (c) TEM image of 7 nm PbSe QDs. Reproduced with permission
from ref. 221. Copyright 2015, the American Chemical Society.
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DBA assisted the growth of hexagonal pod-like nanostars with
well-defined morphologies. If no OAc was used, cubic PbSe NPs
were obtained.?*® Zhang et al. reported the synthesis of small
and surface-passivated PbSe QDs by adding SnCl, as a nuclea-
tion promoting agent and PbCl, as an in situ halide-passivating
agent (Fig. 38c). Surface passivation is very important for these
types of NPs. For example, oxidation will lead to the loss of OAc
ligands and surface Pb atoms, forming dissolvable Pb-oleate. In
the work under discussion, XPS spectra showed that halide
adlayers were created on the top of PbSe QDs, preventing their
oxidation and offering stable photoluminescent behavior.***

Sn-Based

SnS QDs coated by OAm, OAc and TOP ligands were produced
via a commonly employed solvothermal route. The particles
had a mean size of 8 nm and were applied as the hole-
transporting material in n-i-p-structure perovskite solar cells,
achieving a power conversion efficiency of 13.7%. Very good air
stability was demonstrated, and the device performance
remained stable after 1000 h of storage under ambient
conditions.?** Greenidge and co-workers used a variety of high
boiling point solvent combinations to produce tin disulfide
thin nanosheets. The use of single OAm resulted in mixed
phases, while solvent combinations such as OAm/OAc/ODE and
OAm/OAc led to single-phase 2H-SnS,, without signs of phase
impurities. OAm could induce relatively fast nucleation and
particle growth. Upon mixing with OAc, the slower nucleation
and growth steps affected the particle shape, leading to flat and
well-defined edges.?”* In fact, it has been reported that the ratio
of OAm cis to trans isomers and the amount of OAc can also
influence the size and thickness of tin sulfide nanosheets, as
well as their crystal structure (¢-SnS or n-SnS). For example OAc
was reported to form a highly ordered monolayer on the (100)
surfaces of PbS, and thus suppressing an increase in the
nanosheet thickness. 98% cis OAm promoted the formation
of densely packed ligands, lowering the surface energy, and
then additionally hindering the sheet growth in the [010]
direction. A tin(u) oleate complex was formed after dissolving
tin(u) chloride in a mixture of OAm and OAc. Oleylammonium
chloride was formed simultaneously, separating the Sn from
the Cl ions. It is worth noting that hexamethyldisilazane aids
the formation of nanosheets. In the absence of OAc, the crystal
edges would be unshaped. This ligand improved the hexagonal
shape of nanosheets and it preferentially attached to the (101)
and (100) crystal facets.”** Thin films of SnS were produced
with nanocrystals as their constituting units using low-cost
solution phase methods. The exchange of the starting OAm/
OAc/TOP surface ligands helped to enhance the electronic
coupling and charge carrier mobilities by decreasing the inter-
particle distance, ensuring the immobilization of the NCs.**?
Liang et al. investigated the role of reaction temperature and
the volume of OAc in the synthesis of SnS NPs using Sn(OAc),
and S-OAm precursors. In that work, increasing the volume of
OAc resulted in crystal aggregation. Possibly, this occurred due
to the coalescence of the destabilized NPs.**®
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Zn-Based

The phase transfer behavior of CdSe/ZnS, InP/ZnS and CulnS/
ZnS QDs coated with OAc, OAm and octadecylamine ligands
from organic medium to water was studied by Marsan et al.
Besides the case of CulnS-based NPs, particles capped with
amine-group surfactants seemed to transfer more slowly to
water than those capped with OAc.”*” The Hyeon group, in
2005, published a report on the synthesis of ZnS nanostructures
of different shapes in organic medium. When OAc was replaced
by OAm, 10 nm quasi-spherical nanocrystals were formed.
Under certain reaction conditions, which allowed kinetic con-
trol and oriented attachment mechanism to take place, ZnS
nanorods could also be formed.”** An OAm/OAc mixture was
successfully employed to produce ZnIn,S, nanostructures with
a hot-injection process. OAc was expected to form quite stable
complexes with Zn(u), meaning that a high temperature and
prolonged reaction time would be needed to achieve nanopar-
ticle synthesis. OAm accelerated the decomposition of the
complexes not only owing to its reducing role, but its amine
entity is also a nucleophile and can attack the carbonyl group in
the cation-acid complex, followed by cation release from the
complex.””® Wurtzite and zinc blende ZnSe NPs were synthe-
sized via the thermal decomposition of Zn(ac), in the presence
of OAm/OAc. TOP-Se was the selenium precursor. It was found
that the OAc complex started to form ZnSe NPs at a higher
temperature (274 °C) than in the case of OAm (220 °C). A
stronger coordination of OAc with Zn monomers than that
with OAm was reported. A higher supersaturation (higher
concentration of monomers) during the nucleation stage would
result in thermodynamically stable ZB phase. Alternatively, the
wurtzite phase is favored when low supersaturation occurs.”*’
In the case of the Zn, 5Cdy sSe system, the mean particle size
increased from 4 to 9 nm with an increase in OAm quantity
from 4 to 10 mL. The formation of the [Zn(OAc),-]OAm complex
was followed by its decomposition to form ZnO, which grew on
the Zn, 5Cd, sSe surface. Especially high OAm contents induced
the formation of ZnO more easily.”*°

Miscellaneous metal chalcogenides

Bi,Se; nanoflowers consisting of numerous thin nanosheets were
produced via a hot-solution injection method in the presence of
OAm/OAc. Adjusting the ligand ratio allowed the NF size to be
tuned from 100 nm to 1 pm. Characterization techniques indi-
cated that Bi-oleate was reduced initially by OAm to Bi-rich NPs,
which subsequently reacted with the Se precursor to yield Bi,Se;
nanosheets. Ostwald ripening helped to grow and assemble the
nanosheets into hierarchical nanoflowers.**" Also in the case of
bismuth, OAm and hexadecylamine have nitrogen as the ligating
atom, and therefore the interaction of these ligands with Bi
cations is weaker than that of the OAc. For the Bi,S; system
prepared in the presence of OAm/OAc/hexadecylamine, respec-
tively, XRD showed a bias of orientations towards the (211) crystal
planes when using OAm. The highest crystallinity degree was
observed in the OAm-capped sample. Bismuth dithiocarbamate
was the Bi source in that work.>**
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Fig. 39 (a) TEM image of MoSe, nanoflower. Reprinted with permission from ref. 233. Copyright 2017, Elsevier. (b) TEM image of GeSe nanobelts.
Reproduced with permission from ref. 234. Copyright 2012, the American Chemical Society. (c) SEM image of Sb,Ses NRs.2*> Copyright 2020, The Royal

Society of Chemistry.

The adjustment of the OAm/OAc ratio was shown to be
important for the formation of ultrathin MoSe, nanosheets.
Porous network-like or discrete flower-like nanostructures
(Fig. 39a) with a large specific surface area and abundant
exposed edge sites could be selectively formed. Under certain
conditions, OAc could accelerate the reaction of Se-ODE with
the Mo precursor, causing the production of numerous
nanosheets with a small size. The passivation effect of OAm/
OAc on the curled nanosheets facilitated their stability.>*?

GeSe nanobelts (Fig. 39b) were produced in a one-pot
approach using a mixture of Gel,, TOP-Se, OAm/OAc and
HMDS heated at 320 °C. Diffuse reflectance measurements
implied that the particles possessed NIR absorption with an
indirect band gap of 1.1 eV. Interesting electrical properties
were recorded, with a resistivity of approximately 360 Q cm.>**
Tuning the OAc/OAm volume ratio helped to control the
oxidation extent of Sb,Se; NRs (Fig. 39c), which spanned
1.20-51.5% by increasing the OAc ratio, as shown by XPS. Pure
OAc yielded a mixture of nanotube and nanorod morphologies.
An OAc/OAm volume ratio of 5:4 provided a highly crystalline
product with orthorhombic phase and high purity. The nanor-
ods produced in OAc/OAm displayed a higher photoresponsiv-
ity, stable photo-switching, lower dark current and higher
photocurrent/dark current ratio than that produced in single
OAm or single OAc. Varying the amount of OAc did not lead to
an important modification of the optical absorption and band-
gap energies of the Sb,Se; NRs. The modest degree of surface
oxidation (20-30%) was associated with the superior photore-
sponsivity of the nanorods.**> Han et al. presented a phase
transfer-based route to produce shape-controlled HgS nano-
crystals using different solvents or temperatures. Hg(u) ions
were transferred from water to toluene in the presence of
OAc or OAm, followed by sulfidation at a given temperature.
The use of only OAc led to a spherical NP morphology with
coarse surfaces. Dendritic morphologies were obtained when
an OAm/OAc mixture was used at different ratios (Fig. 40a).
Beyond a certain range of ratios, cubic, fan-like or large
spherical NPs were isolated. Possibly, OAm self-organized into
reverse micelles, where HgS was generated. The amount of
OAm influenced the resultant NP shape by changing the

This journal is © The Royal Society of Chemistry 2022
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Fig. 40 (a) TEM image of HgS nanocrystals.>*® Copyright 2014, The Royal
Society of Chemistry. (b) SEM image of FesOs@Au nanocomposites.
Reprinted with permission from ref. 238. Copyright 2013, Elsevier. (c)
TEM image of FePt/MgO NPs. Reproduced with permission from ref.
239. Copyright 2008, the American Chemical Society. (d) TEM image of
Pd-Fes0,4 hybrid NPs.2C Copyright 2014, The Royal Society of Chemistry.

structure of the OAm reverse micelles. The hydrocarbon amide
formation, produced by the condensation reaction between
OAm and OAc, also affected the reverse micelles and the final
NP morphology.>*® The single-source precursor approach was
employed to produce Pd,S with different shapes at 195 °C. OAm
medium resulted in flower-like structures, while a mixture of
OAc and ODE led to a spherical shape. The latter non-reducing
and weakly ligating mixture caused the Pd,S structures to self-
assemble rapidly after their formation, yielding nanospheres.
The strong coordinating and reducing functions of OAm were
responsible for the nanoflower shape in this medium, where
the slow self-assembly of quickly formed OAm-capped Pd,S
clusters induced the formation of the flower-like shape.**”
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Kawai and colleagues reported the production of tetrapod-
shaped EuSe NPs via the thermal reduction of europium
chloride and an organic selenide complex in a medium
composed of hexadecylamine (HDA) and OAm/OAc. A small
amount of OAc induced anisotropic crystal growth. The coordi-
nation ability of the carboxyl group in OAc may be stronger
than that of the amine group in HDA. The carboxyl groups
are considered to play a significant role in stabilizing the Eu(ur)
precursor complexes. The OAm would also support the stabili-
zation of the europium-based complexes in HDA. All these
phenomena affected the crystal growth mode of the EuSe
nanostructures. Applications in domains such as magneto-
optics are envisaged for these lanthanide nanocrystals.>*!
OAm, OAc and dodecanethiol were used for the synthesis of
AuSe nanostructures. The different reducing powers and bind-
ing energies of the reagents resulted in distinct growth modes
and resulting shapes. OAm and OAc capping resulted in belt-
like structures, while the thiol led to short rod-like morpholo-
gies. The lowest amount of impurities was observed in the case
of OAm-capped NPs.>**> Dandelion-like CosSs and sphere-like
Co3S, nanostructures were produced using Co(acac), as the
cobalt source and 1-dodecanethiol as the S source in a mixture
of heated OAm/OAc. The molar ratio of Co: S precursor and the
solvent composition affected the crystal phase and shape con-
trol of the resulting cobalt sulfide particles. The sphere-like
particles displayed a better electrocatalytic performance for the
hydrogen evolution reaction compared to the dandelion-like
particles. The large surface area and high electrical conductivity
of the sphere-like Co;S, explain their higher catalytic activity.>**

In summary, regarding metal chalcogenides nanostructures,
one can highlight that also in this case, the role of OAm/OAc is
crucial to tune the particle morphology, and also the crystal
structure (e.g., wurtzite or chalcopyrite). OAc acts as a hard
Lewis base and OAm is a borderline Lewis base compared to
OAc. These properties affect their ability to form coordination
complexes with metals in the reaction pot. Finally, the way that
OAm/OAc may influence the optical (photoluminescent, fluor-
escent) properties of metal chalcogenide NPs was discussed.
For instance, excess OAm can cause severe ligand etching and
loss of photoluminescence.

4. Heterostructured and core-shell
nanostructures

Multifunctional nanomaterials with complex configurations
such as core-shell and heterostructured (island-type, onion-
type, dimers, core-satellite, etc.) morphologies combine the
different properties of all their components, aiming for
improved suitability in a range of fields. Mohammad and Arfin
produced Fe;O,@Au core-shell NPs by growing gold onto pre-
synthesized magnetite NPs. OAm/OAc formed a capping mono-
layer surrounding the NPs, protecting them from interparticle
interactions. Diphenyl ether and 1,2-hexadecanediol were also
used, while the metal sources were iron acetylacetonate and
gold acetate.*** Of course, sometimes the gold shell was not
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homogeneously distributed around the spherical magnetic
core. Phase transfer to water using tetramethylammonium
hydroxide (TMAOH) provided negatively charged hydroxyl
groups on the NP surface, which replaced the initial hydro-
phobic OAc/OAm coating.”*” In fact, initially, the iron oxide NPs
were strongly stabilized by OAc, and in the case of the chlor-
oauric acid precursor, AuCl,” competed and finally displaced
OAc from the surface of the Fe;O, core NPs by a ligand
exchange mechanism. Varying the OAm/OAc ratio, the particle
size could be tuned, for example, in the range of 100-500 nm,
as shown by Lloret et al.>*® It has been suggested that prefer-
ential absorption on the {111} facets occurs when the size of the
head group of the additive ligands is comparable to the spacing
of the Au atoms on the facet. XRD measurements can show if
OAm absorbs preferentially on the {111} facets, which would
result in very slow growth along the {111} orientations and
prominence of the {111} facets. In that work, the deposition of
Au on the iron oxide NPs led to the formation of Fe;O,@Au
particles, which agglomerated to form larger aggregates. Sub-
sequently, OAm-controlled anisotropic deposition of gold
continued to occur on these aggregates, promoting the devel-
opment of branched nanostructures (Fig. 40b).>*® In another
report, iron oxide-Au core-shell NPs were produced via the
thermal decomposition of Fe(CO)s in the presence of OAm/OAc
in octyl ether. Oxidation of the Fe cores took place from the
surface to the inner region and the oxidation was incomplete in
the interior part. Oxidation could occur probably during the
washing and redispersion stages, before the gold coating. A
subsequent coating step helped to grow Au on the initial NPs by
the reduction of gold acetate using 1,2-hexadecanediol. Size
monodispersity and capping with OAm/OAc mediated the
formation of 2D-arrays.**°

Salado et al. presented the synthesis of water-soluble mag-
netite@Au NPs functionalized with biocompatible and fluores-
cent molecules and they studied their interaction with cell
cultures. The initial synthesis of magnetite involved OAm/OAc
as hydrophobic ligands, followed by the thermolytic reduction
of gold(m) acetate to grow Au on the Fe;O, seeds. To confer
biocompatibility, initial treatment of the product with PMAO,
and then further conjugation with either PEG or glucose helped
in performing the cytotoxicity and cell studies. The gold shell
was also helpful for the aimed biocompatibility and it protected
the magnetite core from further oxidation. In addition, it
enabled the possibility to attach more ligands, and it also
enhanced the superparamagnetism of the NPs by softening
the interactions between them.>*” The pyrolysis of Fe-nitrate
with OAm/OAc led to the synthesis of Fe,0,@C NPs, which were
then added to a heated mixture of OAm and silver nitrate in
different concentrations. The final product was a mixture of
iron oxide crystalline NPs (surrounded by an amorphous C
shell) and Ag crystalline NPs. Different shapes such as ellipses,
quadrangles and hexagons with rounded corners having sizes
in the range 20-40 nm could be isolated.>*®* The group of
Shouheng Sun, in 2008, published the synthesis of fcc-FePt/
Fe;04 NPs with platinum acetylacetonate and iron pentacarbo-
nyl precursors in the presence of OAm/OAc. Coating of the FePt
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NPs with MgO through the thermal decomposition of
Mg(acac), helped to hamper particle sintering upon high
temperature reductive annealing (Fig. 40c). In this way, the
fcc-FePt core could be converted to the tetragonal fct-FePt
phase with more attractive magnetic properties without unde-
sirable side effects. The final hard magnetic NPs could be
stabilized by hexadecanethiol/OAc and dispersed in
hexane.**® Normally, particles capped by OAm/OAc are only
soluble in non-polar or weakly polar solvents. TMAOH was also
shown to be efficient for the water transfer of initially OAm/
OAc-capped Fe/Fe-oxide core-shell NPs. In fact, TMAOH can
bind to the empty spaces available at the surface of NPs
between OAm and OAc, offering hydrophilic behavior.>*

Heterostructured Au-Fe;O, dimer nanostructures coated
with OAm/OAc were prepared by a method combining seed-
mediated growth and high temperature decomposition. The
surfactant coating was replaced by DMSA by applying a ligand
exchange process. In fact, the charge transfer of Au NPs may
partially reduce magnetite at the Au-Fe;O, interface to the
antiferromagnetic FeO phase. Thus, high magnetic anisotropy
can be observed for the particles, which is attributed to the
exchange bias between FeO and Fe;O,. Improved heating
efficiency, as reflected by the elevated specific absorption rate
(SAR) values, was achieved for the DMSA-coated dimer
particles.”®® Pariti et al. produced superparamagnetic Au-
Fe;0, bifunctional NPs via a single step hot-injection precipita-
tion method. OAm helped to reduce Au(m) in chloroauric acid
precursor to Au(0) seeds, which simultaneously oxidized Fe(0)
from iron pentacarbonyl to form the bifunctional particles. The
size of the NPs was affected by the injection time of the gold
precursor, the amount of OAm (OAc was also present), the
reflux time and the ratio between the two precursors. Subse-
quently, i-cysteine was attached to the NPs to enable the
evaluation of their cytotoxicity.®’ In a somewhat different
approach, 8-20 nm Au-Fe;0, NPs were synthesized by decom-
posing Fe(CO)s on the surface of gold NPs in the presence of
OAc and OAm. Subsequent coating with PEG enabled cytotoxi-
city measurements to be carried out. Actually, PEG helped to
align the oil phase of the NPs to the water phase, dopamine
reacted with OAc on the NP surface and the amino entity of
dopamine reacted with the carboxyl group of PEG. This ensured
that PEG was only connected to the Fe;O4 NPs.>*?

Schaak’s group showed that Pt-Fe;O, heterodimers can
react with Pb and Sn acetylacetonates at 180-200 °C in a
solution of benzyl ether, OAm/OAc and tert-butylamine borane
(TBAB) to generate PtPb-Fe;0, and Pt;Sn-Fe;0,4 heterodimers,
respectively. Actually, the PtPb-Fe;O, dimers could sponta-
neously aggregate to form colloidally stable (PtPb-Fe;0,),
flower-like nanostructures through a process analogous to a
molecular condensation reaction.”>® Bao and co-workers inves-
tigated the attachment of Pt NPs on surfactant-capped Fe-oxide
NPs. When the latter particles were coated with OAc, the Pt
attachment proved to be challenging because of the strong
binding between the carboxylic groups and iron oxide surface.
In the case of OAc/TOPO or OAc/OAm-coated NPs, an important
increase in Pt attachment was noticed. Single OAc was
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associated with a uniform spherical shape for the iron oxide
NPs, while particles with OAc/TOPO capping were less spherical
but still homogeneous. Irregular morphologies were observed
for the OAm/OAc-capped particles. However, these ill-defined
shapes contained numerous corners and edges, which could
act as preferred heterogeneous nucleation sites, thus facilitat-
ing the attachment of platinum.>** X-ray absorption near-edge
spectroscopy (XANES) measurements were employed to study
the thermal evolution of OAm/OAc-capped Pt-rich FePt/Fe;0,
heterodimers. An increase in temperature led to a gradual
reduction of magnetite to FeO assisted by the thermolysis of
the ligands, whereas at temperatures higher than 550 K, the
Fe;Pt composition started to form. Interestingly, it was noted
that ‘secondary’ reducing agents such as C, CO and H, could be
produced via the thermolysis of OAc and OAm at high tem-
peratures, causing possible modifications in the oxidation state
of the heterodimers.*>

Ag-Fe;0, nanohybrids were fabricated through a simple
one-step reaction of Ag-acetate with Fe-acetylacetonate in the
presence of 1,2-dodecanediol, OAm and OAc. These ligands
were necessary for successful particle formation. OAm and diol
acted as reductants for the generation and stabilization of silver
particles. OAc and diol were crucial especially for the magnetite
component. No heterodimers or even core-shell NPs could be
produced in the absence of one of the above-mentioned
ligands. The final Ag-Fe;0, dimers displayed higher sensitivity
for the detection of 2-naphthalenethiol compared to Ag or core—-
shell Ag@Fe;0, NPs.>>® Socolovsky and co-workers prepared
Ag-Fe;0, nanoheterostructures in two steps, where Ag seeds
were initially produced with a tailored size according to the
chosen OAm/OAc ratio, and then magnetite NPs were grown
onto those seeds in a second stage. The interaction of the seeds
with the metal surface was mediated by the electron-dense
carboxylic group of OAc. The denser presence of these groups
over the surface would generate the charge compensation
required to permit nucleation on multiple facets. The use of a
large amount of OAc and Ag NPs with a size of around 32 nm
induced high charge compensation conditions and resulted in
the formation of flower-like structures. Alternatively, low OAc
quantities and 23 nm Ag seeds led to a decrease in the charge
compensation, hindering the magnetite nucleation in numer-
ous facets and promoting a dumbbell-like morphology.**” Kim
and Song produced Pd-Fe;0, hybrid NPs by initially synthesiz-
ing spherical 4 nm palladium NPs, which were used as seeds.
Subsequently, iron pentacarbonyl was thermally decomposed
on the surface of Pd in the presence of OAm/OAc with a variable
ratio. Further growth and air oxidation followed. When OAm
was the only surfactant added, highly homogeneous concentric
Pd@Fe;0, yolk-shell particles were obtained (Fig. 40d). In the
case of OAc as a single ligand, the product was large metal
clumps without the formation of crystals. OAm acted as a
typical stabilizer; however, OAc was strongly bound to Fe,
forming an Fe-oleate complex with a high nucleation barrier.
Increasing the OAc concentration decreased the number of Fe
atomic seeds and slowed down the growth rate, resulting in a
gradual modification of the particle symmetry. Adjusting the

Nanoscale Horiz., 2022, 7, 941-1015 | 977


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Review

OAc/OAm ratio was crucial to tune the structure and the crystal
domain size of the resulting hybrid particles.>*® Yadong Li and
co-workers grew magnetite NPs on pre-synthesized metal seeds
(M = Au, Ag, Pt, and Pd) to produce M-Fe;O, heterostructures.
The authors used both OAm and OAc as capping agents to
complex ferric ions, and also to reduce the required reaction
temperature. The particle size of the magnetite NPs increased
with a decrease in the concentration of the capping agents.>*®
Hyeon’s group presented the gram-scale synthesis of Pd-Fe;0,
heterodimer NCs via the thermolysis of Fe-acetylacetonate and
Pd-acetylacetonate using OAm and OAc. The heterodimer NPs
were composed of a 6 nm-sized Pd nanosphere and 30 nm-sized
faceted Fe;O, nanocrystal, exhibiting soft ferrimagnetic beha-
vior, where high saturation magnetization and low coercivity
values were recorded.>*®

MoS,-MoO, composites were synthesized via a hot-injection
route involving MoO; and S powder as precursors with OAm/
OAc solvents. Upon increasing the reaction temperature and
prolonging the reaction time, OAc reorganized the octahedral
units of MoO; and a low valence of Mo gradually became
prevalent. OAc can react with MoO;, modifying its bonding
environment rather than forming a new composite. The OAm
can first reduce the Mo-precursor to MoO, as the core, followed
by the replacement of the O atoms by S atoms to create an MoS,
shell, leading to the formation of an MoS,-MoO, core-shell
structure. The detailed reaction mechanism considered respon-
sible for this synthesis is suggested in Fig. 41.>°° Kanehara and
co-workers reported that the stability of CogSg/PdS, nanoacorns
can be improved by adding OAm/OAc stabilizers. Especially, the
affinity of this ligand pair to surface cobalt ions helps in this
direction. For example, nanoacorns treated with TOP or dode-
canethiol did not appear to form stable solutions for a pro-
longed time.>*!

Lee and co-workers reported the synthesis of PbSe NRs and
PbSe/CdSe heterojunction NRs through direct Cd-to-Pb cation

+6 +6, +5, +4
Partially
dissolved
OAc Mo-
M 003 precursor (S)
OAm S-
S precursor (I)

Fully dissolved

View Article Online

Nanoscale Horizons

exchange in CdSe NRs. The use of suitable ligand-cation
combinations permitted cation exchange, while leaving the
nanoparticle shape unchanged. For instance, solvation of the
Cd cations using OAm enables the cation exchange process,
which would not be feasible using OAc instead of OAm. Given
that Cd(u) and OAm are harder acid-base combinations than
Pb(u) and OAc, Cd-OAm or Pb-oleate is more stable than Pb-
OAm or Cd-oleate complexes. Pb-oleate on its own is not
capable to drive enough Cd-to-Pb cation exchange given that
OAc is less capable of solvating Cd**, which diffused out of the
NRs during the conversion. OAm exhibits strong hard-hard
interaction with Cd(u), and additional OAm in the mixture of
CdSe NCs with Pb-oleate can offer a driving force for the cation
exchange. In fact, the authors of the work under discussion
presented in detail the phenomena taking place to achieve the
heterojunctions and the reader is directed to that paper to
access these insights, and also see Fig. 42.>%

High-quality Ag,S-CdS hetero-nanostructures were pro-
duced through an easy one-pot method based on the thermal
decomposition of two single source precursors in OAm/OAc.
OAc was shown to be conducive to the generation of spherical
Ag,S-CdS structures and OAm promoted the formation of
matchstick-like Ag,S-CdS morphologies. High yields of these
configurations could be obtained by careful control of the
growth kinetics. It was suggested that OAc favored mostly the
formation of an isotropic shape, while OAm induced, in prin-
ciple, the growth of 1D NCs by preferentially binding CdS to a
certain crystal facet.”®® In another report, the quick decomposi-
tion of Zn-acetate by microwave irradiation in the presence of
OAm/OAc led to the formation of hexagonal ZnO nanopyra-
mids. When gold ions were present, the formed Au NCs initially
served as heterogeneous nuclei for the nucleation and growth
of ZnO nanopyramids, where the decomposition of zinc acetate
requires higher temperatures than the reduction of Au ions.
When only OAc was used, the growth of ZnO pyramids seemed
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Fig. 41 Schematic representation of the reaction mechanism leading to the formation of MoS,-MoO, composite structures in the presence of OAm/

OAc. Reproduced with permission from ref. 260. Copyright 2017, Elsevier.
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to be rapid but it did not lead to the generation of well-defined
nanopyramid shapes. Pure OAm was related to the slow for-
mation of ZnO nanopyramids and most of the NPs formed did
not contain an Au core. Uniform hybrid Au-ZnO nanopyramids
were produced when both OAc and OAm were present within an
optimum molar ratio range (50-75% OAm). Further insights
into the contribution of OAm/OAc to produce high-quality gold-
zinc oxide nanopyramids can be found in the corresponding
ref. 264. Porous ceria nanocubes produced using the hot
injection technique could form a stable monolayer over H,O
and chloroauric acid subphase in a Langmuir-Blodgett trough
due to the presence of surface-capped OAc and OAm. CeO,-Au
nanocomposites were produced by exploiting the capacity of
OAm to reduce AuCl,” ions to Au(0) via the LB method. Gold
seeds were only formed site-selectively on the ceria
nanocubes.?®® The same group published a method to couple
porous CeO, nanocubes with Ag NPs, where OAm and OAc-
capped 3D porous ceria cubes were first produced by a
hot-injection method. Subsequently, 2,4-dimethylphenol was
employed to modify the particle surface and acted as a reducing
and capping agent to generate Ag NPs on the porous CeO,
support at room temperature. The final CeO,-Ag nanocompo-
site displayed a higher catalytic performance in click reactions
in comparison to the unsupported Ag NPs and porous ceria
nanocubes. The nanocomposites were also found to exhibit
good catalytic activity in the carboxylation of terminal
alkynes.>®®

Sun’s group reported a general route to produce NiAu alloy
NPs via the co-reduction of nickel acetylacetonate and HAuCl,-

This journal is © The Royal Society of Chemistry 2022

2H,0 at 220 °C using OAm/OAc. After electro-anodization, the
NiAu alloy NPs were converted to core/shell NiAu/Au NPs, which
exhibited increased activity for the HER. OAm acted as the
solvent, surfactant and reductant, while both OAm and OAc
were stabilizers. First-principles calculations proposed that the
Au sites with low coordination numbers around the shell were
responsible for the improved electrocatalytic performance.>®”
Cannas et al. studied the molecular interactions in the incor-
poration mechanism of colloidal hydrophobic NPs in the
hydrophilic core of reverse microemulsions. OAm/OAc were
the chosen hydrophobic capping molecules, while Igepal-
CO520 was the surfactant. A mechanism was hypothesized to
take place based on the tail-to-tail intercalation of OAc in the
Bi,S; NP capping layer with Igepal CO520, followed by the
interaction of the polar head species of Igepal with water to
create an external water shell. The detachment of the OAc
monomers from the NP surface was attributed to their high
affinity for the Igepal micelles, rather than direct exchange with
the Igepal molecules. Readers can find more insights and
suggestions on the role of OAm/OAc in this process in the
respective ref. 268. OAm/OAc-capped FePt NPs were modified
through a ligand exchange protocol with (3-mercaptopropyl)-
trimethoxysilane. FTIR spectra demonstrated that OAc was initially
chemisorbed on the FePt NPs as a carboxylate, while modification
with 3-MPTS resulted in the appearance of Si-OCH; bands. The
final FePt@Ti-SiO, composite particles were utilized for the hetero-
geneous catalytic epoxidation reaction using H,0,.>%
Ag@CulnS, core-shell structures were prepared by initially
producing Ag core NPs, which were afterwards coated with a
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CulnS, shell through the thermal decomposition of a metal
thiolate complex. The OAm/OAc mixture was employed for the
synthesis of the composites, and their size increased up to
11 nm by increasing the concentration of OAc. The ligand
mixture reacted with the metal cation to create metal-OAc
complexes. These complexes were deemed to be solvated by
several OAm molecules. Dodecanethiol was also used as a
reagent. The authors described in detail the suggested mecha-
nism for the final particle formation based on the ‘hard and
soft (Lewis) acid and base’ (HSAB) theory, the masking effect of
OAc for In(m) and the partial exchange of Cu(i) by In(m) on the
initial Cu,S shell to form CulnS,.>”° OAm and OAc can be used,
besides ZnS, to passivate QDs and study their effects on the
incident-photon-to-current efficiency (IPCE) performance of
solar cells. Dai et al. reported that OAm passivation may
decrease the device performance, unlike OAc passivation,
which can improve the IPCE. OAc coating caused a redshift
in the IPCE onset wavelength due to the delocalization of
excitons in the CdS QDs. The etching effect and surface
restructuring provoked by the presence of OAm were consid-
ered to be responsible for the decrease in performance in that
case.””’ Tu and co-workers reported the synthesis of green
luminescent CdSe/ZnS NCs through a microfluidic reaction. A
triple ligand system (TOPO/OAc/OAm) was employed to pro-
duce small CdSe NPs initially. Subsequently, zinc diethyl
dithiocarbamate was added as a precursor to form a ZnS shell
around the CdSe NCs. The role of OAm was critical for the
assisted decomposition of the zinc precursor at relatively low
temperatures and within shorter reaction times compared to
previous reports.>”>

Magnetic fluorescent FePt@CdSe core-shell NPs were pro-
duced via the sequential addition of precursors, with tetraethy-
lene glycol as the solvent and reductant. The OAm/OAc pair was
also used and their ratio affected the size and composition of
the FePt core. The amount of precursors was also a factor
influencing the size of both the core and shell components.>”?
Zhang et al. produced LizV,(PO,); NPs through a high-
temperature (320 °C) approach in organic medium. The OAm/
OAc ligand pair helped to prevent the uncontrolled growth and
aggregation of the particles. FTIR measurements indicated that
residual organic compounds from the OAm/OAc solvent were
present on the surface of the intermediate components, sup-
pressing particle overgrowth. The surface electronic conductiv-
ity of the as-prepared NPs was increased through a following
carbon-coating treatment, producing LVP@C NCs. To achieve
this, in situ polymerization of dopamine and carbonization
were performed. Improved lithium storage activity was
achieved for the final carbon-coated composites.>”*

To conclude for this sub-section, it is interesting to highlight
that ‘secondary’ reducing agents such as C, CO and dihydrogen
can be generated through the thermolysis of OAc and OAm at
high temperatures, affecting the oxidation state of heterodimer
nanostructures. The reactions of OAm or OAc with metal-
containing precursors affect the evolution of the synthetic
process, yielding heterostructures, depending also on the other
synthetic conditions applied.
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5. Upconversion and rare earth-based
nanostructures
Eu-Based

Lanthanide oxysulfides are known as non-toxic materials with a
sufficient degree of chemical stability. They are candidate
materials for applications in optoelectronic and magnetic
devices for biological cell imaging and drug delivery. Never-
theless, synthesizing Ln,0,S can be complicated, given that the
hard acid Ln(**) may interact simultaneously with a hard (0,7)
and soft (S,”) base. Eu,0,S NPs were produced via the sol-
vothermal decomposition of an Eu-complex containing acda ",
which is the anion of 2-aminocyclopentene-1-dithiocarboxylic
acid. Individual OAm or combined with TOP or OAc at 280 °C
enabled the production of several morphologies such as thin
nanoplates, nanospheres and short rods. Ultrathin 3D hexago-
nal nanoplates with a surface diameter of 8-12 nm and thick-
ness of 0.3 nm were obtained when OAc and ODE were added to
the reaction pot together with OAm. Also in this system, the
different binding capacity between OAm and OAc was consid-
ered crucial for the acquisition of different shapes. The replace-
ment of OAc and ODE by TOP led to the cancelation of the
preferential growth in specific directions by reducing the sur-
face energy. In this case, spherical particles were formed.?”” Cai
et al. used OAmM/OAc as combined surfactants in a thermal
decomposition route to produce Gd,0,S:Eu NPs. The product
consisted of nanocubes with a mean size of 25 nm. A well-
established phospholipid surface modification strategy was
introduced to transfer the hydrophobic OAm/OAc-coated parti-
cles to an aqueous medium.””® Cho and Huh prepared
SrMo0,:Eu’*",Tb*" nanophosphors with a diameter of 5 nm
through solvothermal reactions in a hexane-water bilayer sys-
tem composed of Sr-oleate, Eu-oleate and Tb-oleate complexes
in hexane and an aqueous (NH,)sMo0,0,, solution. A simple
phase-transfer method was utilized to produce the above-
mentioned oleate complexes in hexane from aqueous
Sr(NO3),, Eu(NO3); and Th(NOj3); solutions with the assistance
of Na-oleate, OAc and OAm. The emission colour of the
transparent suspensions of SrMoO,:Eu®*",Tb*" nanophosphors
could be finely tuned over the green-red spectral region.>””
YVO,:Bi**, Eu** NPs were produced in water using a citrate
precursor, and then they were surface-modified with either
OAm or octylamine to transfer them to pentane. The surface
of the citrate-coated NPs was modified through electrostatic
interaction by alkylammonium cations, which were formed in
water. The dried NPs became hydrophobic and could be redis-
persed in non-polar solvents containing OAc. Interestingly,
their hydrodynamic sizes are smaller than that of the hydro-
philic NPs dispersed in aqueous solution before hydrophobiza-
tion. The bidentate coordination of OAc on the NP surface was
stronger than the monodentate adsorption of alkylammoniums
on the NP surface. The downsizing was attributed to the release
of the aggregated NPs.>”® Du et al. published the fluorophilic-
assisted synthesis of highly luminescent self-organized ultra-
thin EuOF NWs with a uniform diameter of around 1.8 nm.
Eu(CF3;COO0); was the europium precursor, while OAm/OAc
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were used as the solvents for heating the mixture to 310 °C.
Increasing the amount of OAc resulted in the generation of
~4 nm EuOF spherical NCs, which was attributed to the
retarded fluorination due the presence of a high population
of free OAc ligands. Alternatively, when excess OAm was used,
Eu,03; NCs rather than EuOF NWs were produced because of
the high fluorophilicity of the free OAm ligands through F-N
binding. An OAm/OAc ratio of 1: 1 was favorable for the formation
of EuOF NWs. Under these conditions, the reactivity of the F~
ions produced by the cleavage of the Eu(CF;COO);_,(OA),
intermediate was assumed to be maximized. Hence, the highest
reactivity of the F~ ions drove the preferential 1D-growth of the
thin EuOF NWS along the (111) direction via the bridging
interactions of the F~ anions among the crystalline seeds.>”®

NdFeB

NdFeBO polycrystalline NPs were produced via the coprecipita-
tion of Nd(ac); and Fe(acac); in the presence of OAc and OAm
as complexing agents and CTAB as the surfactant at 300 °C. The
OAm/OAc pair helped to stabilize the metallic precursors by
controlling their deposition rate. The above-mentioned
reagents together with CTAB were crucial to hinder irregular
growth patterns and particle aggregation. The oxide NPs were
embedded in the CaO matrix, followed by the reduction of
calcium toward Nd,Fe;;B NPs. The complexation between
Nd(ac); with OAm decreased the reduction potential of Nd.**°
In fact, the OAm/OAc ligand pair was employed in colloidal
chemical bottom-up approaches, and also in top-down meth-
ods, such as high-energy ball-milling. The ball-milling of 40 pm
Nd,Fe;,B powder under an inert atmosphere in the presence of
heptane and OAm/OAc led to 15 nm isolated NPs after 20 h.
These particles exhibited improved magnetocrystalline aniso-
tropy compared to the starting powder.>®!

Rare-earth fluorides

Lithium-based upconverting NPs were produced with a size of
5 nm by controlling the relative amount of OAm and OAc. The
carboxylic group of OAc can be deprotonated, therefore yielding
metal-oleates upon interaction with the rare earth (RE)’" ions.
This interaction is both electrostatic and through the lone
electron pairs featured by the O atoms in the carboxylic group.
In the case of OAm, the ligand species can interact with Re(m)
only via the lone electron pair on the N atom of the primary
amine group. More insights into the role of OAm and OAc on
the mechanism of the formation of LiYF,:Tm>**,Yb** upconvert-
ing NPs were reported by Vetrone and co-workers.*®> The size of
the particles could be tuned in the range of 5-90 nm by
adjusting the surfactant ratio. A high concentration of OAm
led to the production of sub-5 nm cores, which were not
thermodynamically stable. However, injecting OAc, which has
stronger coordinating ability than OAm, achieved size-focusing
of the primary cores into slightly larger but thermodynamically
stable NPs.”®” Liu and co-workers produced LiYF4:Ybg ,Erg o,
NPs through the thermal decomposition method. When the
chosen solvent system was OAc/1-ODE, the samples had a
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smaller size and stronger emission in comparison to the case
of the OA¢/OAmM/1-ODE medium.”®?

To summarize for this sub-section, we choose to highlight
that OAm/OAc can be also used as an efficient ligand pair in
top-down synthesis methods such as ball-milling. The choice of
these long-chain surfactants can be beneficial to obtain
remarkable magnetic properties. Tuning the OAm/OAc ratio is
crucial to obtain size-controlled upconversion particles with
competitive emission properties.

6. Monometallic nanoparticles
6.1 Magnetic metal NPs

Magnetic metal nanostructures show large potential in numer-
ous applications, including magnetic data storage, biomedi-
cine, environmental science and catalysis. Research and
detailed studies on MNPs have become one of the most active
and exciting fields in materials science. An important challenge
is to produce MNPs that exhibit a high degree of monodisper-
sity, low level of aggregation and high magnetic saturation.
Thus, the MNP size, crystallinity and magnetization saturation
must be all tuned for these materials to be employed in the
aforementioned applications.

Cobalt nanoparticles. Cobalt nanoparticles exhibit a variety
of structural, magnetic, electronic, and catalytic properties
depending on their size and crystalline structure. Especially,
the high coercivity of these NPs is crucial for applications in
magnetic recording media. Cobalt nanoparticles have been
synthesized by numerous methods under various conditions.
Hao and co-workers synthesized cobalt NPs with relatively high
coercivities via the thermal decomposition of cobalt acetate in
the presence of protective agents, namely, OAm/OAc, PVP or
TOP, and in the presence or absence of 2-pyrrolidinone solvent
and 1,2-dodecanediol reducing agent. The authors showed that
the particle size could be controlled by using different combi-
nations of protecting agents, hindering particle agglomeration
during and after growth.>®* The effect of OAc on the size and
shape of the Co NPs was investigated by Suh et al., where the
particles were synthesized via the thermal decomposition of
cobalt acetate, and the amounts of PVP and OAm were kept
constant. Consequently, agglomerated cubic NPs were pre-
pared, indicating a deficiency in surfactant for steric hindrance
due to the presence of PVP, while in the absence of PVP, no NPs
were obtained.”®® Panda and co-workers synthesized Co (and
Ni) NPs via a superhydride reduction route using OAc and OAm
as capping agents together with CoCl, (or nickel chloride) as
the precursor. Crystalline phases of the materials were obtained
by annealing at 600 °C under a high-purity N, atmosphere. The
FTIR spectra of the as-prepared (at 280 °C) amorphous NPs
indicated the capping of OAc and OAm in the form of their
acid-base complex, consisting of -COO- and -NH;" ions, while
that of the heat-treated (600 °C) Co and Ni crystalline NPs
showed the absence of OAc and OAm capping. This indicates
the decomposition of the oleyl group into some other simpler
organic compound(s). Electron micrograph studies confirmed
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that the annealed Co and Ni both had nearly spherical
morphologies and showed ferromagnetic behavior at room
temperature with smaller values than the bulk Co (and Ni).
The magnetization field (M-H) characteristics showed the
presence of superparamagnetic fractions in the ferromagnetic
materials.?®® Hong et al. demonstrated that by using the polyol
process in the presence of Co(acac);, 1,2-hexadecanediol, OAm/
OAc and octylether, Co NPs with various sizes and shapes could
be fabricated. In their study, it was shown that when no
surfactant was added, rice-shaped Co NPs were produced with
an assembled form. The addition of OAm promoted the for-
mation of Co NPs and reduced their aspect ratio and size, while
using OAc favored the formation of faceted NPs. Several shapes
of Co nanostructures including nanoprisms, nanowires and
nanoflowers were fabricated by the addition of a controlled
amount of an OAm/OAc mixture. All the different types of Co
NPs prepared in that work showed ferromagnetic properties
with much lower values of saturation magnetization than that
of the bulk Co.*®”

Iron nanoparticles. Iron seems to be unique among the
magnetic materials and it is usually the prime candidate in
biomedical applications such as targeted drug delivery and
magnetic resonance imaging. Among the available methods
to form iron NPs, the thermal decomposition of Fe(CO)s is one
of most successful and frequently used approaches. Wheatley
and co-workers published a study on the thermal decomposi-
tion of Fe(CO)s, which resulted in core@shell Fe@Fe;04 NPs in
the presence of either OAm or a mixture of OAm/OAc. The
heterostructured nanocomposites were created via the post-
synthetic modification of isolated Fe seeds. The OAc/OAm ratio
influenced both the morphology and dispersibility of the
product. This was interpreted in terms of competing interac-
tions of the ligands with the iron precursor. Superparamagnet-
ism was observed for the resulting NPs, and microscopic
studies revealed the oxidative stability of the Fe(0) cores for
more than 6 months, and this finding was deemed highly
relevant for biological applications.?®® To minimize the oxida-
tion of the final product, Takahashi et al. synthesized Fe NPs
through the reduction of FeCl, by superhydride in organic
medium at moderate temperatures. A combination of TOPO
and OAm was employed to control the particle growth, while
the proportion of OAc was carefully adjusted to minimize the
surface oxidation of Fe NPs, which was revealed by TEM. Oleic
acid contains oxygen in its molecular chain, and thus it can be
a source of oxidation under certain conditions.”®

Nickel nanoparticles. Monodisperse nickel NPs show excel-
lent catalytic effect in the hydrolytic dehydrogenation of ammo-
nia borane. Nickel nanoparticles are often prepared by
reduction methods in aqueous or non-aqueous solutions.
Recently, the conventional sol-gel method has also been
applied in the field of metallic materials given that this method
can be efficient and convenient to obtain metallic nano-
particles. Li et al. studied the sol-gel process, where ethanol,
nickel nitrate and citric acid were used as the solvent, source of
metallic element and chelating agent, respectively. OAc and
OAm were used as surfactants to prepare carbon-supported
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nickel NPs. The authors illustrated that heat treatment of the
dried gel at an appropriate temperature under protecting gas
induced the formation of nickel NPs. The saturation magneti-
zation was much lower than that of coarse-grained nickel,
which was ascribed to the size-effect of the ferromagnetic
NPs.”®® Strouse and co-workers synthesized size-tunable pure-
phase fcc crystalline Ni multipod structures using a cycled
microwave heating approach. Multipod shapes were formed
in ambient conditions using a simple reaction system
composed of Ni(acac),, OAm and OAc within a few minutes,
after selective heating at the (111) overgrowth corners on Ni
nanoseeds. The authors stated that when the cycle power
increased sequentially, the initial overgrowth taking place was
selectively heated compared to the rest of the NP surface, with
subsequent high-power short-time cycles. The proposed mecha-
nism of nickel multipod growth during cycled microwave
heating is shown in Fig. 43. Selective heating at the corners
leads to accelerated autocatalytic growth along the (111) direc-
tion through a “lightning rod” effect. The authors studied the
role of the heating mode, concluding that the particle length is
proportional to the duration and number of microwave cycles,
whereas the core size is controlled by the continuous MW
power delivery.”** Sun et al. synthesized monodisperse Ni NPs
via the reduction of Ni(acac), with borane-tributylamine (BTB)
complex in a mixture of OAm/OAc. The ligand pair also acted as
the solvent medium, while OAc assisted especially the stabili-
zation of the Ni NPs. Without any special treatment to remove
the surfactants, the monodisperse Ni NPs could be supported
on Si0, during a hydrolysis reaction.>*> In another article, the
same group synthesized monodisperse Ni NPs through the
reduction of Ni(acac), with BTB in the presence of OAm and
OAc to study their catalytic activity. The authors discussed that
the use of OAc played a key role in obtaining monodisperse Ni
NPs; otherwise, polydisperse Ni NPs would be formed. The NPs
were highly active for the hydrolytic dehydrogenation of the
ammonia-borane (H;NBH;) complex even at low catalyst and
substrate concentrations at room temperature.>*® Nickel-based
nanolubricants containing size-tunable monodisperse nickel
NPs were in situ synthesized by Zhang and co-workers in poly-
alpha-olefin (PAO6) via a one-step thermal decomposition
method with Ni(HCOO), as the metal source. In that work,
PAOG6 was used as the base oil and OAm/OAc were used as the
surface-capping agents. FTIR analysis indicated that OAm and
OAc were chemically absorbed on the surface of Ni nanocores.
The resulting Ni NPs showed enhanced thermal and dispersion
stability. The anti-wear behavior of the nickel-based nanolubri-
cants was quite good. This was attributed to the fact that
surface-capped Ni NPs in the as-prepared nanolubricants could
release highly active Ni nanocores and O- and N-containing
organic modifying agents, which can readily form a boundary
lubricating film on sliding steel surfaces.>** The synthesis of a
silica-supported Ni catalyst in the presence of OAm and OAc
was published by Kawi et al. The product was used for the dry
reforming of methane. Compared with the case of single OAm
or OAc, the preparation of Ni/SiO, with the OAm/OAc pair led to
smaller Ni particles, much stronger metal-support interaction
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Fig. 43 Proposed mechanism of nickel multipod growth during cycled microwave heating. Initial nucleation and growth leads to cubic shape (a—c),
evolving toward (111) overgrowth (d), and kept under continuous power (e). High aspect ratio multipod structures will form under cycled conditions, as
depicted in (f). Reprinted with permission from ref. 291. Copyright 2018, the American Chemical Society.

(MSI), enhanced initial conversion of both CO, and CH, and
prolonged stability over 16 h with zero carbon deposition. The
authors proposed how the OAm/OAc pair affects the catalyst
formation mechanism, which is strongly related to the
chemical structure of OAm and OAc and their chemical affinity
with silica and Ni (i.e., OAc intimately interacts with silica via
the hydrogen bond formed between the carboxylic group and
silanol group and OAm forms a complex with Ni and promotes
the adsorption of Ni on silica through the basic property of
amine ligand).?>® Thus, in the case of monometallic NPs, the
morphology control and dispersibility were assisted by OAm/
OAc, which also offered a certain degree of protection against
surface oxidation.

6.2 Noble metal (non-plasmonic) nanostructures

Noble metal nanostructures with controlled morphologies play
important roles in many fields, such as catalysis, optics and
sensors. Previously reported works have shown that the special
properties of noble metal nanostructures are often size- and
shape-dependent. Their final shape and size are usually deter-
mined by a combination of factors such as the effect of reagents
including precursors, ligands, reductants and solvents. Ther-
modynamic and kinetic influences on the particle morphology
may also arise through a variation in the reaction temperature
and time.

Single-crystalline Pd nanowire arrays in porous anionic
aluminium oxide template were prepared by Gao et al. using
a simple high-temperature liquid-phase reduction method. In
this synthetic process, OAc was used to modify the inner wall of
the pores and Pd** complex with OAm was filled in the channel
of the anodic aluminium oxide (AAO) template. Subsequently,
the complex was reduced to provide OAm-capped Pd nano-
wires. This article suggested that OAc could improve the
environment of the inner wall of the pores due to the negative
charge of its hydrophilic group (COO~™), which can be

This journal is © The Royal Society of Chemistry 2022

combined with the positively charged wall by electro-
static attraction, leading to the formation of uniform Pd
nanowires.”*® Dish-shaped palladium nanostructures were
obtained from Pd(acac), in the presence of OAm and OAc. This
process was correlated with the kinetic-controlled evolution of
two-dimensional (2D) Pd nanosheets, which served as inter-
mediate growth species. The authors described that the mor-
phology of the Pd-(111)-plane-based nanodish is closely related
with the growth of secondary crystals along the rims of the Pd-
(111) planes.*®” Pod-like Pd nanostructures were synthesized by
Tilley and co-workers at room temperature in a reaction vessel
with a controlled reaction pressure. OAm/OAc were present in a
1:1 ratio. The carboxylic-acid functionalities of OAc were
shown to induce structural changes. In this system, kinetically
controlled growth was achieved with the use of OAc, while the
single use of OAm exclusively resulted in thermodynamic
growth conditions.>®® To grow branched Pd nanostructures,
Tilley’s group employed the addition of Pd seeds to a solution
containing bis(acetonitrile) palladium(u) dichloride, OAm/OAc
in a stoichiometric ratio and toluene. The palladium salt was
reduced under a hydrogen atmosphere in a pressurized reac-
tion vessel at room temperature. Controlling the particle size
was achieved by a simple manipulation of the seed concen-
tration. The selective use of OAm and OAc was found to be
critical for the synthesis of these structures, while Pd icosahe-
dra enclosed by low-index {111} facets were produced when
OAm/OAc was replaced with hexadecylamine.**®

Pt nanocrystals with octahedral and cubic shapes were
synthesized by Choi via the reduction of Pt(acac), in the
presence of OAm, OAc and benzyl alcohol with no metal
additives. By controlling the volume ratio of OAm/OAc, the
reduction kinetics was manipulated, and thus the shape of the
nanocrystals was modified. OAm plays the role of the coordina-
tion ligand, namely, coordination of its amine group with Pt
ions occurs, resulting in the formation of Pt complexes, which
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caused the slow reduction of the Pt precursor. Therefore, the
reduction rate of the Pt precursor can be modulated by controlling
the volume of OAm in the reaction mixture, achieving the
kinetically controlled synthesis of Pt nanocrystals. Octahedral
and cubic shapes of Pt nanocrystals were obtained using OAm/
OAc ratios of 1 and 0.25, respectively.>*® Vulcan carbon-supported
cube-shape Pt NPs with various metal loadings were synthesized
in the presence of OAm/OAc, Pt(acac), and W(CO)s. The nano-
particle suspension was mixed with Vulcan carbon to obtain Pt/C
catalysts. The TEM micrographs of the Pt nanocubes together
with carbon-supported platinum particles with various loading
amounts are depicted in Fig. 44.>°" The catalytic activity of a range
of materials is often affected by the presence of surfactants; thus,
removing surfactants without altering the particle structure is a
prerequisite for examining facet-dependent particle catalytic activ-
ity in a highly reliable way. A simple procedure for removing PVP
and OAm/OAc from shape-controlled Pt nanocubes using electro-
chemical potential cycling in 0.5 M NaOH was described. The Pt
nanocubes were synthesized using OAm/OAc as surfactants in a
hexane/ethanol mixture through one-pot polyol synthesis.>**

The reduction of (methylcyclopentadienyl)(1,5-cyclooctadiene)ir
with hexadecanediol in the presence of four different capping
ligand combinations between OAc/OAm, TOP, tetraoctylammo-
nium bromide (TOAB) and tetraoctylphosphonium bromide
(TOPB) led to the isolation of Ir nanocrystals. The OAc/OAm-
coated nanocrystals were of the highest quality, with the
narrowest size and shape distribution among the prepared Ir
nanocrystals. These OAm/OAc-capped fcc Ir NPs were tested for
their ability to catalyze the hydrogenation of 1-decene, and in
this case, no catalytic activity was observed.***

For the sub-section of noble metal-non plasmonic nanos-
tructures, we choose to highlight that the removal of OAm/OAc
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from shape-controlled NPs is crucial to reliably test their face-
selective catalytic activity.

6.3 Plasmonic nanoparticles

Gold nanostructures. Gold nanocrystals are among the most
studied types of nanoparticles due to their interesting plasmo-
nic and catalytic properties, which can be tuned by controlling
their particle size, shape, and surface covering. Probably, the
most interesting feature of anisotropic Au NPs is that they have
multiple absorption bands due to their distinct surface plas-
mon resonance modes. In this context, El-Shall et al. used a
one-pot microwave irradiation method to prepare different
shapes of Au NPs capped with a mixture of OAm and OAc.
The morphology of the nanocrystals was tailored by varying the
OAm/OAc ratio, MW time and concentration of gold ions. These
effects were directly reflected in the SRP properties of the
resulting nanocrystals in the visible and near-infrared regions.
The use of pure amine led to the formation of only spherical
particles, whereas introducing OAc increased the growth rate
and enhanced the formation of anisotropic shapes. The IR
spectrum of the reaction mixture after MW irradiation indi-
cated that OAc reacts with OAm in the presence of Au NPs to
form dioleamide, as shown in Fig. 45. The presence of N-H
bending at 1555 cm™* and the C=O0 group shifting to 1695
em ', as well as the disappearance of the NH, stretching at
3380 and 3313 cm ™! indicate the formation of dioleamide.**?
The impact of mixing OAm and OAc as a liquid matrix for
sputtering of Au NPs on the particle size, uniformity and their
colloidal and compositional stability was investigated by Yone-
zawa and co-workers. Equal volumes of OAc and OAm resulted
in the smallest Au NPs with very good colloidal stability. This
finding was attributed to the improved viscosity and synergistic

Fig. 44 TEM micrographs of (a) unsupported Pt nanocubes and carbon-supported cubic Pt nanoparticles: (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50 wt% Pt/C

catalysts. Reprinted with permission from ref. 301. Copyright 2017, Elsevier.
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Fig. 45 FTIR spectra of OAc, OAm, oleamide, and the reaction mixture
consisting of OAc, OAm and HAuCl, after microwave irradiation. Reprinted
with permission from ref. 303. Copyright 2010, the American Chemical
Society.

protecting capability of the mixed liquids compared with
single-component liquid media.>* Sun et al. used a one-pot
synthesis to develop a series of hydrophobic Au NPs ranging
from short nanobars and long nanorods to ultrathin and
ultralong nanowires by adjusting the ratio of chloroauric acid
to OAm, OAc and triphenylsilane. The silk-like ultralong and
ultrathin nanowires were found to have a single crystalline
structure. Gold spherical NPs with large sizes were obtained
from gold nanodots via a seed-mediated growth approach.
These NPs and ultralong nanowires showed excellent surface-
enhanced Raman scattering (SERS) activity in organic
solvent.*®® In another report, Au NWs were produced by the
reduction of HAuCl, in OAc and OAm. OAm served as both the
reducing agent and stabilizer. By varying the volume ratio of
OAm and OAc, the authors could prepare NWs with controlled
diameters. When linked between two gold electrodes, the 9 nm-
diameter Au NWs showed good electron conductivity.*” Zhang
and co-workers studied the phase transfer of hydrophobic
monodisperse OAm/OAc-capped Au nanocrystals to the aqu-
eous phase using many different ligands, such as oleate and
CTAB, and discovered that the original particle properties,
including plasmonic, magnetic, catalytic and fluorescent prop-
erties, were well retained after transfer to water.*%®

Silver nanostructures. Ag NPs are very promising materials
because of their size- and shape-dependent properties and
potential applications. Examples include the use of Ag NPs as
anti-microbial coatings in medicine, as catalysts, in SERS and
in electronics, among others. During the last decade, several
approaches have been proposed to isolate monodisperse Ag
NPs such as sonoelectrochemical process, photochemical
methods and colloidal thermal decomposition or reduction.
Monodisperse silver NPs were synthesized via the sonolytically
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assisted decomposition of silver precursors (silver oxalate and
silver oleate) in dibenzylether. OAc and OAm were used as
capping agents. The size of the obtained particles varied
depending on the sonication time and the precursor material.
The self-assembly of 5 nm particles and the formation of
superlattices were observed over large areas. In the case of
particles obtained with silver oleate as the precursor, a grid-like
assembly of silver nanocrystals was observed.** Jeevanandam
et al. synthesized monodisperse Ag NPs through the thermal
decomposition of CH3;COOAg in diphenyl ether in the presence
of OAm/OAc. The amount of organic content present on the
surface of Ag NPs affected the self-assembly of the particles. In
the presence of OAc alone, no self-assembly was observed,
whereas the simultaneous use of OAm and OAc led to an
increase in organic coating on the surface of the Ag NPs.
Consequently, monodisperse particles of either cubic or hex-
agonal shape were self-assembled in a well-defined way.*'°
Wang and co-workers synthesized Ag NPs in a high-yield by
employing a redox potential-determined catalyzing principle;
namely, in a typical reaction, AgNO; was added in an OAm/OAc
mixture at room temperature in the presence (or absence) of
Fe(NO;);. Consequently, highly monodisperse Ag NPs were
prepared when Fe®* ions were present, in a range of different
reaction temperatures. Actually the authors found that even
trace amounts of Fe*" ions could significantly speed up the
formation of NPs and improved the yield of monodisperse Ag
NPs. This phenomenon was assigned to the synergistic effect of
Ag', Fe*', Fe** and OAm, which induced an oxidation-
reduction catalyzing cycle, namely, the Fe** jon was reduced
to Fe*" by gaining one electron from OAm; then, one electron
was transferred from the Fe®" ion to the Ag" ion to form the
nucleus of the Ag Nps.*'!

Copper nanostructures. The nanoscale applications of cop-
per range from catalysis and cooling fluids for electronic
systems to conductive inks. Nanosized copper exhibits a pro-
minent SPR in the visible range, similar to Ag and Au. However,
a major drawback limiting the use of Cu nanostructures is their
tendency to oxidize, although Cu is much cheaper than Ag or
Au. The available literature on the synthesis of Cu NPs with a
controlled size and shape indicates that this system is less
explored compared to Ag or Au NPs. Well-dispersed copper
nanowires were synthesized by reducing CuCl, with glucose,
employing OAm and OAc as dual capping agents, in a hydro-
thermal reduction. The results indicated that Cu NWs with
different diameters were obtained using distinct copper salts.
The diameter of the as-prepared copper nanowires (Fig. 46)
decreased with an increase in the amount of OAm/OAc and
glucose; however, it increased by enhancing the reaction
temperature.’’® Tan and Balela also reported the hydrother-
mal synthesis of ultralong Cu NWs via the use of OAm/OAc
and Cl™ ions as coordinating and etching agents, respectively.
The Cu NWs exhibited five-fold twinning and growth along the
[110] direction. Without Cl™, octahedral crystals instead of
nanowires were formed, which indicated the importance of
Cl™ as an etchant for anisotropic growth. The addition of OAc
as a coordinating agent resulted in fewer particles and
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Fig. 46 (a and b) SEM images of Cu NWs at different magnifications. (c)
Optical image of a Cu NW suspension. (d) XRD patterns of the as-prepared
Cu NWs with CuCl, and CuCl,-2H,O acting as the copper source,
correspondingly. Reprinted with permission from ref. 312. Copyright
2012, The Chemical Society of Japan.

smoother nanowires, which displayed excellent mechanical
stability.*"?

Ultra-long Cu NWs were also synthesized on a large scale via
a hydrothermal reaction when OAm and OAc were used as dual
ligands. In that work, silicon composites were combined with
Cu NWs to investigate the influence of the latter material on the
thermal conductivity. It was found that ultra-long copper
nanowires enhanced the thermal conductivity of the Si compo-
sites, where a substantial increase was noticed with an increase
in the volume fraction of the nanowire fillers. The big length of
the NWs together with their large aspect ratio facilitated the
formation of effective thermal conductivity networks.>'* The
simple and cost-effective bio-based synthesis of Cu NWs was
reported by Pivot and co-workers. These researchers used an
aqueous plant extract (Eucalyptus globulus) as the reducing/
stabilizing agent and OAm/OAc as the surfactants. Phenolic
compounds were found to play a key role in this bioreduction
process, allowing almost exclusively a nanowire shape to be
obtained. The use of OAc/OAm was essential to manipulate the
size and aspect ratio of the NWs. These bio-based Cu NWs were
resistant to oxidation when stored in ethanol and even after
exposure to air.*'® Furthermore, Rossi et al. explored the
synthesis of Cu NPs via the thermal decomposition of
copper(u) acetate in diphenyl ether with OAc/OAm in the
presence or absence of 1,2-octanediol. Consequently, air-
stable Cu(0) NPs were formed. The authors found that the
presence of these capping ligands significantly reduced the
bactericidal activity exhibited by the Cu NPs against the Gram-
negative bacteria Escherichia coli.*'® Cu/Cu,O NPs were pro-
duced via thermal decomposition using OAc and OAm. In this
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work, the OAm/OAc combination led to a single nucleation step
and controlled the growth of NPs, yielding a high shape
homogeneity, while the particles were also protected against
oxidation. The Cu NPs were further dispersed on acid-
functionalized multiwalled carbon nanotubes decorated on
glassy carbon (GC) electrodes. The electrochemical activity of
the produced composite material on the simultaneous deter-
mination of paracetamol and dopamine was studied.*’” Courty
et al. reported the synthesis of Cu NPs based on the reduction
of an organometallic precursor (CuCl(PPh;);) by TBAB in the
presence of OAm (or dodecylamine (DDA)). The addition of OAc
stabilized the Cu NPs for several weeks under a nitrogen
atmosphere. Considering that OAm exhibits a longer hydro-
carbon chain length than DDA, the authors discussed that OAm
tends to remain in the solvent, which favors the NP growth and
allows the formation of spherical NPs of larger sizes.*'®

To summarize the family of plasmonic monometallic NPs,
the OAm/OAc pair can affect their size, shape, homogeneity and
colloidal and compositional stability, together with their result-
ing optical properties. Extended superlattices may be formed
through the controlled self-assembly of very monodisperse NP
populations.

7. Bimetallic and trimetallic
nanostructures
Co-Based NPs

Various synthetic techniques have been published in the lit-
erature for the fabrication of transition metal alloys with a
controlled size and shape, including thermal decomposition,
chemical reduction, chemical vapor deposition and the polyol
process. A controlled morphology can be achieved by taking
advantage of the flexibility of using different concentrations
of metal ions in organic solvents. In this context, the chemical
affinity of the capping agents with the produced NPs is
of primary importance for a successful synthetic reaction.
Amongst the above-mentioned methods, the chemical reduc-
tion process seems very convenient to prepare nanometer-sized
alloy particles. Fe,Co;_, (x = 0.2, 0.4, 0.6, and 0.8) alloy NPs
were synthesized via a superhydride reduction route using OAc
and OAm as stabilizing agents. The FTIR study indicated the
presence of an organic coating on the particle surface, which
helped in stabilizing the FeCo alloy NPs in air at room tem-
perature. A variation in M was observed based on varying alloy
compositions, reduction in particle size, altered crystal aniso-
tropies and spin canting at the surface of the NPs.*'® Panda and
co-workers synthesized bcc FesoCos, alloy NPs via the simulta-
neous chemical reduction of FeCl; and CoCl, precursors in
diphenyl ether using superhydride as the reducing agent and
OAc/OAm as capping agents. The magnetic hysteresis studies
showed the ferromagnetic behavior of the NPs at room tem-
perature, which was explained by the authors based on the fine
particle magnetism, which indicates the effects of surface and
size on the magnetization.**° Moreover, the formation mecha-
nism of monodisperse CosoNis, and CogoNi,, particles was
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studied by Sharma et al., where these particles were prepared
via the simultaneous thermolytic reduction of Ni(acac), and
Co(acac), in the presence of OAc, OAm and TOP as surfactants.
The authors proposed that the metal complexes firstly decom-
pose at 200 °C to form complexes with TOP. These metal-
phosphine complexes decompose at 240 °C in the presence of
1,2-hexadecanediol reductant, thus signalling the onset of the
nucleation stage. Afterwards, refluxing the reaction solution at
the boiling point temperature of the solvent will lead to the
formation of monodisperse CoNi alloy NPs. The proposed
reaction mechanism and a TEM image of the Cos¢Ni5, nano-
particles are shown in Fig. 47. The CosoNi5, NPs are super-
paramagnetic at room temperature, whereas the CogoNi,o NPs
are ferromagnetic.>** Adopting a modified polyol process,
Saravanan et al. synthesized AgCo NPs in the form of spherical
aggregates through the simultaneous reduction of cobalt acet-
ate and AgNO; in a coordinating solvent containing OAc/OAm
under an Ar atmosphere. Both XRD and UV-Vis studies demon-
strated the presence of individual particles of Ag and Co in the
AgCo colloids. Typical ferromagnetic characteristics for the Ag/
Co NPs were observed at room temperature by VSM studies.**>

Mn-Based NPs

Nanostructured permanent magnetic materials have attracted
considerable attention due to their numerous scientific and
technological applications in magnetic recording devices,
micro-electro-mechanical-systems (MEMS), and the so-called
next generation hard/soft phase nanocomposite permanent
magnets. Several techniques have been proposed to synthesize
these materials, where mechanical milling is one of the most
popular. This is because it is relatively simple, inexpensive and
efficient in producing nanocrystalline powders in bulk quan-
tities. Over the last few years, the use of surfactants during
high-energy ball milling (SA-HEBM) has been increasingly
reported. For instance, SA-HEBM was utilized to process the
Mn;,4Al,6 alloy. In that work, OAm/OAc was added together with
n-heptane solvent during milling. Two different products were
isolated. i.e., a sediment powder consisting of sub-micron sized
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Mn-Al flakes and a colloidal suspension in the milling medium
containing Mn-Al NPs. The colloid was composed of Mn-Al
nanocrystalline particles with a lamellar morphology. Magnetic
measurements of these colloidal NPs demonstrated almost
non-magnetic behavior at 300 K.*** Low-temperature phase
(LTP) Mn-Bi nanosheets/nanoflakes were also prepared via
SA-HEBM with OAm/OAc surfactants. The authors investigated
the effect of ball milling time on the coercivity of LTP Mn-Bi
nanosheets. The results showed that a milling time from tens of
minutes to several hours causes an increase in coercivity for the
Mn-Bi powders. The strong magnetic properties of these mate-
rials indicated their great potential for applications as high
performance nanocomposite permanent magnets without the
addition of any rare earth elements.***

Pd-Based NPs

Among the Pd-magnetic metal NPs, Pd-Ni NPs have been
investigated by many research groups due to their prominent
electrocatalytic activity. The development of these bimetallic (or
trimetallic) NPs has been achieved through various synthetic
approaches, including electrodeposition and other physical
and chemical methods. A one-pot synthesis of monodisperse
Pd-Ni alloy nanoparticles was implemented through the
reduction of Pd(acac), and Ni(acac), by TBAB in the presence
of OAc and OAm stabilisers. The authors mentioned that the
key to the formation of homogeneous NPs was the sequential
nucleation-interdiffusion mechanism and the simultaneous
reduction of both metal precursors during the one-pot syn-
thetic scheme.*** Zhu and co-workers used a different solution-
based one-pot method to synthesize a series of Pd-Ni bimetallic
NPs, namely, through the reduction of PdCl, and Ni(acac), in
the presence of OAm, OAc and benzyl alcohol. The as-prepared
Pd-Ni bimetallic NPs had core-shell structures with a Pd-rich
core and Ni-rich shell. A TEM image of these NPs and a
schematic illustration of their formation are depicted in
Fig. 48. These particles were highly active in air and could be
used as catalysts for the Miyaura-Suzuki coupling reaction.??®
Cruz-Martinez et al. reported the synthesis and characterization
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(a) Proposed reaction mechanism of the simultaneous reductive thermal decomposition of Ni(acac), and Co(acac), and (b) bright field TEM

image of CosgNisg nanoparticles. Reprinted with permission from ref. 321. Copyright 2010, Elsevier.
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of trimetallic nanocatalyst NiPdPt (60:20:20 wt%) NPs sup-
ported on Vulcan carbon. The metal precursors Pd(acac),,
Ni(acac), and Pt(acac), were dissolved in OAm/OAc to provide
NiPdPt NPs. The electrochemical evaluation of the synthesized
NPs revealed that the NiPdPt/C nanocatalyst has an enhanced
mass activity and specific activity in the oxygen reduction
reaction (ORR) in acidic medium compared to commercial Pt/
C.**” Furthermore, thin films of nanoporous palladium (np-Pd)
were produced from binary Pd-Ni precursors with the following
compositions: 6, 20, 22, 24 and 30 at% Pd. These Pd-Ni
precursors were subjected to dealloying in sulfuric acid to study
the effect of their initial composition on the morphology of
dealloyed films. To achieve finer porosity, OAm and OAc were
added as surfactants during the dealloying process in a 1:1
ratio.*?®

Monodisperse AgPd alloy NPs were obtained using a high-
temperature organic-phase surfactant-assisted protocol, invol-
ving the co-reduction of CH3;COOAg and Pd(acac),. OAm/OAc
and 1-ODE were present in the reaction pot. This strategy
resulted in the formation of four different compositions of
AgPd alloy NPs. These particles were assembled on mesoporous
graphitic carbon nitride (mpg-C;N,), rGO and Ketjenblack
using a liquid-phase self-assembly method. Among the three
supports tested, the mpg-C;N,@AgPd catalysts provided the
best catalytic activity for the hydrolytic dehydrogenation of
ammonia borane.*** Moreover, Bao and co-workers synthesized
monodisperse PdAu NPs with three different compositions to
study their electrocatalytic activity towards the methanol oxida-
tion reaction (MOR). The NPs were prepared via an emulsion-
assisted synthetic strategy using ternary metal precursors with
various Pd to Au precursor molar ratios in the presence of OAm/
OAc. The particles showed superior electrocatalytic activities in
the MOR compared with the pure Pd NPs prepared via the same
method.**° Besides the aforementioned bimetallic alloy NPs,
the core-shell configuration of bimetallic NPs has received
increasing attention in heterogeneous catalysis owing to their
enhanced properties especially compared to their monometal-
lic counterparts. Monodisperse AgPd core-shell NPs with a
controllable Pd shell thickness were synthesized via the ther-
mal decomposition of PdBr, over as-prepared Ag NPs in an
OAm/OAc mixture. The core-shell particles were assembled on
rGO and the resulting composite was employed to catalyze the
transfer hydrogenation of nitroarenes to anilines using ammo-
nia borane. The authors demonstrated that the thickness of the
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Pd shell had a significant effect on the catalytic activity of the
rGO@AgPd catalysts.**"

It has to be noted that bimetallic and trimetallic NPs can be
resistant to oxidation, at least partially, through the help of an
organic coating on their surface. Depending on their composi-
tion, these NPs can be used in applications ranging from
permanent magnets to chemical catalysis and electrocatalysis
(e.g., ORR and MOR).

Pt-Based alloy nanostructures

FePt-Based NPs. The synthesis of ferromagnetic FePt NPs
has attracted much attention given that these NPs possess
attractive magnetic properties, which endow them great
potential for ultrahigh-density information-storage and high-
performance permanent magnet applications. Generally, the
as-synthesized FePt NPs possess a compositionally disordered
fce structure with very small coercivity and soft magnetic
properties. Annealing at high temperatures helps to convert
that fec structure to an L1, chemically ordered face-centered-
tetragonal (fct) structure with a large magnetic anisotropy, high
coercivity and hard magnetic behavior. FePt offers enhanced
saturation magnetisation properties compared to iron oxide;
however, synthetic methods require fine-tuning to achieve
these superior properties. For example, FePt NPs synthesized
via chemical reduction in the presence of OAm/OAc could
transform to the L1, FePt phase with optimized heat treatment
at 600 °C. The high-temperature annealing not only promoted
the formation of the desired L1, phase but also resulted in the
formation of a carbon coating on the FePt NPs due to the
degradation of the organic capping. Investigation showed that
the carbon layer on the surface of L1,-FePt does not affect the
structural and magnetic properties of the particles.’** An
attempt to lower the fct-FePt phase transition temperature
was published by Tzitzios et al, where a high-boiling point
solvent was used, without any post-annealing stages. Specifi-
cally, Fe(acac); and Pt(acac), were used as metal precursors and
liquid paraffin was used as the solvent, whereas OAm acted as a
mild reducing agent and surfactant, together with OAc. The
resulting nanostructures had a wormlike shape, which came as
a result of the high synthesis temperature applied.*® In
another work, the electronic states of Fe and Pt in FePt NPs
as a function of annealing temperature were studied. FePt NPs
were synthesized using an autoclave via a modified chemical
route in the presence of OAc and OAm. Then, the as-prepared
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Fig. 48 (a) TEM image of as-prepared Pd—Ni bimetallic NPs and (b) schematic illustration of the formation of Pd—Ni bimetallic NPs. Reprinted with

permission from ref. 326. Copyright 2014, Springer Nature.
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NPs underwent a thermal treatment at a minimum temperature
of 500 °C, during which the organic capping layer on their
surface was decomposed. Also, in this case, due to the anneal-
ing, the capping ligands transformed to pure carbon, leading to
the formation of a graphitic C layer, which encapsulated the
FePt NPs, as observed by HRTEM. This capping layer was
further investigated via Raman studies.’** Shukla et al. studied
in detail the surfactant bonding to FePt NPs given that the self-
assembly of these NPs can be influenced by the characteristics
of the surfactants used during their synthesis. The authors
discussed that OAc bonds to the FePt NPs in both monodentate
and bidentate forms, while OAm bonds to the NPs through
electron donation from the nitrogen atom of the NH, group.
FTIR spectra also indicated that the conversion of the alkyl
chains from the oleyl form (cis-9-octadecenyl) to the elaidyl
form (trans-9-octadecenyl) occurs during the synthesis.?*> A
new concept to form catalysts via the infusion of pre-
synthesized bimetallic FePt nanocrystals into ordered meso-
porous supports was presented in another work, where pre-
synthesized FePt nanocrystals were coated with OAc and OAm
in toluene, achieving high loadings above 10 wt% within 10
min. The strong metal-support interactions were favored by the
low coverage of the weakly bound ligands. A phase transforma-
tion from the disordered fcc phase to the ordered fct was
observed upon thermal annealing at 700 °C without sintering.
The kinetics and equilibrium loading of nanocrystals in meso-
porous silica were studied together with the catalytic activity
and stability of the resulting composite materials.**® Nanocrys-
talline Fe-Pt alloys were synthesized via the chemical reduction
route using Fe** and Pt** ions in a solution bath, superhydride
as the reducing agent and capping agents such as OAc/OAm or
OAc/CTAB. The as-prepared spherical FesoPts, and Fes Pty
alloys crystallized in a disordered fcc phase and were trans-
formed to the fct phase after annealing at 600 °C. The room
temperature magnetization studies of the as-prepared Fe-Pt
alloys showed ferromagnetism with negligible coercivity. The
ordered fct Fe-Pt alloys displayed high coercivity values and
these properties were interpreted based on the ordering para-
meters, size, surface and composition effects.>*” The changes
in the electronic and magnetic properties when the Fe-Pt NPs
were exposed to air have also been examined, where the as-
prepared OAc/OAc-coated Fe-Pt NPs with a mean size of 4 nm
were produced in dioctyl ether coordinating solvent and
exposed to air over a period of days prior to their structural
and magnetic characterization. The disordered as-synthesized
Fe-Pt NPs had a very low magnetic saturation and huge
coercive field compared to the low-temperature bulk values of
the disordered fcc FePt. The coercive field and magnetic
saturation changed with the time when the NPs were exposed
in air. These changes were associated with the oxidation or
passivation of the NP surface, enabling the formation of a core-
shell structure due to modifications in the oxidation state of
both Fe and pt.**®

Yamashita et al. studied the catalytic activity, magnetic
properties, and water-compatibility of FePt NPs synthesized
via the thermal decomposition of Fe(CO)s, followed by the
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reduction of Pt(acac), in the presence of OAc and OAm.
Hydrophobic FePt NPs with an Fe-rich core and Pt-rich shell
were developed, and subsequently treated with g-cyclodextrin
(g-CD), which rendered them water-dispersible. FePt-g-CD
exhibited superparamagnetic behavior at 300 K and acted as
an efficient nanocatalyst for aqueous hydrogenation
reactions.”® To extend the ordered domains of self-
assembled nanoscale FePt, NPs of this alloy were synthesized
via the thermal decomposition of Fe(CO)s and chemical
reduction of Pt(acac), dispersed in a mixture of hexane and
octane in the presence of OAm/OAc. The self-assembly of FePt
NPs was patterned on a silicon wafer, aiming to increase the
ordered domains. The Si wafer used as a template had pat-
terned holes of a photoresist film and helped to direct the
stacking direction of the FePt NPs.**® A different chemical
synthesis of FePt nanocubes and their self-assembly into FePt
nanocrystal superlattice arrays was published by Sun and co-
workers in 2006. A controlled texture in the self-assembled
superlattices and magnetic alighment were observed for these
materials. The FesqPts, nanocubes were synthesized by mixing
OAc and Fe(CO); with a benzyl ether/octadecene solution con-
taining Pt(acac), and OAm. The authors mentioned that the key
to the success of the nanocube synthesis is the reaction
temperature (205 °C) rather than 300 °C, which is the tempera-
ture normally used for the synthesis of FePt. They also demon-
strated that the shape is controlled by adding OAc first during
the reaction. Self-assembly of these FePt nanocubes created a
(100) textured array. In addition, thermal annealing induced an
internal particle phase change from fcc to fct and changed
the nanocube assembly from superparamagnetic to ferromag-
netic.**' In another work, size-controlled FePt; concave nano-
cubes (CNCs) were prepared using a high-temperature organic
medium containing OAm and OAc. The TEM images of the as-
prepared FePt; NCs indicate the selective growth of highly
uniform cubic nanostructures with curved surfaces, as shown
in Fig. 49a-f. The particle size and concavity could be controlled
by adjusting several parameters such as the ratio of OAm and
OAc, the physicochemical properties of the metal carbonyl, the
metal valence in the precursor and the ratio of metal precur-
sors. The TEM images of the Pt-Fe NCs grown under various
synthetic conditions are depicted in Fig. 49g-1. The FePt; CNCs
exhibited a high performance in both the hydrogenation of
styrene and reduction of 4-nitrophenol.**> To study the struc-
tural and magnetic properties of monodisperse Fe,Pt; , NPs,
Salgueirino and co-workers synthesized FegoPt,o NPs stabilized
by different ligands (OAc/OAm or TMAOH). The particles were
self-assembled in 3D dispersions and several parameters were
analysed in detail, such as the competition of the surface,
finite-size effects and magnetic interparticle interactions,
which altogether controlled the overall macroscopic magnetic
behavior. The results demonstrated that for the FePt NPs with
an identical size distribution but different surface chemistry,
substantial differences in the effective magnetic anisotropy
were determined.**?

The effect of the total dispersant concentrations of OAm
and OAc in a FePt-nanoparticle/toluene coating solution on a
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Fig. 49 (a) TEM image of as-prepared PtzFe CNCbs; (b) 3D perspective illustration model of a concave cube; (c) HRTEM of a single PtzsFe CNCb; (d) fast
Fourier transform pattern of the CNCb shown in (c); (e) a stepped surface highlighted from the HRTEM image; and (f) scheme of the stepped surface
composed of a mixture of high-index facets with {100} terraces and {110} steps. TEM images of Pt—Fe NCs grown under various synthetic conditions:
(g) volume ratio of OAmM/OAc 10 : 1); (h) volume ratio of OAM/OAc 4 : 1; (i) W(CO)e was replaced with Cr(CO)sg; (j) Felacac)s was replaced with FeCl,-4H,0;
(k) amount of Pt(acac), was increased; and (l) Fe precursors were absent (second column). Reproduced with permission from ref. 342. Copyright 2015,

Wiley-VCH.

self-assembled nanoparticle array was examined, where the
self-assembly led to long-range periodicity on a flat SiO,/Si
substrate. The metal precursors were Fe(CO)s; and Pt(acac),.
At a surfactant concentration greater than 0.8 vol%, FePt NPs
with an average size of 4.4 nm were assembled in a two-
dimensional and hexagonal-close-packed ordered array with
8.3 nm pitches on the flat surface. Self-assembled NPs were
organized on the bottom surface of the patterned substrate.’**
Lukehart et al. used single-source molecular precursors for the
synthesis of FePt NPs exhibiting high room-temperature coer-
civity, namely, to a solution of toluene, OAc and OAm, a known
polyheteronuclear cluster complex, Pt;Fe;(CO);5, was added.
Metal ordering was accomplished by annealing surface-capped
fcc FePt powder under getter gas (9:1 N,/H,).>*> The environ-
mental concerns due to the high toxicity of carbonyl precursors
caused many groups to focus their efforts on isolating and
studying FePt NPs in the presence of alternative metal sources.
Sirisathitkul et al. produced FePt; NPs with Fe(acac); or iron(ir)
hexafluoroacetylacetone (Fe(hfac);) precursors, together with
Pt(acac), and OAm/OAc. FePt; NPs were formed by either
precursor, but particles with a more uniform size and shape
were obtained using Fe(hfac);. Alternatively, the agglomeration
of NPs in the case of Fe(acac); severely affected their long-range
self-assembly.**® Monodisperse FePt NPs were synthesized via
the one-pot chemical reduction of Fe(acac); and Pt(acac), using
1,2-hexadecanediol as a reducing agent or OAm/OAc. Annealing
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of the as-prepared particles resulted in a significantly improved
coercivity, especially when the diol was added in the synthetic
protocol.**’ A similar reaction between Fe(acac); and Pt(acac),
in a modified polyol process using two different solvents,
namely, dioctyl ether and benzyl ether as well as OAm/OAc
led to the isolation of FePt NPs. OAm was suggested to control
the size and number of initial Pt-rich cores, whereas OAc
affected the formation of the Fe shell, which eventually resulted
in the formation of FePt NPs. An increase in the amount of
surfactants reduced the Fe:Pt ratio and increased the size of
the NPs synthesized in dioctyl ether.**® In another report, the
mechanism for the formation of FePt NPs via a pyrolysis
approach was investigated. In that case, an alternative iron
source was used, namely, iron(m) ethoxide (Fe(OEt)3), in the
presence of Pt(acac),, OAc and OAm. This study investigated
the influence of various factors such as the reaction tempera-
ture, heating rate and total amount as well as the input molar
ratios of precursors and capping agents. The authors deter-
mined the following important aspects of the reaction mecha-
nism: (i) the FePt NPs are rapidly formed at 250-297 °C by the
allelocatalytic decomposition of the precursors; (ii) the for-
mation of FePt NPs is dominated by the nucleation of Pt
followed by a slow growth process of Fe (and Pt) atoms; and
(iii) the Fe and Pt atoms are stabilized by OAc and OAm.>*’
Thanh and colleagues also used Fe(OEt); to synthesize multi-
core FePt NPs with high magnetic saturation. They performed a
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systematic study on the NP morphology, composition and
magnetic properties by tuning the overall amounts and molar
ratios of OAc to OAm, while the ratio of Fe(OEt); to Pt(acac),
was kept at 2:1. The volume of solvent, (dioctyl ether or
dibenzyl ether), was also stable. The results indicated that the
coordination of the Fe and Pt intermediates with OAc and OAm,
respectively, hinders deposition of each respective metal
toward the growth of discrete and multicore NPs.**° In addi-
tion, FePt NPs were synthesized via the decomposition of
another iron source, i.e. FeCl,, and the reduction of Pt(acac),
in phenyl ether in the presence of 1,2-hexadecanediol. OAc and
OAm surfactants were added to the solvent as a protective
ligand pair. The FePt NPs were finally formed by adding
LiBEt;H superhydride to the reaction mixture, which facilitated
the release of Fe atoms from FeCl, and their alloying with Pt.>**

As mentioned above, an effective strategy to assist the aqueous
dispersibility of NPs is to use ligand exchange. Spherical, ferro-
magnetic Fe-Pt NPs were prepared via the simultaneous polyol
reduction of Fe(acac); and Pt(acac), in the presence of 1,2-
hexadecanediol and OAm/OAc, with phenyl ether as the solvent.
The as-prepared FePt particles were coated by OAc, which allowed
dispersion of the particles in hydrocarbon solvents to cast thin
films and perform solution-phase chemistry. The OAc ligands
were replaced with 11-mercaptoundecanoic acid, offering disper-
sibility in water for the particles, while their physical properties
were retained.’”

To summarize the FePt-based NPs, annealing at high tem-
peratures can convert their as-prepared disordered fcc phase to
an ordered fct (tetragonal) phase with improved magnetic
features. This post-synthetic thermal treatment can lead to
the transformation of the surface capping ligands to pure C,
being in the form of a graphitic carbon layer, encapsulating the
magnetic NPs. Ligand-exchange protocols can be also applied
for the FePt system, allowing the aqueous dispersion of the
NPs with no important loss in their magnetic and structural
features.
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NiPt-Based NPs. Ni-Pt bimetallic alloys with various
morphologies have shown excellent electrocatalytic activity in
the ORR. Considering that the ORR performance of nanocata-
lysts is highly dependent on their size and shape, configura-
tions such as nano-octahedra, nanocubes, nanorods and
nanowires have been explored. A template-free solvothermal
one-pot approach for the design of concentric PtNi multicube
nanoarchitectures was applied by Abdullah and co-workers in
the presence of Pt- and Ni-acac salts, OAc/OAm and curcumin
with the assistance of ultrasonic irradiation. The obtained
multi-dimensional PtNi multicubes were comprised of multiple
small interlace-stacked nanocube subunits assembled in spa-
tially porous branched nanoarchitectonics and bound by high-
index facets. The authors proposed that the synthetic mecha-
nism includes prompt nucleation and oriented attachment
epitaxial growth through the combination of ultrasonic irradia-
tion and hydrothermal treatment. Fig. 50 shows the suggested
formation mechanism of the PtNi multi-cubes and representa-
tive TEM images recorded after carrying out various control
experiments in the absence or presence of selected reagents.**?

Highly composition-segregated Pt-Ni nanocrystals with a
controllable shape and high yield were prepared via the selec-
tive use of dodecyltrimethylammonium chloride (DTAC) and by
controlling the OAm/OAc ratio; in particular, well-defined
tetrahexahedral Pt-Ni nanocrystals (THH Pt-Ni NCs) and
rhombic dodecahedral Pt-Ni nanocrystals (RDH Pt-Ni NCs)
were produced in the presence of Pt(acac), and Ni(acac),
precursors.*** The formation of Ni,Pt,_, NPs via the reduction
of Pt(acac), and Ni(acetate), in the presence of OAc/OAm and
1,2-hexadecanediol was also studied, where the authors could
tune the composition of the Ni,Pt;_, nanocrystals by varying the
Ni: Pt initial ratio; in that work, the particle size depended on
the concentration of OAc. OAm mainly affected the final
particle shape. The results led to the assumption of a single
nucleation event taking place, followed by a growth process in
the absence of Ostwald ripening. This type of growth can be
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v

al \f—}\

PtNi Nanocube

Atomic addition

growth [
P

PtNi Nanocubes

(a) Proposed synthetic mechanism of PtNi multi-cubes and TEM image of Pt—Ni prepared by fixing all the reaction conditions except (b) without

oleic acid and (c) using 0.5 mL of oleic acid, (d) 0.5 mL of HCHO, (e) without HCHO, (f) 60 mg of curcumin, and (g) without curcumin. Reprinted with

permission from ref. 353. Copyright 2020, the American Chemical Society.
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extended by the continuous injection of the precursors, which
allowed the possibility of particle size control.**®

Ni,Pt; , NPs were also synthesized via the reduction of
Ni(acetate), and Pt(acac), in the presence of OAc, OAm, and
1,2-hexadecanediol. Several other stabilizing agents such as
TOPO were tested to prepare stable colloids. In another set of
experiments, the concentration effect of the stabilizing agents
was investigated. The authors found that an increase in the
concentration of OAc led to a decrease in particle size when
keeping the amount of OAm constant. However, increasing the
concentration of OAm resulted in the formation of polycrystal-
line and irregular-shaped particles. Thus, the colloidal stability
was mainly determined by OAc, whereas the primary influence
of OAc had to do with the shape of the particles.**® Pt-Ni
nanourchins with an average size of 50 nm were successfully
prepared in the presence of Pt(acac), and Ni(acac),. Benzyl
ether together with the OAm/OAc pair constituted the reaction
medium. W(CO)s was also added in some of the synthetic
reactions as it was proposed that W(0) formed during its
decomposition can reduce Pt(un) and accelerate the formation
of Pt nuclei. Interestingly, the addition sequence of the above-
mentioned reagents was found to affect the morphology of the
resulting Pt-Ni NPs. When OAm was added last, Pt-Ni
nanourchins were formed, while a mixture of Pt-Ni octahedra
and branch-like nanostructures were obtained when OAc was
added at the end. If OAc was the last added solvent, well-
controlled Pt-Ni octahedra with a very high yield were produced
when W(CO), was also introduced in the reaction pot.>®” Uni-
form Pt-Ni octahedra with the use of OAm/OAc surfactants and
W(CO), as a source of CO were produced by Xia and co-workers,
where they aimed to promote the formation of {111} facets in
the presence of Ni. Fig. 51a shows a TEM image of the as-
obtained Pt-Ni octahedra with an average edge length of 9 nm.
The high-resolution TEM and scanning TEM-high angle annu-
lar dark field (STEM-HAADF) images of a single Pt-Ni octahe-
dron are presented in Fig. 51b and c, respectively. The atomic
composition profile at different sites of a Pt-Ni octahedron was
determined by EDS spot analysis (Fig. 51d). Through the
introduction of benzyl ether as the solvent, the coverage of
both surfactants on the surface of the resultant Pt-Ni octahedra
significantly decreased, while the octahedral shape was
retained. By further removing the surfactants through acetic
acid treatment, the authors observed specific activity in the
ORR higher than that of the state-of-the-art Pt/C catalyst.>>®

Several synthetic reactions were explored by Reyes-
Rodriguez et al. to study the effect of the hot-injection tem-
perature on the size distribution of Ni-Pt NPs. Here, Ni-Pt
polyhedral NPs were synthesized through a thermochemical
route using the OAm/OAc pair as solvents, reductants and
stabilizing agents simultaneously. It was found that the injec-
tion of precursors in OAm/OAc at 180 °C resulted in the
formation of paramagnetic NPs, and these particles possessed
homogeneous polyhedral structures and showed greater Pt
accumulation on their edges and corners. Ni-Pt polyhedral
NPs with larger sizes and high polydispersity were obtained
when the injection temperature was increased closer to the
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Fig. 51 (a) TEM and (b) HRTEM images of as-obtained 9 nm Pt—Ni
octahedra, (c) STEM-HAADF image and (d) EDS spot analysis of an as-
obtained Pt—Ni octahedron. Reprinted with permission from ref. 358.
Copyright 2013, the American Chemical Society.

reduction temperature (around 270 °C).**° Pt-Ni octahedra
were also synthesized by Xia and co-workers with controllable
sizes and compositions in continuous-flow droplet reactors
given that these reactors enable a linear increase in the produc-
tion throughput. For the production of Pt-Ni octahedra,
Pt(acac),, Ni(acac), and W(CO)s were dissolved in a mixture of
OAm/OAc and benzyl ether, followed by pumping into a poly-
tetrafluoroethylene tube. The size and composition of the
resulting particles were tuned by modifying the composition
of the solvent and/or adjusting the amount of Ni(acac),.**
Fcc NiPt NPs were synthesized via the reduction of Ni(acac),
and Pt(acac), in the presence of OAc/OAm. These precursors
were chosen by the authors because they were supposed to have
a similar reaction rate (presumably because they are both
metal-acetylacetonate salts). In addition to being less toxic than
carbonyl precursors, they are also less volatile and do not
produce much vapour during the reaction. Their non-volatile
nature is also beneficial to achieve good reproducibility of the
reaction. By employing the colloidal coating deposition
method, the authors could further encapsulate Ni-Pt NPs
within silica shells (NiPt@SiO,). By controlling the molar ratio
between the NiPt particles and the silica precursor, shells with a
tunable thickness (8 to 16 nm) were formed.**" Da Silva and co-
workers studied the efficiency of colloidal chemistry for the
synthesis of alloyed Ni-Pt NPs, without phase segregation or
with a core-shell structure, and these particles had a tailored
elemental composition from pure Ni to pure Pt. Consequently,
fee Ni,Pt; , NPs (NizPt, NiPt and NiPt;) were synthesized via the
co-reduction of Ni(acac), and Pt(acac), in the presence of 1,2-
hexadecanediol, benzyl ether and OAm/OAc. The principle of

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Nanoscale Horizons

this procedure is based on the correlation between the
oxidation-reduction potential of the metal cations present in
the precursor molecules and the required synthesis tempera-
ture to nucleate particles without phase segregation.*®?

In the case of NiPt-based systems, we choose to highlight in
summary that the addition sequence of OAm and OAc to the
reaction pot can influence the morphology of the resulting
particles.

Pt-Co & Pt-Cu. One of the most efficient ways to reduce the
over-potential of the ORR is to alloy a base metal M such as
cobalt and copper to form a Pt-M bimetallic catalyst, where the
resulting alloy may possess enhanced ORR kinetics compared
to pure Pt. A novel self-etched engineering of Pt-Co
nanodendrite-in-nanoframe (Pt-Co ND-NF) was achieved
through a simple one-pot approach by Shen and co-workers.
The formation mechanism of Pt-Co ND-NF was studied by
investigating the role of several parameters, including the
amount of water, OAm/OAc ratio and quantity of CTAB
surfactant added. The self-etched Pt-Co ND-NF with Pt skin
exhibited a remarkable performance in ORR electrocatalysis.***
Pt-Co nanoflowers were synthesized using the OAm-OAc sys-
tem via a one-pot chemical reaction. The morphology of the
product was altered by varying the amount of OAc, which
revealed that the generation of the flower shape was
attributed to the precipitation effect of OAc during the
nucleation and growth stages. In particular, OAc may act as a
precipitant in the nucleation stage, and consequently induce
the assembly of small NPs. The obtained PtCo NFs showed
excellent performance in the catalytic hydrogenation of
nitrobenzene compared with PtCo NPs and commercial Pt/
C.*** Following a polyol process using hexadecanediol as the
reducing agent together with the OAm/OAc ligand pair, carbon-
supported Pt;,Cozo NPs were prepared. Depending on the
synthetic conditions, Pt;,C03,/C nanocatalysts with a very
small particle size and narrow size distribution were
homogeneously dispersed on the carbon support. In that
work, the nanocatalysts prepared had a high degree of
alloying, without the need of post-synthetic thermal
treatment. The authors demonstrated that the as-synthesized
catalyst exhibited an excellent performance as a proton
exchange membrane fuel cell (PEMFC) cathode material.*®> A
solution-phase synthesis method was employed to produce
ultra-fine Pt-Co NPs with a controlled composition and uni-
form distribution on carbon black or carbon nanotube sup-
ports. The metallic salts Pt(acac), and Co(acac), were reduced
in octyl ether in the presence of OAc/OAm to yield Pt-Co NPs.
Similarly, as above, the authors carried out PEMFC tests to
show that the thermally treated Pt-Co/C cathode catalyst dis-
played a higher mass activity in the ORR compared to Pt/C.>*°

Among the 3d-transition metal-Pt alloys, nanometer-sized
Pt-Cu is one of the most interesting materials in this category
due to its high stability against catalyst poisoning. In addition,
the abundance and relatively low cost of copper make this
material appealing for wide research and use. Several routes to
obtain Pt-Cu nanocrystals with various morphologies have
been reported. These shapes include nanocubes, nanospheres

This journal is © The Royal Society of Chemistry 2022
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and nanorods, among others. Fang and co-workers synthesized
Pt-Cu nano-octahedra through the simultaneous reduction of
Pt(acac), and copper(1)/(u) chloride in the presence of W(CO)s
and OAm/OAc at high temperature. Comparative studies of the
electrocatalytic activity of Pt-Cu NCs, {111}-terminated Pt-Cu
nano-octahedra and {100}-bounded Pt-Cu nanocubes were
carried out. Their performance in formic acid oxidation was
used as an example to demonstrate the importance of control-
ling the shape of these nanocatalysts.’®” The same group
published the synthesis of Pt;Cu, nano-octahedra using a
similar synthetic approach. Using both the TEM tomography
and GISAXS techniques, the authors identified that these nano-
octahedra can assemble into an open structure and be arranged
tip-to-tip to form a bcc superlattice with a low packing
efficiency.>®® Liu et al. used a colloidal chemical pathway to
synthesize size- and shape-controlled CuPt NPs and NRs with
tunable lengths and aspect ratios. To achieve this, Pt(acac),,
Cu(acac),, 1,2-hexadecanediol and OAm/OAc were mixed with
1-octadecene. OAm was required to form CuPt nanorods, pre-
sumably to stabilize the (100) faces during growth. By varying
the OAmM/OAc ratio and the reduction rate, solvent and tem-
perature, the morphology and nanorod length were tuned. The
TEM images of the CuPt nanorods are shown in Fig. 52. The
NPs were found to be highly active for CO oxidation compared
with a commercial supported Pt nanoparticle catalyst of com-
parable particle size.*®®

Pt-Cu concave cuboctahedral nanoalloys enclosed by high-
index facets were prepared with the assistance of 1,2-
dodecanediol and OAm/OAc through a one-pot co-reduction
method in the presence of different metal precursors than that
mentioned above, namely, H,PtCls and Cu(acac),. The syner-
gistic capping effect of OAc/OAm stabilized the {100} and {111}
facets, which eventually led to the formation of concave cuboc-
tahedral nanostructures. The morphology and microstructure
of the as-prepared Pt-Cu concave cuboctahedrons and a sche-
matic representation of their formation mechanism are shown
in Fig. 53. The electrocatalytic performance of the product in
the MOR was significantly improved in comparison to that
exhibited by spherical Pt-Cu NPs and pure Pt nanocatalysts.>”®

Monodisperse Pt-Ru NPs were synthesized via the co-
reduction of Pt(acac), and Ru(acac); in a reaction mixture
composed of 1,2-hexadecanediol, OAm/OAc and octyl ether.
The authors found that the carbon-supported Pt-Ru colloidal
nanoalloy could be activated by a simple acid treatment under
mild conditions and the resulting catalyst displayed remarkably
ameliorated catalytic activity in the MOR compared to that of a
commercially available Pt-Ru catalyst.>”* Although surface
capping agents can greatly influence the growth mode of
nanocrystals in solution, the generation of a certain morphol-
ogy can hardly be understood without a good comprehension of
the main concepts and principles that define shape formation.
The synthesis of Pt-Ag alloy nanowires in the presence of OAm/
OAc was reported by Yang and co-workers. The TEM study
revealed the formation of sphere-like NPs using a Pt(acac),/Ag-
stearate ratio of 1:4 (Fig. 54a) and 1:2 (Fig. 54b), whereas
worm-like particles were obtained at a stoichiometric precursor
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Fig. 52
permission from ref. 369. Copyright 2009, the American Chemical Society.
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Fig. 53
a Pt—Cu concave cuboctahedron.®”® Copyright 2016, The Royal Society of

ratio (Fig. 54c). The length of the NWs decreased for higher Pt/
Ag precursor ratios (2:1 Pt to Ag, Fig. 54e), while NWs were
hardly spotted when the molar ratio was modified to 4:1
(Fig. 54f). The oriented attachment growth mode was suggested
to be responsible for the coalescence of the metal NPs, which
were formed in solution to yield larger Pt-Ag NWs. Both Pt- and
Ag-rich alloy nanostructures formed sphere-like or faceted NPs
under the same reaction conditions.”””

The effect of temperature on the formation of Pt-Pd NP
superlattices assisted by OAm/OAc was examined through TEM
monitoring and fast Fourier transform (FFT) analysis. The
spherical Pt-Pd NPs superlattices were prepared at room tem-
perature via drying-mediated self-assembly, and they were
capped by the OAm/OAc ligand pair. Their restructuring was
investigated at elevated temperatures. The critical temperature
that induced a phase transition in the Pt-Pd superlattices from
a crystalline state to an amorphous state was in the range of
100-110 °C. The temperature-induced restructuring study
showed that bigger 3D Pt-Pd superlattices could be produced
through the sintering of smaller superlattices.?”?

Alloying a non-noble metal with Pt is becoming a popular
approach to obtain Pt-based catalysts with much reduced Pt
usage and enhanced Pt activity. Monodisperse Pt;Sn alloy NPs
were synthesized via the controlled co-reduction of Pt(acac),
and Sn(acac), in a mixture of 1-ODE and OAm/OAc. In that
work, OAm also functioned as a reductant. The key factor for
the successful synthesis of Pt;Sn NPs was the co-injection of
Pt(acac), and Sn(acac), at high temperatures, which also
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enabled the tuning of the size of the resulting particles. These
Pt;Sn NPs were highly active for CO and methanol oxidation,
while their activity and stability could be further improved by a
post-synthetic heating treatment.>”* Nikles and co-workers also
reported the synthesis of cubic Pt;Sn alloy NPs via the co-
reduction of Pt(acac), and Sn(acac), in a high-boiling solvent,
trioctylamine, in the presence of OAm/OAc. The as-prepared
particles were catalytically inactive. To activate the NPs for cata-
lysis, the initial ligands were removed by treatment with TMAOH
solution, which was also confirmed by FTIR measurements. The
activated Pt;Sn particles exhibited high activity in the MOR and
CO oxidation.””® Villullas and colleagues applied a modified
polyol method using 1,2-hexadecanediol, metal acetylacetonates
and OAm/OAc to produce Pt-Fe/C catalysts with nominal Pt:Fe
compositions of 70:30 and 50:50. Surface segregation, i.e., sub-
stitution of Fe with Pt atoms in the first few atomic layers resulted
in Pt-enriched surfaces. Thus, portions of the as-prepared Pt-Fe/C
materials were heat-treated under an H, atmosphere to induce Pt
segregation. The resulting nanocatalysts demonstrated better
catalytic activity in the ORR than that of Pt/C.*”® In another work,
aiming to synthesize Mn-Pt nanocubes, Pt(acac), was dissolved in
benzyl (or phenyl) ether in the presence of OAc/OAm, followed by
the injection of a certain amount of an Mn,(CO),, solution at
160 °C. The OAm/OAc combination was essential to obtain
particles with a uniform size and shape. The Mn-Pt NCs showed
higher ORR activity than commercial catalysts.*””

In the present sub-section, the shape formation, oriented
attachment growth mechanism and superlattice generation

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Nanoscale Horizons

Fig. 54 TEM images of Pt—Ag nanostructures made at different metal
precursor molar ratios. Details are mentioned in the text. Reprinted with
permission from ref. 372. Copyright 2010, the American Chemical Society.

were discussed. Also in this case, OAm/OAc often needed to be
removed from the particle surface by treatment with different
chemical reagents to render the produced NPs catalytically
active.

8. Halide perovskite nanocrystals

The successful use of the OAm/OAc ligand-pair has also been
extended to the synthesis of colloidal halide perovskite NCs with
excellent shape and size control.*’*2*° Over the past 7 years,
halide perovskites, in the form of both thin films and NCs, have
emerged as a new class of semiconductor materials with many
interesting optical and electronic properties.>”®*8173%  Metal
halide perovskites (MHPs) exhibit the general chemical formula
of ABX;, where A and B are monovalent and divalent cations,
respectively, while X is a monovalent halide anion (Cl, Br, and I).
As shown in the typical cubic crystal structure of bulk MHPs, the
B-cation has six nearest-neighbor halide (X) anions, whereas the
A-cation sits in a cavity formed by eight corner-sharing BXs
octahedra (Fig. 55a).>”® These are classified into two types, as
follows: (1) organic-inorganic hybrid perovskites if the A-site
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cation is organic, e.g., methylammonium (MA") and formamidi-
nium (FA') and (2) inorganic perovskites if the A-site cation is
inorganic, e.g., Cs". The optical band gap, and thus the emission
color of perovskites (thin films and nanocrystals) can be easily
tuned across the visible spectrum of light by varying the halide
composition (Fig. 55b and c¢).*”®*** The halide composition is
easily controllable either by tuning the precursor ratio or through
post-synthetic halide ion exchange.****#*35> Although perovskites
were known since the 1800s, they came into the limelight in 2009
after the demonstration of their use as photosensitizers in solar
cells by Miyasaka and co-workers.*®® Since then, there has been
great progress in perovskite photovoltaics with their power con-
version efficiency surpassing 25%.**” This is due to the combi-
nation of many interesting properties such as large charge carrier
diffusion lengths, defect-tolerant electronic structure (Br and I-
based perovskites), and high mobilities of charge carriers (com-
pared to organic semiconductors).’’%833% Alternatively, highly
luminescent colloidal perovskites were first realized in the case of
hybrid perovskites by Schmidt et al. in 2014.***°° However, the
morphology of the prepared colloids in their work is still under
debate.’”® The first colloidal synthesis of well-defined inorganic
(CsPbX3) perovskite NCs with excellent control over their particle
size and size monodispersity using the OAm/OAc ligand pair was
reported by Protesescu et al. in 2015.°%° Their synthesis is based
on the typical hot-injection method, which was previously applied
to the classical semiconductor colloidal NCs and other NC
systems.’”® Later, the use of the OAm/OAc ligand pair was also
extended to the room temperature synthesis of CsPbX; NCs by Li
et al. in 2016.°*' The CsPbX; NCs, especially the Br and I-based
NCs, exhibited near-unity photoluminescent quantum yields and
superior thermodynamic stability compared to hybrid perovskite
NCs.?7838%388 Eollowing these early reports, research on colloidal
perovskite NCs has virtually exploded.*”® A wide range of synthetic
methods has been reported to prepare monodisperse halide
perovskite NCs, particularly for the CsPbX; system.*”® For exam-
ple, CsPbX; NCs obtained through the ultrasonication approach
using the OAm/OAc ligand pair generally exhibit over 90%
monodispersity and high crystallinity (Fig. 55d and €).*** The
OAm/OAc pair has been widely used in various synthesis methods
to achieve shape-, size-, and composition-control of colloidal
perovskite NCs.>”® A wide range of morphologies including nano-
cubes, nanowires, nanorods, nanoplatelets, and hexapods has
been synthesized in this way.’”®*”® We direct readers to previous
reviews for more details on the shape- and composition-controlled
synthesis of metal halide perovskite NCs (inorganic and organic-
inorganic hybrid) and their properties together with potential
applications.?”®

In this section, firstly, we provide an overview of the surface
chemistry of colloidal perovskite NCs synthesized using the
OAm/OAc ligand pair. In this regard, we discuss how the OAm
and OAc ligands can bind to the surface of perovskite NCs
based on the existing literature. Secondly, we summarize the
shape-controlled synthesis of perovskite NCs using this ligand
pair. Finally, we discuss the outstanding questions of OAm/OAc
ligand pair-protected perovskite NCs. As discussed in earlier
sections, the ligands on the surface of NCs are crucial for their
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Fig. 55 (a) Schematic illustration of cubic crystal structure of ABbXz perovskites, where A = Cs*, methylammonium (MA*), and formamidinium (FA*); B =
Pb2* and Sn?*; X = Cl~, Br~ and I (b) Photograph of the CsPbXs NCs of different halide compositions under room light (top) and UV light (bottom)
illumination. The samples were synthesized via a ligand-assisted ultrasonication approach using the OAm/OAc ligand pair. (c) Corresponding absorption
and PL spectra of the CsPbXs NCs of different halide compositions. The photoluminescence quantum yield of each sample is also provided in the graph.
(d and e) HAADF-STEM image of CsPbBrsz NCs under two different magnifications. Panels ‘b’ and ‘c’ are adapted with permission from ref. 384. Copyright

2016, Wiley-VCH.

stabilization and play an important role in their optical and
electronic properties.>’®**® Especially, surface ligands control
the photoluminescence efficiency of colloidal semiconductor
nanocrystals.>®® The detachment of ligands from a semicon-
ductor NC surface leads to the formation of surface defects,
which trap photogenerated electrons or holes before they
recombine, leading to a decrease in photoluminescence quan-
tum yield (PLQY).**® Therefore, it is fundamental to understand
the surface chemistry of colloidal semiconductor nanocrystals
to improve their optical properties, and thus corresponding
potential applications.>”®*%® The surface chemistry of colloidal
perovskite NCs is more complex due to the weak ionic interac-
tions between their surface and ligands.*** Generally, long-
chain alkyl amines in combination with alkyl acids have been
used as ligands in the synthesis of colloidal perovskite NCs.
Among the various acid-base pairs, the OAm/OAc pair has been
the most extensively used ligand pair for the stabilization of
colloidal perovskite NCs.*”® The presence of the OAm/OAc acid-
base pair in the reaction medium leads to the formation of the
oleate ion and oleylammonium cation due to proton transfer

from acid to amine.>*?

Over the years, significant efforts have
been devoted to understanding the binding of ligands to
perovskite NCs using nuclear magnetic resonance spectroscopy
(NMR) and are still being intensively investigated.??>3%4~39
Based on a survey of the available literature reports, there
are several different ways that the oleate ion and oleylammo-
nium cation bind to the surface of perovskite NCs, as illustrated

in Fig. 56. In this regard, using "H solution-NMR spectroscopy,
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De Roo et al.*** firstly performed a detailed study on the surface
chemistry of CsPbBr; perovskite NCs synthesized with the
OAm/OAc ligand pair. They identified the presence of proto-
nated oleylamine (oleylammonium cation) by analyzing the
difference in the concentrations of free oleylamine and oleic
acid in the 'H NMR spectra of CsPbBr; NCs. However, the
positive cross-peaks (arising due to the lack of interaction with
NC surface) in the nuclear Overhauser effect spectroscopy
(NOESY) NMR spectrum of the NCs revealed that octadecene
solvent and OAc were not bound to the NC surface. Based on
the "H NMR and NOESY-NMR results, it was proposed that the
oleylammonium bromide molecules formed in the reaction
medium act as ligand. The oleylammonium bromide ligands
bind to the bromine atoms on the NC surface either through
cation-anion electrostatic interactions or through the H---Br
hydrogen bridge, while the Br~ ions bind to Cs" or Pb" on the
surface of the CsPbBr; NCs (Fig. 56a).**> Understandably, the
highly ionic nature of perovskites prefers ionic ligands in
comparison with ligands that have a covalently binding nature.
Because of its ionic nature, the ligand binding to perovskite
NCs is highly dynamic, and therefore the ligands can be easily
detached from the NC surface during their purification by
washing, aging, and dilution.***>*%” These processes lead to
the creation of surface traps, and thus to a reduction in PL
efficiency. However, by adding an excess amount of OAm/OAc
ligand pair to the perovskite NC solution during its purifica-
tion, the PL efficiency and colloidal stability could be retained.
Interestingly, the addition of an excess amount of OAm to the
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Fig. 56 Schematic illustration showing different ways by which the OAm/OAc pair (i.e., oleate ion and oleylammonium cation) can bind to the CsPbBr3
perovskite NC surface: (a) oleylammonium cations interact with bromide atoms, and the bromide atoms interact with Cs* or Pb™ cations. (b)
Oleylammonium cations occupy the Cs* positions on the surface and form hydrogen bonds with the neighboring Br™ ions, while the oleate molecules
neutralize the surface charge and do not interact with the NC surface. (c) Oleylammonium cations occupy some of the Cs* positions, while the oleate
molecules occupy the halide vacancies on the surface. (d) Oleate and oleylammonium cations form electrostatic interactions with the Cs* and Br~ ions
of the NC surface, respectively. (d) Oleylammonium cations occupy Cs* vacancies, while oleate molecules bind to the rest of the Cs™ cations.

NC solution also led to an improvement in PL efficiency due to
the formation of oleylammonium oleate, which can tightly bind
to the perovskite NC surface.?*?

According to the above discussion, it is clear that a small
amount of OAm needs to be added during the purification
(washing with an antisolvent) stage of perovskite NCs to retain
their high PL efficiency. A slightly different ligand binding
mechanism was reported for CsPbBr; NCs by Ravi et al.,**®
where they proposed (based on XPS and "H NMR spectroscopy)
that the oleylammonium cations act as capping ligands by
replacing some of the Cs' ions and forming hydrogen bonds
with surrounding Br~ ions on the NC surface (Fig. 56b). Inter-
estingly, it was also shown that the oleate molecules do not
interact with the NC surface but help to maintain charge
neutrality by forming an equilibrium with oleylammonium
capping ligands (Fig. 56). Furthermore, the theoretical studies
by Brinck and Infante®*® suggest that oleylammonium cations
act as capping ligands by replacing 50% of the “A” cations of
the NC surface. Nevertheless, in contrast to early works, they
proposed that the oleate molecules fill the halide vacancies on
the NC surface, as illustrated in Fig. 56c. Another ligand-
binding mechanism was reported by Brutchey and co-
workers,*®® where the authors proposed that both oleate and
oleylammonium ions interact dynamically with the particle

This journal is © The Royal Society of Chemistry 2022

surface and likely bind to the Cs" and Br™ ions of the CsPbBr;
NC surface, respectively (Fig. 56d). However, in their recent
study, 'H and '**Cs NMR spectra suggested that the alkylam-
monium ligands substitute some of the Cs' ions on the NC
surface, while the oleate molecules bind to the rest of the Cs*
ions (Fig. 56€).>** Therefore, different groups proposed slightly
different ligand binding mechanisms for the CsPbBr; perovs-
kite NCs synthesized with the OAm/OAc ligand pair. Despite the
ambiguity of ligand binding chemistry on the perovskite NC
surface, tremendous progress has been made in the shape-
controlled synthesis of colloidal perovskite NCs using the OAm/
OAc ligand pair.*”®*7°

According to the above discussion, it can be concluded that
OAm/OAc are also efficient for the shape-controlled synthesis of
perovskite nanocrystals with remarkable optical and electronic
properties. The way by which entities such as oleylammonium
cations, for instance, act as capping ligands has been studied
via different characterization techniques and described in
detail in several reports.

Shape and composition-controlled synthesis of MHP NCs using
the OAm/OAc ligand pair

ABX; (A: MA, FA or Cs) nanocubes. The synthesis of CsPbX;
NCs (X = Cl, Br or I) in the presence of the OAm/OAc ligand pair
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using the hot-injection technique was first reported by Prote-
sescu et al.**° In their approach, a cesium oleate (Cs-oleate)
precursor stock solution was initially prepared by dissolving
Cs,CO; in oleic acid solution. The resulting complex was
injected into a solution of PbX, dissolved in an ODE-OAm-
OAc mixture under an inert atmosphere to obtain high-quality
monodisperse CsPbX; nanocubes (Fig. 57). The ligand pair first
facilitated the dissolution of the perovskite precursors in the
reaction medium, and then binds to the NC surface to stabilize
them in colloidal form. It is important to note that Cs,CO;
could be easily dissolved in OAc upon heating their mixture;
however, the PbX, precursor was only highly soluble in the
binary OAm/OAc mixture, not in OAm or OAc alone.**?
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Fig. 57 (a) Schematic illustration of the two-step hot-injection synthesis
of colloidal CsPbX3 NCs. Step (i) Cs-oleate stock solution is prepared by
dissolving Cs,COsz in OAc at high temperature. Step (ii) pre-synthesized
Cs-oleate is injected in the reaction medium (PbX, dissolved in 1-ODE
using OAmM/OAc ligands) at a high temperature, and then the resulting
solution is cooled in an ice bath. (b) Photograph of the colloidal solutions
of CsPbXs NCs prepared by the hot-injection synthesis method. (c)
Transmission electron microscopy image of the corresponding CsPbBrs
NCs. Panel (a and b) are reprinted with permission from ref. 378. Copyright
2021, the American Chemical Society. Panel (c) is reproduced with
permission from ref. 380. Copyright 2015, the American Chemical Society.
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Furthermore, PbX, precipitated upon heating the reaction
mixture (PbX, and OAm/OAc in ODE) to a threshold tempera-
ture (~200 °C), which increased upon increasing the concen-
tration of the OAm/OAc pair. The halide composition of the
CsPbX; nanocubes, and thus their emission color was easily
tunable by varying the ratio of the PbX, precursor in the
reaction (Fig. 57b). Although initially it was claimed that these
CsPbX; nanocubes exhibit cubic crystallinity,>***** later stu-
dies suggested that the CsPbBr; NCs crystallize in the orthor-
hombic phase, while the CsPbl; NCs possess a cubic crystal
structure.*”**' The CsPbX; NCs prepared via hot-injection
synthesis generally exhibit over 80% PLQY (for Br and I-based
samples).’”®*%° 1t is worth mentioning that Cl-based perovskite
NCs usually display low PLQYs due to their defect-intolerance
nature;>80:384:388,402,403  peyertheless, recent studies demon-
strated that they can become highly luminescent by doping
with other metal ions or wvia post-synthetic surface
passivation.**%4°44% A mentioned previously, the halide com-
position in perovskite NCs is tunable not only by direct synth-
esis but also through post-preparation halide exchange or via
cross-exchange of the halide ions between NCs made of distinct
halides.?”®38%40249 The precursors for halide exchange can be
easily prepared by dissolving the corresponding halide sources
(e.g., PbCl,, PbBr, and Pbl,) in an organic medium using the
OAm/OAc ligand pair.*°®*°>*°”7 The optical properties of per-
ovskite NCs are also tunable by adjusting their dimensions
given that they exhibit strong quantum confinement effects
with a decrease in their size/dimensions.*”®?%%4%771% pergys-
kite NCs exhibit blue-shifted emission with a decrease in their
size. Protesescu et al.>*° first reported that the size of perovskite
nanocubes decreases with a decrease in the reaction tempera-
ture (140-200 °C) during their hot-injection synthesis using
OAm/OAc, and thus their emission wavelength gradually blue
shifts according to their size. In contrast, Bekenstein et al.*'°
reported that the blue-shifted emission upon decreasing the
reaction temperature in the hot-injection synthesis was due to
the formation of CsPbBr; nanoplatelets of different thick-
nesses. A recent study by Otero-Martinez et al.*°® revealed that
the initial blue shift upon decreasing the reaction temperature
from 175 °C to 100 °C is due to the decrease in the size of the
nanocubes, while the reaction yields 2D nanoplatelets at tem-
peratures below 100 °C. In general, perovskite precursor-ligand
complexes crystallize into nanoplatelets at lower reaction
temperatures,*°”*°841%411 However, it has been challenging to
achieve precise control over the size of perovskite nanocubes,
given that only limited success has been reported in this
direction. For instance, Dong et al.*'> demonstrated the pre-
paration of size-tunable quantum-confined CsPbBr; nanocubes
based on the halide ion equilibrium in the reaction medium
together with temperature control. The perovskite nanocubes
with strong 3D-quantum confinement can be called quantum
dots. The size of the obtained CsPbBr; nanocubes strongly
depends on the Br equilibrium between a nanocube and the
reaction medium as the Br atoms diffuse inwards and outwards
of the nanocubes. Thus, an increase in the Br content in the
reaction medium leads to a decrease in the nanocube size. The
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concentration of Br was controlled by adding ZnBr, together
with the PbBr, precursor in the reaction pot. The precise
control over the size of quantum-confined nanocubes enabled
a better understanding of their size-dependent optical
properties.

The dimensions of perovskite NCs are not only controllable
by the reaction temperature, but also through varying the
ligand concentration during their synthesis.***** For instance,
Dutta et al.*"® demonstrated the size-controlled synthesis of
CsPbBr; nanocubes by modifying the amount of OAm. They
could reduce the size of the CsPbBr; nanocubes down to
~3.5 nm by increasing the amount of OAm-HBr without
altering the reaction temperature. The role of the OAm/OAc
ligand pair in the size-controlled synthesis of CsPbX; NCs was
systematically studied by Manna and co-workers by varying the
acid-base equilibrium (by adjusting the ratio of OAm to OAc) in
the reaction mixture.’®® It was found that the size of the
CsPbBr; nanocubes decreased gradually from 16.4 nm to
4 nm with a narrow distribution by changing the OAm/OAc
ratio together with reaction temperature in the hot-injection
synthesis (Fig. 58). As shown in Fig. 58a, the CsPbBr; NCs
obtained with the minimum concentration of OAm/OAc pair
required for the solubilization of PbBr, exhibited a narrow size
distribution. The size of the nanocubes was enhanced from 4.0
to 7.6 nm by increasing the reaction temperature from 120 °C to
150 °C. At reaction temperatures higher than 200 °C (which
require a higher ligand concentration to dissolve PbBr,), larger
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nanocubes with a broad size distribution were obtained. Inter-
estingly, all the nanocube samples exhibited a narrow emission
because the broad size distribution of large nanocubes has less
influence on their PL peak position considering that their size
is much larger than the exciton Bohr diameter (Fig. 58c).
Furthermore, it was found that the CsPbBr; NCs crystallize in
the orthorhombic crystal phase regardless of their dimensions
(Fig. 56d). However, at higher concentrations of the OAm/OAc
pair during the synthesis, the reaction yielded a non-
fluorescent Cs,PbBrs phase depending on the reaction
temperature.>>> More interestingly, it was found that the reac-
tion yielded CsPbBr; nanoplatelets (NPIs) at high concentration
of oleylammonium species; otherwise, it led to the formation of
nanocubes (Fig. 58). The thickness of the CsPbBr; NPls
decreased with an increase in the concentration of the oley-
lammonium cation with respect to the Cs" ion (Fig. 58h-j), and
the reaction yielded one monolayer (1 ML) of nanosheets with a
size in the microscale, without the introduction of Cs" ions
(Fig. 56k). These results suggest that the hot-injection synthesis
can produce perovskite NPIs at higher temperatures using
elevated concentrations of oleylammonium cation molecules.
Over the years, the hot-injection method using the OAm/OAc
pair has been extended to produce perovskite NCs of various
compositions including organic-inorganic hybrid (MAPbX; and
FAPbX;) NCs,*'* doped ABX; NCs,*" Cs,PbBr, 0D NCs*”® and
Pb-free NCs.*'®*"” The underlying chemistry is very similar
in the synthesis of various types of perovskite NCs using the
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Fig. 58 (a) Different sizes of CsPbBrs nanocubes obtained in hot-injection synthesis at different concentrations of OAm and OAc and different reaction

temperatures (size distributions are designated with vertical bars). (b) Schematic illustration showing the range of CsPbBrz nanocubes, nanoplatelets and
nanosheets obtained using only OAm/OAc as ligands. (c) UV-Vis absorbance (black solid line) and photoluminescence (blue dashed line) spectra of the
corresponding NCs. XRD patterns (d) and TEM images (e—k) of the illustrated (in Fig. 58b) samples. Figure is adapted with permission from ref. 393.
Copyright 2018, the American Chemical Society.
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OAm/OAc pair.>”® The ligands first help to dissolve the pre-
cursors, and then bind to the prepared NCs. However, organic—
inorganic hybrid nanocubes using the OAm/OAc pair have been
rarely reported compared with inorganic perovskite NCs. For
instance, Vybornyi et al.*'® applied the hot-injection method for
the synthesis of MAPbBr; nanocubes using OAm/OAc. They
could tune the morphology from nanocubes to nanoplatelets
(NPls) and NWs by adjusting the reaction conditions with an
increased concentration of OAc with respect to OAm. Later, this
method was further extended to the synthesis of MAPbI;
nanocubes by Korgel and co-workers.**°

The main challenge associated with the hot-injection synth-
esis of hybrid perovskite NCs is that small molecules such as
MA" can easily degrade at high reaction temperatures. How-
ever, a hot-injection route was successfully implemented for the
synthesis of FAPbX; NCs.*°®*?° protesescu et al**® demon-
strated the hot-injection synthesis of green emissive FAPbBr;
nanocubes in the presence of OAm/OAc. In their synthesis, FA"
and Pb-acetate precursors were initially dissolved in octadecene
using OAc, and then pre-synthesized oleylammonium bromide
(OAm-Br) was injected at 130 °C. Very recently, Otero-Martinez
et al.*®® reported that the injection of FA-oleate into PbBr,-
OAm-OAc dissolved in octadecene could produce high-quality
FAPbX; nanocubes with a controllable size by tuning the
reaction temperature.

The OAm/OAc pair has been further applied in the hot-
injection synthesis of lead-free double perovskite (A,B"B*"X)
NCs. 104174217424 1 9018, Creutz et al.*'’ adapted the hot-
injection method to synthesize lead-free Cs,AgBiXs (X = Cl,
Br) double perovskite NCs using OAm/OAc. Their synthesis was
based on the injection of trimethylsilyl halide (TMS-X) precur-
sors into an octadecene solution containing Cs, Ag and Bi
precursors, which were dissolved by the assistance of OAm/
OAc, to obtain Cs,AgBiXs NCs. In that study it was possible to
realize the necessity of the presence of OAm due to the
stabilization of the nanocrystal surface, taking into account
that when OAm was absent, the presence of an insoluble
material was observed. Adding small amounts of OAc helped
to avoid the presence of impurities in the final particles. The
authors also demonstrated that the halide composition of the
double perovskite NCs is tunable by applying post-synthetic
halide exchange reaction. Similarly, Bekenstein et al*'®
reported the synthesis of Cs,AgBiXs (X = Cl, Br) NCs via the
hot-injection of a halide source ((TMS-X) or HX) into a metal
acetate solution containing the OAm/OAc pair. Later, Zhou
et al.*** extended the classical hot-injection synthesis of CsPbX,
NCs to Cs,AgBiBrs nanocrystals by swiftly injecting Cs-oleate
into a precursor solution consisting of BiBr;, AgNO;, ODE, HBr
and OAm/OAc at high temperature. The synergistic behavior of
the OAm/OAc pair was demonstrated after observing the bulk
formation in the absence of OAc and the inability to form BiBr;
without OAm due to the fact that OAm acts as a complexing
agent for Bi*® ions. Therefore, the relevance of the OAm/OAc
pair in the crystallization of the Cs,AgBiBrs NCs becomes clear.
Furthermore, a similar approach, involving the injection of Cs-
oleate into a precursor solution in the presence of OAm/OAc,
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was employed for the synthesis of Cs,AgSb,_,Bi X, (X: Br, CI;
0 < y <1) and Cs,AgInCls NCs."*>**® For more details on the
synthesis of double perovskite NCs, we direct the reader to
previously published reviews.?”%%2*

Inspired by the hot-injection synthesis of CsPbX; NCs, a
wide range of relatively simple methods such as hot-plate
approach,’®® ligand-assisted ultrasonication,*®****>**”  gol-
vothermal process,*® mechanical grinding,*** and micro-
wave-assisted**® synthesis have been developed to obtain
high-quality halide perovskite NCs in the presence of OAm/
OAc. We suggest that readers check the available comprehen-
sive reviews for more detailed insights into the different synth-
esis methods reported for metal halide perovskite NCs.?”#37°
For instance, Tong et al.*** published a method for the one-pot
single-step synthesis of CsPbX; NCs via ultrasonication of the
precursor salts in ODE in the presence of OAm/OAc, yielding
high-quality NCs with extremely high PLQYs (Fig. 55). Similarly,
Chen et al.**® employed a solvothermal route, in which a
mixture of perovskite precursors together with OAm/OAc was
heated in an autoclave to obtain highly emissive CsPbX;
perovskite nanocubes. The authors showed that this approach
could be also adapted to produce CsPbX; NWs. It is important
to note that most of the single-step synthesis methods are
based on applying an external stimulus (such as heat, ultra-
sonication, MW irradiation and mechanical grinding) to a
mixture of precursors and OAm/OAc pair (with additional
ligands in some cases).>3**>8743¢

Alternatively, the OAm/OAc pair has also been used in the
ligand-assisted reprecipitation (LARP) of perovskite NCs at
room temperature.*®?91*31 In 2016, Li et al.**' demonstrated
the RT synthesis of highly luminescent CsPbX; NCs via the
LARP approach, in which a DMF solution containing the
corresponding salt precursors together with OAm/OAc was
injected into toluene to provide crystallized perovskite NCs,
as illustrated in Fig. 59a and b. It was suggested that the ligand
pair mediated the size control of the NCs and favored their
solubility in non-polar solvents. Later, Levchuk et al.*'* applied
the LARP approach for the synthesis of highly luminescent
FAPbX; nanocubes in the presence of OAm/OAc. Their
approach was based on the rapid injection of a DMF solution
containing PbX, and FAX precursors together with OAm/OAc in
chloroform. Importantly, it was found that the morphology of
the NCs was tunable from nanocubes to NPIs of different
thicknesses by varying the ratio of OAm/OAc. A slightly different
LARP approach was used by Minh et al. to obtain FAPbX;
nanocubes.**” In their approach, a DMSO solution containing
the precursors (FAX and PbX,) and OAm was injected into OAc-
containing toluene, resulting in the formation of stable FaPBX;
NCs. The authors could tune the size of the nanocubes by
varying the amount of OAm used in the reprecipitation reac-
tion. It should be noted that the use of DMF in LARP could
affect the stability of the crystallized perovskite NCs. In contrast
to classical LARP, Huang et al’°® demonstrated the polar-
solvent-free synthesis of ABX; (A: MA, FA and Cs) NCs through
the spontaneous crystallization of precursor-ligand complexes
in toluene (Fig. 59¢). Interestingly, the shape of perovskite NCs

This journal is © The Royal Society of Chemistry 2022
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Fig. 59 (a) Schematic illustration of the synthesis of CsPbX3z (X = CL, Br, and |) nanocubes via supersaturated recrystallization at RT. The precursors (Cs*,
Pb2*, and X~ ions) dissolved in good solvent (DMF) are introduced into a bad solvent (toluene) to crystallize perovskite nanocubes. (b) Photographs of
pure toluene (0 s) and colloidal solutions of the corresponding CsPbXz hanocubes under UV illumination in the dark. Images (a and b) are adapted with
permission from ref. 391. Copyright 2016, Wiley-VCH. (c) Spontaneous crystallization of perovskite NCs in organic medium upon introducing A-oleate
(e.g., FA-oleate) and PbX,-(OAmM/OAC) pre-prepared precursor solutions in it. The shape of NCs can be controlled from nanocubes to NPIs by varying the
ratio of A-cation to Pb?" ratio. Image (c) is adapted with permission from ref. 433. Copyright 2019, Wiley-VCH.

was controllable from nanocubes to NPIs by varying the ratio of
monovalent cation (A") to Pb>" (Fig. 59¢).

In this sub-section, it was highlighted that the OAm/OAc
pair helps to dissolve the perovskite precursors in the reaction
pot, and afterwards it binds to the NC surface. This is a crucial
function to achieve high-quality nanomaterials with a
controllable size.

Self-assembly of nanocubes

In general, perovskite nanocubes, especially inorganic ones, exhibit
a high degree of monodispersity (with 5-10% variation), regardless
Of the SyTltheSiS method’378—380,384,391,393,408,413,428,433—439 SuCh as
OAm-capped Au NPs reported a couple of decades ago.***4*
It is well known that OAm/OAc-capped (in general, long chain
ligand-capped) Au and classical semiconductor NCs tend to
form perfectly ordered superlattices.***"**” The self-assembly of
CsPbBr; perovskite NCs into highly luminescent colloidal
supercrystals is driven by the van der Waals interactions
between the hydrophobic ligands in the perovskite NCs under
high concentration conditions.’® This self-assembly process
has been observed for gold NCs.*****° The influence of the
OAm/OAc ligands in the self-assembly could be also extended
to NWs, which is discussed in the next section. Inspired by
the previous knowledge acquired on the self-assembly techni-
ques used for classical colloidal NCs, researchers reported
different methods to obtain long-range ordered perovskite
superlattices.’”®*°%*3%*>! 1n this regard, Tong et al. found that
OAm/OAc-coated monodisperse CsPbBr; nanocubes sponta-
neously self-assemble into superlattices in a concentrated
colloidal solution, and the superlattices tend to settle down at
the bottom of the glass vial due to their larger mass
(Fig. 60a).*°® However, these superlattices adapt irregular
shapes without any control over their dimensions. Alterna-
tively, the superlattices obtained on a substrate via the solvent

This journal is © The Royal Society of Chemistry 2022

evaporation technique exhibit a cubic shape with better uni-
formity in their dimensions.*****” The long-range ordering and
the size of the superlattices can be enhanced by slow solvent
evaporation in a glovebox, as demonstrated by Manna and co-
workers.**” Furthermore, it has been illustrated that 2D super-
lattices composed of supercrystal building blocks can be
formed through the templated approach.*”* The 2D superlat-
tices exhibit enhanced linear and non-linear optical properties
through light amplification caused by the diffraction of light at
specific excitation wavelengths.*>* We refer to the self-assembly
section of the published comprehensive review below for more
insights into the self-assembly of perovskite NCs and the
optical properties of the resulting superlattices.*”®

CsPbX; nanowires

As discussed previously in the surface chemistry section, the
ligands on perovskite NCs are characterized by a highly
dynamic binding mode due to their weak ionic interactions
with the NC surface.**®**>7%” Therefore, the ligands detach
easily from the NC surface, which is also facet selective. Con-
sequently, CsPbX; nanocubes often transform into nanowires
under specific reaction conditions.**>*>***>® For instance,
Zhang et al. first observed the formation of single crystalline
CsPbX; NWs under a prolonged reaction (90 min), which were
initially developed for CsPbX; nanocubes (Fig. 61a).**” After
performing a control experiment by changing the solvent from
ODE to OAm, a deceleration of the kinetics could be reasonably
assumed together with the preferential formation of NWs. This
type of growth was considered to follow a 1D surfactant-driven
mode. Later, Tong et al. found that the CsPbBr; nanocubes
obtained via ultrasonication of the precursors together with the
OAm/OAc pair gradually converted to NWs through oriented
attachment.*®> It was possible to determine the stabilizing
effect of OAm through the creation of bilayers on the surfaces

Nanoscale Horiz., 2022, 7, 941-1015 | 1001
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Fig. 60 (a) Schematic illustration of the synthesis of CsPbBrs nanocube superlattices via the ultrasonication of concentrated precursor dispersions. (b
and c) HAADF-STEM images of CsPbBrsz nanocube superlattices with different magnifications obtained via the spontaneous self-assembly of OAm/OAc-
capped CsPbBrz nanocubes in solution. The insets of figure ‘c’ are a photograph of the colloidal solution and schematic view of a supercrystal. (d) Self-
assembly of CsPbBr3z nanocubes into superlattices by solvent evaporation and (e) corresponding HAADF-STEM image (inset: magnified view of individual
NCs. Images in ‘(d and e)’ are reprinted with permission from ref. 434. Copyright 2018, Nature Publishing Group.

of the NWs when excess OAm was added. The OAm-assisted
bilayers acted in a protecting manner against the degradation
of the final product. Several research groups demonstrated the
transformation of perovskite nanocubes into NWs through the
selective removal of the ligands from specific facets in different
ways,02453:452,458 Bakr et ql.*** described the desorption of
OAm/OAc by selective photoinduced induction, which resulted
in a decrease in the steric repulsion between adjacent NCs. The
carboxylate-rich environment induced the formation of NWs.
Moreover, the use of small amounts of didodecyldimethylam-
monium sulfide (DDA'S™) together with OAc was essential for a
self-assembly process to occur, favoring longitudinal growth
and producing the NW shape.*”® Manna and co-workers
reported the synthesis of colloidal CsPbBr; NWs with width
that is tunable down to few-unit-cell thick, where this level of
thickness allows strong quantum confinement to be observed
using a mixture of alkyl amines and a short alkyl carboxylic acid
in the synthesis initially developed for nanocubes.*>® These
researchers obtained NWs with 10-20 nm width by controlling
the ratio of octylamine to OAm and by increasing the reaction
time to 50 min.**® Interestingly, replacing OAc with a short-
chain carboxylic acid (octanoic or hexanoic acid) resulted in
thinner NWs. In particular, the width of the NWs was tunable

1002 | Nanoscale Horiz., 2022, 7, 941-1015

from 10 nm (bulk region) to 3.5 nm (strong quantum confine-
ment region) by increasing the ratio of short-chain acid to
amine ligands used in the hot-injection synthesis.**® It is
important to note that the yield of thin NWs was higher at
lower reaction temperatures (70 °C). In contrast, Zhang
et al.**>*° noticed that the addition of dodecylamine to the
OAm/OAc mixture in a typical hot-injection synthesis of
CsPbBr; NCs resulted in the formation of strongly quantum-
confined single crystalline ultrathin NWs (Fig. 61b).**® These
NWs resemble the ultrathin gold NWs obtained by reducing
polymeric strands of OAm-AuCl complexes.*¢"%*

A focus on ABX; nanoplatelets

Perovskite nanoplatelets (NPls) have received increasing
attention due to their strong quantum confinement effects,
which enable a tunable emission across the visible spectrum of
light. This can be achieved by controlling the thickness of the
Br- and I-based NPIs rather than having a mixed halide
composition,?”%107:4097411,414,463-471 ' The OAm/OAc pair has
been successfully applied in the synthesis of halide perovskite
NPIs,*07-410:411:433,468 1t w535 found that the ratio of OAm/OAc
together with the reaction temperature plays a critical role in
the formation of NPL?%**'%%7 Colloidal perovskite NPIs were

This journal is © The Royal Society of Chemistry 2022
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Fig. 61 (a) Schematic illustration of the synthesis of CsPbBrz NWs. TEM images of bulk-like (b) and ultrathin (c) CsPbBrsz nanowires. The bulk-like NWs
were prepared by prolonging the reaction time (90 min) for the synthesis of the nanocube (see Fig. 57) applying the hot-injection method at 150 °C. The
ultrathin NWs were prepared at 160 °C for 20 min using dodecylamine together with OAm/OAc ligand pair. Panel ‘a’ is adapted with permission from ref.
457. Copyright 2015, the American Chemical Society. Panel ‘b’ is adapted with permission from ref. 459. Copyright 2016, the American Chemical Society.

first reported in 2015 via the LARP of precursors in an organic
solvent using octylammonium bromide ligands.**>*”° The pre-
pared NPIs showed thickness-dependent optical properties due
to their strong quantum confinement effects.’®>*’° Sichert
et al*’® demonstrated that the thickness of NPls decreases
with an increase in the ratio of octylammonium bromide to
methylammonium bromide. However, the lateral size of
the NPls appeared to be rather polydisperse. Later, it was
found that inorganic CsPbX; NPIs obtained with OAm/OAc

exhibit better monodispersity and tend to form face-to-face
Stacks 407,410,433,468

In this regard, Bekenstein et al.*'° first reported that the hot-
injection synthesis initially developed for CsPbX; nanocubes,
yielded NPIs when the reaction temperature is decreased to
<130 °C, and the thickness of the NPIs decreases with a
decrease in the temperature. The authors isolated NPls of
different thicknesses by applying several purification steps
and drew a relation between thickness vs optical band gap of
CsPbBr; NPIs. Later, Akkerman et al.**® employed a reprecipita-
tion approach, using the Cs-oleate precursor together with
OAm/OAc in DMF solvent. The precipitation of NPls was
induced by acetone and the authors could tune the thickness

2 ML 3ML 4 ML

‘

Cs/Pb ratio

Fig. 62 (a) Schematic illustration of the synthesis of CsPbBrs NPls by reprecipitation of precursors using acetone as an antisolvent. NPls crystallize upon

the addition of acetone in a toluene solution containing a mixture of Cs-oleate and PbBr,—OAm—-OAc. (b) Scheme of the typical cubic crystal structure of
CsPbBr3 perovskites. (c) Photographs of the colloidal NPl dispersions (with increasing Cs/Pb ratio) under UV light illumination. The emission color
gradually changes from blue to green with increasing Cs/Pb ratio. (d—f) HAADF-STEM images of 2, 3, and 5 ML NPls. Inset in (d): HAADF-STEM image
showing stacked 2 ML NPls standing on their edges. Figure is adapted with permission from ref. 407. Copyright 2018, the American Chemical Society.
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Table 2 Summary of the main information regarding some representative nanomaterials prepared in the presence of OAmM/OAc and feature in this
review (the materials are listed according to the order of the corresponding figures in the text)

Type/Fig. Synthesis method Applications Ref.
Magnetite nanocubes/3 Autoclave heating in 1-ODE at 260 °C Not reported 21
7-12 nm Fe;O4 NPs/4 Decomposition of Fe(ur) isopropoxide in ethanol Not reported 15
Hematite nanocubes/11 Solvothermal process in the presence of Hacac Not reported therein 56
Mny 5Fe, ¢50 nanocubes/14 Thermolysis method Not reported therein 81

CeO,@hexaniobate nanocomposites/19

CoO nano-octahedra/20

Mn-Doped ZnO hexagonal bipyramids/25a
Uranium dioxide NPs/27

CdS-Au nanopencils/31a

Waurtzite CulnS, NRs/33a

Star-like PbS nanostructures/37a

GeSe nanobelts/39b

Pt nanocubes/44

FePt; concave nanocubes/49

Thermal decomposition
Thermal decomposition

PtNi nano-octahedra/51
CsPbBr; nanocubes/58
CsPbBr; NWs/61a

Hot-injection process

of NPIs down to the monolayer-level by controlling the amount
of HBr added to the reaction medium. It was proposed that the
addition of HBr led to the formation of oleylammonium
cations, which replaced the Cs" ions on the particle surface.
Consequently, this prevented the growth in certain directions,
leading to an anisotropic growth pattern. Therefore, the
concentration of oleylammonium cations plays a critical role
in the thickness control of NPIs. Thus, it is possible to tune the
thickness even at a relatively high temperature by varying the
amount of the above-mentioned cations through control over
OAm/OAc equilibrium, as described in a systematic study on
the hot-injection synthesis of CsPbBr; NCs by Manna and co-
workers.**® This approach was also further extended to hybrid
systems to obtain monodisperse MAPbBr; and FAPbBr; NPIs
with thickness adjustment by varying the OAm/OAc ratio.****72
Alternatively, Bohn et al.**” reported the acetone-induced repre-
cipitation of Cs-oleate and PbBr,~-OAm-OAc complex to NPIs in
toluene solution without using the polar DMF (Fig. 62). The
authors demonstrated that the thickness could be precisely
tuned from 2-6 monolayers by varying the ratio of Cs to Pb
cations in the reaction medium (Fig. 62c). The NPIs tend to
form face-to-face stacks, enabling a straightforward thickness
measurement (Fig. 62d-f).**” Furthermore, it has been shown
that the perovskite precursors (A-oleate and PbX,-OAm-OAc
complexes) spontaneously crystallize into nanocubes or NPIs of
different thicknesses in organic medium without the addition
of acetone (Fig. 59¢).*** In principle, all these synthetic meth-
ods using the OAm/OAc ligand pair are also applicable to doped
perovskite NPIs by adding dopant precursors in the reaction
medium.*”*>"*’® Recently, the ligand pair under discussion was
also used in the hot-injection synthesis of lead-free Cs,AgBiXg
(X = Cl, Br, I) double perovskite NPls by Chen and co-
workers.””” In their synthesis, Cs-oleate was injected into an
ODE solution containing Ag, Bi and halide precursors together
with OAm/OAc.*””*’® The thickness of the produced NPIs was
controlled from monolayer to few layer-thick by adjusting the

1004 | Nanoscale Horiz., 2022, 7, 941-1015

Two-stage solvothermal process

Thermal decomposition of Co(acac),

Deposition of Au NPs on pre-synthesized CdS
Decomposition of nitrate precursors in dodecanethiol
Decomposition of Pb-acetate in dodecanethiol
Heating Gel, and TOP-Se in HMDS at 320 °C
Thermolytic reduction of Pt(acac),

High-temperature synthesis in organic medium

Synthesis in benzyl ether with W(CO)s

Prolonged reaction for 90 min

Catalysis-photocatalysis, SPR-based 102
sensing, battery components

Magnetic particle imaging (MPI) 106
Not reported 137
Not reported 148
Not reported 168
Not reported 181
Biological applications, MRI 217
Good electrical properties 234
Not reported therein 301
Hydrogenation of styrene and 342
reduction of 4-nitrophenol

Good activity in ORR 358
Photoluminescence properties 393
Not reported 457

reaction temperature.’’® For more details, we recommend the
reader to refer to our previous review for further description of
the synthesis, optical properties and applications of halide
perovskite NPIs.*!*

Table 2 summarizes the main information related to some
examples of different nanomaterials synthesized in the
presence of OAm/OAc and depicted/described in this review.

9. Summary and outlook

This review extensively analyzed all the different aspects of the
utility of oleylamine and oleic acid as a versatile chemical
reagent pair for the colloidal synthesis of a wide variety of
nanomaterials. We previously showed that OAm can be applied
as a solvent, ligand and reductant, while it can also form
complexes with metals, which can be decomposed to provide
nanoparticles.*”® Petit and co-workers recently revisited the role
of OAm, demonstrating that it induces the disproportionation
of the starting metal complexes in the case of Co (and Ni) NPs,
and this process does not invoke a reducing role in OAm.**°
Baranov et al. presented purification protocols to remove
impurities from commercial OAm and discussed how these
processes affect/benefit the synthesis of nanomaterials.*®' In
fact, Claridge and co-workers have recently investigated the
effect of trans and saturated alkyl impurities in technical-grade
OAm on the nanocrystal growth of Au NWs.*®? In the current
review, we showed that the combination of OAm with OAc
constitutes a polyvalent reagent pair with roles not strictly
limited to that of ligands. The morphology, composition and
crystal structure of several different nanostructure types can be
tuned by varying the ratio between OAm and OAc. In certain
cases, even presumably subtle modifications such as changing
the addition sequence of these two reagents in the reaction pot
may affect the final particle morphology. The preferential
binding patterns of these two molecules in different facets

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nh00111j

Published on 13 June 2022. Downloaded by Fail Open on 7/23/2025 9:57:55 AM.

Nanoscale Horizons

result in the blocking of growth in certain directions, while
allowing/favoring growth in different directions. Consequently,
the final size and shape of the produced structures can be
controlled. The capping ligands protect the particles from
aggregation, allowing their dispersion in different media, and
in some cases, they also offer partial protection against oxida-
tion. If post-synthetic annealing at very high temperatures is
applied, the organic ligands will be decomposed and a graphi-
tic carbon layer may form at the outer surface of the particles,
encapsulating them.

OAm and OAc are categorized as hard Lewis bases, which
can form complexes with the metal ions of the precursors
(which are Lewis acids). These complexes will then decompose
to generate nanoparticles. Under certain reaction conditions,
an acid-base complex may be formed as a result of the reaction
occurring between OAm and OAc, and this complex can also
play its own role during synthesis. In particular, this complex
can act as a reductant and capping agent and it can be detected
by characterization techniques such as '"H NMR and FTIR. The
surface capping of the synthesized nanomaterials by OAm/OAc,
which can be normally stored in several organic solvents,
affects a range of properties, such as magnetic, optical, and
catalytic, not always in a beneficial manner. Thus, on certain
occasions, ligand stripping techniques are used for the removal
of ligands from the NP surface, aiming for a better catalytic
performance. In other cases, ligand exchange protocols are
preferred for the transfer of the NPs in aqueous medium.
Biocompatible, water-soluble new ligands will facilitate the
use of NPs in biological/biomedical applications, sometimes
with the assistance of further surface functionalization steps.
When OAm/OAc are employed to synthesize monodisperse
spherical particles, the interparticle distances are controlled
and extended superlattices may be formed after a careful self-
assembly process and solvent evaporation. Finally, even though
OAm/OAc are normally used for colloidal chemical ‘bottom up’
synthesis routes, their use in top-down approaches such as ball
milling has been shown to also be efficient. Besides categories
such as metals, metal alloys, metal oxides, metal chalcogenides
and other materials for which the use of OAm/OAc is well
established, recently this ligand pair was also proven to be
beneficial for the synthesis of perovskite nanostructures. Also,
for the latter family of materials, size and shape control were
achieved to a remarkable extent, which enabled the optical
properties of these materials to be tuned, improving their
device performance. Multiple theories have been proposed to
explain the binding modes of OAm/OAc and the growth
mechanisms responsible for the acquisition of 1D-structures,
for instance. Nevertheless, despite the emergence of several
interesting theories, outstanding questions are still under
debate to obtain a full comprehension of the function of
OAm and OAc during the growth of nanomaterials. For
instance, the conditions under which OAm and OAc can form
complexes with metal precursors or react with each other are
understood to some extent, but still they cannot be fully
predicted in advance, given that several parameters in the
reaction pot may also affect the evolution of a given reaction.

This journal is © The Royal Society of Chemistry 2022
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For example, it is not that clear how often metal-ligand and
acid—amine complexes can be present simultaneously in the
reaction pot. Further studies are required to investigate
whether metal-ligand and acid-amine complex formation reac-
tions may continuously compete with each other or if they can
often proceed in parallel. The chemical behaviors of OAm and
OAc alone are quite well known, but the degree of impact of the
OAm/OAc pair on the nanoparticle growth will also depend on
other parameters such as solvent, precursors, co-surfactants,
and reaction temperature. It seems that further experiments in
the lab are still necessary to get more detailed and precise
insights on the nanoparticle growth evolution. This is because
the data accumulated thus far may not be always sufficient to
just insert in a software that would let us reliably know the final
outcome of a certain reaction. Thus, although the OAm/OAc
pair has been broadly used for a wide range of nanomaterials,
we strongly believe that it will continue to attract interest due to
the low cost, ease, and multi-functionality use of these reagents
in the nanotechnology industry.
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