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Colloidal chemical synthesis of various types of magnetic nanocrystals is discussed with regard to recent discover-
ies. We first outline the chemical preparation of single-component magnetic nanocrystals with controlled size, shape, and
uniformity based on several solution-phase methods, especially thermal decomposition and/or reduction method. Then
we discuss the synthetic strategies of multi-component nanocrystals incorporating at least one magnetic component by
manipulating heterogeneous nucleation and growth process. Toward the end, approaches for preparing hollow/porous mag-
netic nanocrystals are highlighted. We believe that the summarized chemical synthesis will pave the way for the future

development of extraordinary magnetic nanocrystals.
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1. Introduction

For past decades, magnetic nanocrystals (NCs) have at-
tracted a great deal of interest due to their extraordinary poten-
tial for data storage,!!! catalysis,!>3! biomedical imaging,*8!

9101 and environmental remediation.[''2] The

drug delivery,!
properties of the NCs strongly depend on their dimensions,
and as a result, their physical properties vary dramatically
from their bulk counterparts, which offer various opportuni-
ties for wide applications. In terms of magnetic materials, the
size-effect will result in the NC which possesses a single mag-
netic domain and shows superparamagnetic behavior when the
temperature is above the blocking temperature.!”-!314 Super-
paramagnetic NCs can be easily saturated in the presence of
a field, but the magnetization returns to zero upon removal
of the field due to thermal fluctuations. This unique feature
has proven to be ideal for a broad range of biomedical ap-
plications such as targeted drug delivery, localized heating of
cancerous cells (hyperthermia), and magnetic resonance imag-
ing (MRI) because aggregation of such NCs can be effectively

14181 On the other hand, properties of nanomateri-

avoided.|
als can also be tuned by varying their shapes.!!”! Therefore, to
fully exploit the potential of magnetic NCs with desired prop-
erties, synthesis of uniformly sized and shaped magnetic NCs
is of significant importance.

Recently, synthesis of heterostructured NCs (HNCs) with
discrete domains of different materials is becoming an im-
portant research direction in nanotechnology.?*-1 Primar-

ily, HNCs incorporating multiple materials, each character-
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ized by unique optical, electric, magnetic, and/or chemical
properties, provide multi-functionality that may result in un-
precedented applications.?6-311 Additionally, HNCs possess-
ing artificial interfaces, where electronic communication ex-
ists across neighboring material sections, can generate syn-
ergistically enhanced and/or tunable chemical-physical re-
sponses, or even provide novel functions that are not avail-
able in single-component materials or structures. 3>~ In par-
ticular, electronic interactions at the interface are present in
magnetic HNCs, which may lead to variation of the magnetic
properties by magnetic exchange-coupling mechanisms and/or
induced extra anisotropy.****! Therefore, establishing HNCs
with effective bonding junctions among dissimilar nanoscale
domains offers a promising way to engineer the properties and
to achieve optimal performances.

Besides HNCs, hollow/porous magnetic NCs have been
increasingly investigated in recent years. 36491 The hollow in-
teriors and porous shells within the NCs can provide high sur-
face to volume ratio and large pore volume, which are highly
attractive for many technological applications. For example,
drugs that are initially encapsulated in the void part of the hol-
low NC can be released either chemically via a pH control or
physically through a magnetic stimulation and photothermal
activation, offering a new approach for simultaneous diagnos-
tic and therapeutic applications.[4!=43

Compared to the top—down physical processes, colloidal
chemical synthetic methods have been found to be highly ef-
fective to synthesize uniform magnetic NCs with controlled
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sizes and shapes by varying the reaction conditions.*** In
this review, we present recent advances in the chemical syn-
thesis of various types of magnetic NCs. General synthesis of
single-component magnetic NCs, multi-component magnetic
NCs (including core/shell heterostructure, oligomer-like het-
erostructure, and anisotropically shaped material-based het-
erostructure), and hollow/porous magnetic NCs are summa-
rized.

2. Chemical synthesis of single-component mag-
netic NCs

To prepare magnetic NCs with controlled sizes and
shapes, various methods based on solution-phase colloidal
chemistry have been intensively investigated.[**41 Among
them, thermal decomposition and/or reduction approach is one
of the most attractive techniques which can meet the require-
ment of preparing high quality magnetic NCs. In this section,
we focus on some recent developments related to the colloidal
chemical synthesis of magnetic NCs from metal oxides, met-
als, alloys, metal carbides, phosphides, and chalcogenides.

2.1. Metal oxides

Magnetic metal oxide NCs such as iron oxides are
very important for various biological applications, such as
MRI, drug delivery, cell tracking, protein separation, and
hyperthermia.>>>71 FeO, y-Fe,03, and Fe30y4, which possess
remarkably different magnetic properties, are three typical
phases of iron oxides. Co-precipitation of Fe> and Fe?* salts
in a basic solution is the simplest method for synthesizing iron
oxide NCs.138-62 Despite the ease and large-scale producibil-
ity of this approach, it is difficult to prepare the NCs with nar-
row size distribution, high crystallinity, and high magnetiza-
tion values. Thermal decomposition reaction of an iron precur-
sor in a high-boiling-point organic solvent offers a promising
way to synthesize highly monodisperse iron oxide NCs. For
example, Sun et al. obtained monodisperse Fe304 NCs with
a size range of 4 nm-20 nm by reductive decomposition of
iron (IIT) acetylacetonate (Fe(acac)s, acac = acetylacetonate)
in the mixture of 1,2-hexadecanediol, oleic acid (OA), oley-
lamine (OAm), and benzyl ether (Fig. 1).13! It was found
that the type of solvent and reaction temperature could deter-
mine the size of Fe304 NCs. Additionally, via seed-mediated
growth, larger NCs with the size of 20 nm could be produced
(Fig. 1(b)). Hyeon et al. developed an ultra-large-scale syn-
thetic method to prepare monodisperse iron oxide NCs using
iron—oleate complex as the precursor, which can be prepared
by the reaction of inexpensive and nontoxic iron chloride with
sodium oleate.®*! By slowly heating the mixture of Fe-oleate
complex and surfactant to the boiling point (bp) of the sol-
vent, monodisperse iron oxide NCs were produced. The size
of the iron oxide NCs could be easily controlled by varying

the solvent with different bp. 5-nm, 9-nm, 12-nm, 16-nm, and
22-nm iron oxide NCs were prepared using 1-hexadecene [bp:
274 °C], octyl ether (bp: 287 °C), 1-octadecene (bp: 317 °C),
1-eicosene (bp: 330 °C), and trioctylamine (bp: 365 °C) as
solvent, respectively. Cube-shaped Fe3;O04 NCs in the size
range from 20 nm to 160 nm could be synthesized by thermal
decomposition of Fe(acac)s in the presence of OA and benzyl
ether at 290 °C.I%%] Very recently, Hyeon ef al. reported the
preparation of uniform and extremely small iron oxide NCs of
less than 4 nm via the thermal decomposition of an iron—oleate
complex in the presence of oleyl alcohol.[®) The formation of
extremely small iron oxide NCs was ascribed to oleyl alco-
hol which could lower the reaction temperature by reducing
iron—oleate complex. Moreover, by tuning the ratio of oleyl
alcohol to OA or changing the temperature, Fe304 NCs could
be controlled in the size range from 1.5 nm to 7 nm. The
wiistite-type FeO NCs were also prepared via thermal reduc-
tive decomposition reactions. Hou ef al. synthesized size-
and shape-controlled FeO NCs by reductive decomposition of
Fe(acac)s in the mixture of OA and OAm (Fig. 2).1%7! The size
of the FeO NCs was controlled in the range of 14 nm—100 nm
and the shapes were either polyhedra or truncated octahedra
by varying the molar ratio of OA to OAm. It is worth noting
that other types of iron oxide (Fe3O4, y-Fe;O3, or y-Fe,O3
NCs) could be obtained from the as-synthesized FeO NCs un-
der controlled annealing conditions.

(a) Fe(acac)s

ROH
+ RCOOH
+ RNH,

200 °C
refluxing

Fig. 1. (a) Schematic illustration of the synthesis of monodisperse Fe3O4
NCs through the decomposition of Fe(acac)z in the presence of oleic acid,
oleylamine, and alkanediol. Transmission electron microscopy (TEM) im-
age of (b) 6-nm and (c) 10-nm Fe3;O4 NCs. (d) A three-dimensional
(3D) superlattice of 10-nm Fe3O4 NCs. Reproduced with permission from
Ref. [63]. Copyright 2004 American Chemical Society.
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Fig. 2. TEM images of FeO NCs with different sizes and shapes: (a)
14-nm spherical, (b) 32-nm, and (c) 53-nm truncated octahedral. (d)
Scanning electron microscopy (SEM) image of 100-nm truncated oc-
tahedral NCs. Reproduced with permission from Ref. [67]. Copyright
2007 Wiley-VCH.

Ferrite MFe;O4 NCs generated from the partial substi-
tution of Fe?* with other transition metal M2 (M =Mn, Co,
Ni, Zn, etc.) in the crystal lattice of magnetite (Fe3O4) have
also attracted much attention for their distinct magnetic prop-
erties induced by M-doping compared to Fe304.[%8] The ap-
proach to the synthesis of monodisperse MFe,O4 NCs is sim-
ilar to that of Fe3O4 NCs discussed above. Typically, to pre-
pare monodisperse CoFe,O4 or MnFe,04 NCs, a stoichio-
metric amount of M(acac), (M =Co, Mn) and Fe(acac); were
mixed and heated in a high-boiling-point solvent in the pres-
ence of OA and OAm (Figs. 3(a) and 3(b)).[%] The size of
the NCs can be tuned from 3 nm to 20 nm by varying reac-
tion conditions such as temperature and types of precursors or
by seed-mediated growth. Alternatively, Hyeon er al. fab-
ricated spinel MFe;O4 NCs (M =Mn, Co or Ni) by means
of a high-temperature, nonhydrolytic reaction between diva-
lent metal chloride and Fe(acac)s in the presence of OA and
OAm as surfactants.[®”) Cheon er al. synthesized a series
of 15-nm sized Zn2+-doped NCs of (Zn,Mn;_,)Fe;04 and
(ZnyFe|_,)Fe;04 (x=10,0.1,0.2,0.3, 0.4, and 0.8) with single
crystallinity and size monodispersity by thermal decomposi-
tion of metal chloride precursors and Fe(acac); in the solution
of OA, OAm, and octyl ether (Figs. 3(c) and 3(d)).["") The
Zn’* doping level, which was carefully controlled by varying
the initial molar ratio of the metal chloride precursors, deter-
mined the magnetic properties of the ferrite NCs. For example,
the saturation magnetization of (Zn,Mn;_,)Fe,O4 NCs (x =0,
0.1, 0.2, 0.3, and 0.4) was found to be 125, 140, 154, 166,
and 175 emu-g~! (metal atoms), respectively. Recently, the
same group improved the synthetic method for realizing size-

and shape-controlled synthesis of zinc ferrite NCs.[7!] 22-nm
spherical Zng 4Fe; 604 NCs were obtained by the reaction of
Fe(acac); and zinc chloride in the presence of OA, OAm, and
octyl ether at 330 °C. To prepare cube-shaped NCs, the pre-
cursors were heated in the presence of OA and benzyl ether.
By changing the concentration of Fe(acac)z and zinc chloride,
the size of the NCs could be conveniently tailored from 18 nm
to 140 nm.

Fig. 3. TEM images of 14-nm (a) CoFe,O4 NCs and (b) MnFe;O4
NCs. Reproduced with permission from Ref. [63]. Copyright 2004
American Chemical Society. (c) TEM image and (d) high-resolution
TEM (HRTEM) image of 15-nm (Zng 4Feq ¢) Fe;O4 NCs. Reproduced
with permission from Ref. [70]. Copyright 2009 Wiley-VCH.

2.2. Metals and alloys

Metallic Fe, Co, Ni are typical classes of ferromagnetic
(FM) materials with high saturation magnetization. Among
them, iron possesses the highest room-temperature value of
saturation magnetization, and has a Curie temperature (7 ) that
is high enough for practical applications.!”>~74 Therefore, iron
NCs have attracted a great deal of interest in sensitive MRI and
magnetic fluid hyperthermia applications. However, metal-
lic Fe NCs are very reactive and unstable, specifically with
respect to water and oxygen, and can be rapidly and com-
pletely oxidized in air to form various iron oxide NCs with
much reduced magnetizations. Recently, researchers are chal-
lenging in the synthesis of metallic Fe NCs that can be sta-
bilized against fast oxidation.!”>~78 The two well-known ap-
proaches to monodisperse Fe NCs are the thermal decompo-
sition and chemical reduction of an iron organocomplex. Iron
pentacarbonyl, Fe(CO)s, is generally used to produce Fe NCs
via decomposition in organic solutions. In a typical process,
monodisperse Fe NCs were prepared by thermal decomposi-
tion of Fe(CO)s in 1-octadeceneand OAm at 180 °C.!7%1 To
increase the chemical and dispersion stability of the NCs, a
crystalline Fe3O4 shell was created over the core by controlled
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oxidation of the iron surface via the oxidant (CH3)3NO. In-
terestingly, it was found that the addition of hexadecylamo-
nium chloride could yield body centered cubic Fe NCs with
drastically increased magnetization (Fig. 4(a)).!”®] Concerning
the chemical reduction, the complex Fe[N(SiMes3),],(THF)
(Me = CH3, THF=tetrahydrofuran) and Fe[N(SiMe3)2]» have
been chosen as iron sources to produce metallic Fe NCs.
Dumestre et al. reported the reaction of Fe[N(SiMes ), ], with
H; in the presence of hexadecylamine (HDA) and OA to pre-
pare monodisperse zerovalent iron NCs with controlled sizes
(Fig. 4(b)).I"71 It is worth noting that the magnetizations of the
as-prepared NCs were found close to bulk values. In an im-
proved procedure that argon was used as atmosphere instead
of Hy, the reaction of Fe[N(SiMe3 ), ], was held to yield single-
crystalline iron NCs of uniform size and shape with the assis-
tance of ammonium chloride HDA-HCL.I73! Alternatively, by
the reduction of the iron—oleate complex at a high temperature
of 380 °C in the mixture of OA and 1-octadecene, cube-shaped
20-nm iron NCs which is passivated by a thin FeO layer were

produced. %4

Fig. 4. (a) TEM image of the 15-nm Fe NCs. Reproduced with per-
mission from Ref. [78]. Copyright 2011 American Chemical Society.
(b) TEM image of 3D superlattice of Fe nanocubes. Reproduced with
permission from Ref. [77]. Copyright 2011 Science. (c) TEM image
of a two-dimensional (2D) assembly of 9-nm Co NCs. Reproduced
with permission from Ref. [84]. Copyright 1999 American Institute of
Physics. (d) TEM image of Ni NCs with the size of 12.8+0.7 nm. Re-
produced with permission from Ref. [90]. Copyright 2009 American
Chemical Society.

Similar as iron, the preparation of cobalt NCs is via ther-
mal decomposition or chemical reduction of organometallic
precursors. However, Co atoms can crystallize into three
types of phases including hexagonal close packed (hcp),
face-centered cubic (fcc), or €-phase with distinct magnetic
properties. 8031 By varying precursors, surfactant species,

and/or reaction temperatures, the size and shape for Co NCs

can be efficiently controlled. To synthesize €-Co NCs, a very
sensitive phase to the reaction conditions, Sun et al. reported
the reduction of cobalt chloride using lithium triethylborohy-
dride (LiBEt3H, superhydride) in dioctyl ether with OA and
trialkylphosphine as the capping agents (Fig. 4(c)).[%* The
increase of the reaction temperature from 200 °C to 300 °C
would yield hep-Co NCs. Besides, the group of Alivisatos
developed a method by employing cobalt carbonyl as the pre-
cursor, from which monodispersed, stabilized, defect-free &-
cobalt NCs, with spherical shapes and sizes ranging from 3 nm
to 17 nm could be produced.!®’! Cobalt NCs in the hep and fcc
phase could also be synthesized. Monodisperse hcp-Co NCs
could be prepared from cobalt acetate solution in diphenyl
ether using a mild reducing reagent (1,2-dodecanediol) at
240 °C in the presence of OA and n-trioctylphosphine (TOP).
By adjusting the capping groups/metal salt ratio and select-
ing the degree of bulkiness of the organophosphine stabilizer,
the size of Co NCs could be further tuned.®! Puntes ez al.
acquired hcp-Co disk-shaped NCs by rapid decomposition of
cobalt carbonyl in the presence of linear amines.!®°! As se-
lective adsorption of alkylamine might inhibit growth along
a unique axis, disk-shaped NCs were formed. The decom-
position of Co,(CO)g in the presence of stabilizing ligands
could also yield multiply twinned fcc-Co NCs with narrow
size distributions. Typically, to prepare 8- to 10-nm fcc-Co
NCs, Coy(CO)g dissolved in dioctyl ether was injected into the
mixture of diphenyl ether/OA/tributylphosphine at 200 °C.[88]

Besides Fe and Co, the synthesis of Ni NCs have also
been intensively investigated. Based on the chemical reduc-
tion of nickel salts Ni(CH3COQ), or Ni(acac), in the pres-
ence of the ligands (OA, TOP or OAm), monodisperse Ni col-
loidal NCs in the 4 nm—16 nm size range with narrow size dis-
tribution were successfully produced (Fig. 4(d)).[”°! By con-
trolling the synthetic conditions (precursors, ligands and tem-
perature), the size of Ni NCs could be easily tuned. Zhang
et al. employed three processes, including direct thermoly-
sis, seed-assisted growth, and hot injection, to synthesize Ni
NCs with diameters in the range of 20 nm—60 nm by the de-
composition of nickel acetylacetone in OAm.!) Cordente et
al. synthesized nickel NCs of tunable shape from the decom-
position of Ni(COD), (COD =cycloocta-1,5-diene) in THF in
the presence of HDA or trioctylphosphine oxide (TOPO).%?!
By increasing the concentration of amine, nearly monodis-
perse Ni nanorods were formed probably due to the specific
coordination of the amine. On the other hand, monodisperse
Ni NCs could also be prepared at low temperature with the
help of strong reductants. Metin ef al. fabricated monodis-
perse Ni NCs (= 3 nm) from the reduction of Ni(acac), with
the strong reducing agent boranetributylamine (BTB) in OAm
and OA. In principle, the crystalline structure of the Ni NCs,
which are generated from the thermal reduction of Ni salts in
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alkylamines, can be tuned by adjusting the reaction tempera-
ture. Chen et al. observed the formation of hcp-Ni NCs at
higher reaction temperatures (e.g., > 240 °C) from the reduc-
tion of Ni(acac), in alkylamines.[?3! On the other hand, lower
temperatures yielded fcc-Ni NCs. Mourdikoudis et al.  re-
ported a similar phase change of Ni NCs based on the ther-
mal decomposition of nickel acetate tetrahydratein primary
and tertiaryamines!**! Ni nanostructures with either hcp or fcc
crystal structure could be tuned by the reaction temperature,
and the size of the particles could be controlled between 5 nm
and 120 nm by the additional surfactants such as 1-adaman-
tanecarboxylic acid (ACA).

The synthesis of nanostructured alloys such as FePt and
CoPt have also been intensively studied because of their
high magneto-anisotropy and good chemical stability.!!-93-%6]
Nanostructured MPt alloys with the phase of face-centered
tetragonal (fct) (also known as L1j phase) are particularly in-
teresting for their extremely high magneto-anisotropy which
makes them excellent candidates for ultrahigh-density mag-
netic storage and the precursor to advanced magnetic mate-
rials. Sun ef al. first obtained monodisperse FePt NCs by
the thermal decomposition of Fe(CO)s and the reduction of
Pt(acac), in a mixture of OA and OAm (Fig. 5).!"1 The size and
composition of FePt NCs could be tuned by varying the ratio
of precursors and the solvent. Exclusion of additional reduc-
ing agent such as 1,2-alkanediol in the reaction mixture can
help realize better control of the size of the FePt NCs.[?7:%8]
To convert as-synthesized FePt NCs with a chemically disor-
dered fcc structure into an fct structure, thermal annealing of
fcc-FePt NCs at high temperatures is needed. To obtain dis-
persible fct-FePt NCs, one can coat the as-synthesized FePt
NCs with SiO,/MgO, or disperse the NCs in NaCl matrix
before thermal annealing, and remove the additional chem-
icals after the fct-FePt is formed.[%%9°-193] Notably, the di-
rect synthesis of fct-FePt NCs using a wet-chemistry method
was also reported. Jeyadevan et al. obtained partial fct-FePt
alloys with a particle size of 5 nm—10 nm by the reduction
of platinum and iron acetylacetonates in tetracthylene gly-
col at 300 °C.['% Howard ef al. acquired partially ordered
fct-FePt NCs by the reaction of NayFe(CO)4 and Pt(acac),
in tetracosane at 389 °C.['%! Owing to the unique magnetic
properties including large permeability and very high satura-
tion magnetization, FeCo alloys are very attractive for self-
assembly thin film and biomedical applications. Based on re-
ductive decomposition of Fe(acac); and Co(acac), in a mix-
ture of OA, OAm, and 1,2-hexadecanediol under a gas mixture
of 93% Ar + 7% H; at 300 °C, Chaubey et al. successfully
obtained bimetallic FeCo NCs with well-controlled particle
size and size distribution.!'%! By using [Co(n3-CgHi3)(n*-
CgHj,)] and Fe(CO)s as organometallic precursors and a mix-
ture of HDA, OA, and stearic acid (SA) as stabilizing agents at

150 °C under 3 bars (1 bar= 10> Pa) of H,, 20-nm monodis-
perse FeCo NCs, self-organized into millimeter long super-
crystals, could be obtained.['%7! In an alternative approach,
high-magnetic-moment FeCo NCs were prepared via the dif-
fusion of Co and Fe in core/shell structured Co/Fe NCs by

raising the solution temperature.[!%8]
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NC. (c) High-resolution SEM image and (d) HRTEM image of 4-nm
Fes,Ptyg assembly after annealing. Reproduced with permission from
Ref. [1]. Copyright 2000 Science.

2.3. Metal carbides, phosphides, and chalcogenides

Nanosized iron carbides have attracted increasing interest
recently due to their good air stability with high magnetiza-
tion, and excellent catalytic properties in the Fischer—Tropsch
synthesis.[1%%11%1 However, to meet the requirements of wide
applications, there still remain big challenges in the synthe-
sis of iron carbide nanostructures with controlled phase, size,
and magnetic properties. Compared to the preparation routes
of physical pyrolysis, sonolysis, and laser ablation methods,
which inevitably cause the aggregation of products, solution
chemistry methods have shown remarkable advantages in con-

U11=1151 Hou et al. developed

trolling the size and morphology.
a convenient solution phase method to synthesize FesC, NCs
by the reaction of Fe(CO)s with octadecylamine in the pres-
ence of bromide under mild temperatures.!' 4 Tt was investi-
gated that bromide in the reaction systems was crucial for the
formation of crystalline Fe NCs, which exhibited antioxidized
characteristics to proceed to carbonization at high temperature.
On the other hand, unsaturated hydrocarbons and cyanides,
which were produced by the decomposition of octadecylamine
under Fe catalysis, served as carbon source that could react
with crystalline Fe to form FesC,. Owing to the compact or-
ganic shell around the NCs built by bulky octadecylamine, the
size of the carbide could be effectively controlled. Inspired by
the Fischer—Tropsch process, Meffre ef al. reported a tunable
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organometallic synthesis of monodisperse iron carbide NCs
based on the decomposition of Fe(CO)s, which serves as both
Fe and carbon precursor, in the presence of preformed Fe NCs
at 150 °C under 3-bar H, atmosphere.[!'3] By carefully alter-
ing the surface functional groups of preformed Fe seeds, sol-
vent and Fe(CO)5 concentration, iron carbide NCs with a very
narrow size distribution could be obtained (Fig. 6(a)). Because
of their excellent magnetic properties with tunable magnetic
anisotropy, these NCs displayed extremely high efficiency for
magnetic hyperthermia.

There have been some reports on chemical synthesis of
cobalt carbide NCs with interesting magnetic properties. The
polyol, which can effectively reduce cobalt salts and generate
active carbon, has been exploited to fabricate cobalt carbide
NCs.!16-118] Zhang et al. reported the controlled synthesis
of cobalt carbide (Co3C and Co,C) NCs with high coercivity
at room temperature based on a simple one-pot polyol reduc-
tion process, in which the shape and size of the cobalt carbide
NCs could be controlled by adjusting the category and con-

8] The polyol reduction method

centration of the surfactant.|
could be further improved with the help of hydroxide and chlo-
ride anions, which could affect the size and phase of cobalt
carbide.["!7! It is interesting that by varying the concentration
of the anions, pure phase Co,C NCs were prepared. In an al-
ternative process, An et al. performed the reduction of the self-
assembled CoO nanorod arrays to form FM Co,C nanorods
arrays.[!!°1 Under H, atmosphere, CoO was initially reduced
to form Co, and reacted with the carbon from the thermal de-
composition of the organic surfactant. In spite of the prelimi-
nary progress, to develop a reliable method to synthesize high-
quality cobalt carbide NCs with pure phase and homogeneous
size is still highly desired for practical applications.

Based on the reactions carried out in high-boiling-point
organic solvents, there have been many efforts in synthesizing
colloid nickel carbide NCs.!120:121 pyre nickel carbide (NizC)
NCs, which is characterized as an interstitial solid solution of
carbon in the metallic hcp-Ni, have been prepared with particle
diameters of 40 nm by thermal decomposition of nickel for-
mate in the presence of OA and OAm. However, due to simi-
lar lattice parameters between hcp-Ni and Ni3C, there remains
controversy in examination of the exact phase. Goto et al.
demonstrated the thermolysis of Ni(acac), in OAm to acquire
Ni3C NCs, and used hard-X-ray photoelectron spectroscopy
to clarify that the hcp phase was not a metallic hcp-Ni but a

1201 During the process, metallic Ni

hexagonal nickel carbide. !
NCs were first generated by the thermal decomposition of the
acetylacetonate, and then were subjected to carbonization to
form cubic nickel carbide as an intermediate product before
being transformed into hexagonal nickel carbide. By decom-
posing Ni(acac); in the presence of OAm and 1-octadecene,

Schaefer et al. synthesized NizC;_, with controlled average

carbon content via tuning the reaction time.!"?! Their results
help to experimentally rationalize the discrepancies in lattice
constants and magnetic properties, and effectively bridge prior
reports of hcp-Ni and NizC.

Magnetic metal phosphides including iron, cobalt, and
nickel phosphides, are a class of compounds that have gained
increasing interest for their advanced catalytic, electronic,
and magnetic properties.!!?>!23] Recent studies have been fo-
cused to develop general synthetic approaches to synthesize
high crystalline magnetic metal phosphides with careful con-
trol over both the composition and the morphology.[!24-133]
In general, the preparation of metal phosphides is based on
the reaction between phosphorus containing chemicals (phos-
phines, phosphorus pentachloride, P(SiMes3)s or trictylphos-
phine) and metal precursors. Perera et al. first reported the
preparation of pure FeP NCs from reaction of Fe(acac); with
P(SiMe3)3 in TOPO at 280 °C.[13%] Instead of P(SiMe3 )3, the
use of alkyl phosphines, like TOP, as the phosphorus source
has proven to be a more general and cheaper route to syn-
thesize magnetic metal phosphide NCs. Henkes er al. de-
scribed a general strategy for synthesizing various types of
transition metal phosphides nanostructures by the conversion
of preformed metal NCs into metal phosphides via solution-
mediated reaction with TOP.'3?! Similarly, the Brock group
reported the synthesis of phase-pure Fe,P and FeP by reacting
preformed Fe NCs with TOP at temperatures in the region of
350 °C-385 °C. It was found that shorter reaction time/lower
temperature favored an iron-rich product (Fe,P), and longer
reaction time/higher temperature favored a phosphorus-rich
product (FeP).!>*] Ha et al. reported the chemical transfor-
mation of -Co NC into two phases of cobalt phosphide, Co,P,
and CoP from a reaction with TOP.['3%] Discrete, unsupported
NCs of NipP with an average crystallite size of 10.24+0.7 nm
have been prepared by using a solution-phase method with
Ni(COD); as the nickel source and TOP as the phosphorus
source in the presence of the coordinating solvent TOPQ.!26]
Muthuswamy et al. presented controlled synthetic procedures
to utilize reaction parameters as levers to tune phase, size, and
morphology, enabling phase-pure samples of Nij;P5 and Ni, P
to be prepared in both solid and hollow morphologies.[!’]
In order to get anisotropic nanostructures of the metal phos-
phides, Liu!'3* and Hyeon!!*”! developed the method to pro-
mote the growth of anisotropic NCs by multiple or continu-
ous injection of a metal-TOP precursor solution. For exam-
ple, well-defined FeP nanorods and nanowires were acquired
by the multiple injection of iron pentacarbonyl and phosphine
mixtures (Fig. 6(b)),[!3* while uniformly sized magnetic Fe,P
nanorods could be fabricated from the thermal decomposition
of continuously delivered iron-phosphine complex using a sy-
ringe pump. By controlling the injection rate and by using
different surfactants, the diameters and aspect ratios of the
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nanorods could be conveniently controlled, thus MnP, Co,P,
FeP, NiP nanorods with various dimensions could be success-
fully obtained (Fig. 6(c)).['33! In an alternative process with-
out continuous injection, Li et al. employed a simple and re-
producible method to prepare CoP nanowires with a high as-
pect by the thermal decomposition of Co(acac); and tetradecyl
phosphonic acid in a mixture of TOPO and HDA. Zhang et al.
presented the use of TOPO, an air-stable compound, as both
a solvent and a controlled phosphorus source to produce hy-

perbranched Co,P NCs that are uniform in size, shape, and
135]

symmetry (Fig. 6(d)).L

Fig. 6. TEM image of (a) 13.1-nm iron carbide NCs, (b) FeP nanowires,
(c) NigP nanorods, (d) hyperbranched Co,P NCs, (e) NiS nanorods, and
(f) B-FeSe nanosheets. Reproduced with permission from Refs. [115],
[133]-[135], [140], and [141], respectively. Copyright 2012, 2004,
2005, 2011, 2004, 2009 American Chemical Society.

Magnetic metal chalcogenides are also an important
family of interesting materials that have been proven to
possess great potentials in many fields due to their mag-
netic, electrochemical, optical, and electrical properties.
By taking advantages of solution-based chemical route,
many groups have been challenging the syntheses of mag-
netic metal chalcogenides with tunable sizes and variable
shapes. Notably, from previous studies, the hot-injection
method and single-source precursor method have been proved
to be highly effective strategies for preparing magnetic
metal chalcogenides nanostructures. By employing a sin-
gle source precursor, [N"Bus]y[FesS4(SPh)4], bis(tetra-n-
butylammonium)tetrakis[benezenethiolato-u3-sulfido-iron], a
cubane-type cluster, which can decompose under extended re-
flux in alkylamines, O’Brien and Vanitha prepared monodis-

persed superparamagnetic iron sulfide NCs with controlled

s.[1381 In the proce-

composition, structure, and dimension
dures, pyrrhotite type Fe;Sg NCs were formed at 180 °C,
while Fe3S4 with a greigite structure was obtained at a higher
temperature of 200 °C. In another approach, by decompos-
ing a single-source precursor of Fe(Ddtc); or Fe(Ddtc),(Phen)
(Phen = 1,10-phenanthroline; Ddtc =diethyldithiocarbamate)
in the mixture solvents of OA/OAm/1-octadecene, Fe3S4
and Fe7Sg nanostructures displaying strong FM properties at
room temperature have been synthesized with diverse shapes
(NCs, nanoribbons and nanoplates).!'3! By extending the sin-
gle source precursor method, rhombohedral NiS (millerite)
nanorods and triangular nanoprisms could be synthesized re-
lied on the thermal degradation of nickel thiolate precursors
in the presence of octanoate.!'*"! Owing to solventless en-
vironment where interparticle collisions are rare, and con-
trolled growth process, NiS NCs are achieved with rela-
tively homogeneous size and shape (Fig. 6(e)). Raymond
E. Schaak and his colleagues made an important contribu-
tion in the synthesis of iron chalcogenide via solution chem-
istry, where by fB-FeSe, Te-containing compounds and the
composition-tunable 3-Fe(Se, Te) solid solution could be ac-
quired by adopting Fe(CO)s as an iron source and TOPO as
solvent (Fig. 6(f)).["*!1 Bi er al. obtained phase pure, highly
crystalline cubic FeS, NCs by using a TOPO assisted hot-
injection method.['*?! Chen et al. prepared uniform tetrago-
nal b-FeSe, square nanoflakes with tunable composition and
size by the reaction between ferrous chloride and selenium tri-

1431 Very re-

octylphosphine in the presence of OAm and OA.!
cently, one-step colloidal synthetic methods have attracted in-
creasing attention due to the avoidance of complicated proce-
dures and harsh synthetic conditions. In a representative pro-
cess, Zhang et al. have developed a convenient protocol for
synthesizing Fe3Se4 nanostructures (nanosheets, nanocacti,
and nanoplatelets) by the one-pot high temperature organic-
solution-phase method.!'**! Interestingly, the as-synthesized
Fe3Ses nanostructures exhibit hard magnetic properties, with
giant coercivity values up to 40 kOe (1 Oe=79.5775 A-m~!)
at 10 K and 4 kOe at room temperature.

3. Chemical synthesis of multi-component mag-
netic NCs

HNCs, which are composed of different inorganic com-
ponents with various types of interfaces, have recently at-
tracted much attention due to the unique properties and nu-
merous possibilities of applications. 2222639 In terms of
multi-component magnetic nanostructures, the different do-
mains meet at interfaces open an opportunity to adjust the
magnetism. In addition, the functional components involved
in individual magnetic nanostructures may provide a platform
for recyclable catalysis, medical diagnosis and therapy, pho-
tonics and electronics.?7-2%3%143] In order to realize the suc-
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cessful application of such nanocomposites, it is extremely
important to control their nanostructure, composition, and
stability under different conditions. Therefore, in the past
years many researchers have devoted themselves to develop-
ing reliable synthetic methods to fabricate the magnetic multi-
component nanostructures. Among those approaches, non-
hydrolytic method was found to be one of the most efficient
In this

part, we briefly overview the recent advances in the nonhy-

and controllable ways to obtain the required NCs.

drolytic chemical synthesis of magnetic multi-component NCs
with different nanostructures including core/shell, oligomer-
like and anisotropically shaped material-based heterostructure.

3.1. Core/shell heterostructure

In the systems of core/shell nanostructures, the inorganic
inner NC “core” is evenly covered with a shell coating, which
may be composed of one or more layer of inorganic materi-
als. The magnetism of core and/or shell contributes to the
magnetic property of the whole structure. Due to the large
area of interfaces and related strong interactions, the physico—
chemical properties of the core/shell nanostructures are found
to be quite distinct from the individual components. In terms
of magnetic NCs, the interactions at the interface always lead
to the variation of the magnetism, such as the exchange bias
effect and exchange-coupling-caused increase of magnetic en-
ergy product,[146-150]

In order to successfully obtain the core/shell nanostruc-
When the
core and shell components are characterized by similar crys-

tures, epitaxial growth is worth consideration.

tal structure and/or close matching lattice space, the strain at
the interfaces can be minimized, resulting in the formation of
core/shell structures, otherwise islands or satellites would fi-
nally appear for the decrease of the interface energy. However,
the lattice compatibility is not necessary to achieve core/shell
nanostructures. For example, the uniform oxidation of the ac-
tive core NCs is an effective strategy to establish core/shell
geometry.

Zeng et al. first synthesized bimagnetic FePt/FezO4
core/shell NCs by reductive decomposition of Fe(acac); in
the presence of monodisperse FePt NCs (Fig. 7(a)).151 The
seed-mediated approach was found to be effective for the uni-
form growth of iron oxide. By adjusting the molar ratio be-
tween FePt NCs and the Fe(acac)s precursor, the shell thick-
ness could be easily tuned. Similarly, magnetic CoFe,Oy4
shell could also be achieved by introducing Co(acac); into the
system.[140] Besides FePt NCs, other metal/alloy NCs could
also be used as seeds to generate metal/iron oxide core/shell
nanostructures. It was suggested that metal/alloy seeds were
generally rich of electrons, which could serve as catalytic
centers for the growth of the secondary component. Shi et
al. synthesized monodisperse Au/Fe3Oy4 core/shell NCs with

epitaxial interfaces by decomposing Fe(CO)s or Fe(acac)s in
the presence of small Au seeds (Fig. 7(b)).['>?] Co/Sm,03
core/shell NCs (Fig. 7(c)) obtained from solution phase pro-
cessing were used as precursors for high-temperature anneal-
ing, yielding nanocrystalline SmCos with large coercivity.[!33]
Teng et al. reported the synthesis of Pt/Fe,O3 core/shell
NCs by sequential decomposition of Pt(acac), and Fe(CO)s
(Fig. 7(d)).l"* FePt/ZnO core/shell NCs could be prepared
by the decomposition of zinc acetate at high temperature in
the presence of uniform FePt seeds, which offered a good ex-

ample to combine the magnetism and fluorescence. [!>]

Fig. 7. TEM images of typical metal/oxide core/shell HNCs prepared
by seed-mediated process. (a) FePt/Fe3O4 core/shell HNCs. Repro-
duced with permission from Ref. [151]. Copyright 2004 American In-
stitute of Physics. (b) Au/Fe3O4 core/shell HNCs. Reproduced with
permission from Ref. [152]. Copyright 2006 American Chemical So-
ciety. (c¢) Co/Smy03 core/shell HNCs. Reproduced with permission
from Ref. [153]. Copyright 2007 Wiley-VCH. (d) Pt/Fe,O3 core/shell
HNCs. Reproduced with permission from Ref. [154]. Copyright 2003
American Chemical Society.

All-oxides magnetic NCs are also important series of
core/shell NCs for wide application potentials. The spinel-
phase MFe;O4 (M =Zn, Mn, Fe, Co, Ni) are those types of
ferrimagnetic (FiM) materials which deserve to be mentioned.
The incorporation of both FM (or FiM) and antiferromagnetic
(AFM) phase in the core/shell structure brings the signature
of magnetic exchange coupling between interfacial spins of
the two types of magnetic sections, which may cause hori-
zontal loop shift by an “exchange bias” field, thus resulting
in enhancement of the coercivity.[148’149’156] In addition, ef-
fective interfacial exchange interaction also occurs between
soft and hard magnetic phases if the thickness of soft phase
is twice the width of domain wall of the hard phase. In this
case, soft phase becomes rigidly pinned by hard phase at the

e. [71,99,146,150

interfac | This unique effect offers opportunities

to tune the magnetism of the NCs and therefore to realize ideal
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performances. The preparation of all spinel phase core/shell
NCs are generally easy to carry out due to the similar crystal
structures and lattice spaces between the components. Uni-
form core/shell NCs incorporating all magnetic spinel phase
can be obtained with controlled size and shell thickness based
on the seeds-mediated process. For instance, to synthesize
15-nm core/shell CoFe;O4/MnFe;04 NCs, a 9-nm CoFe;0y
NC was used as a seed and MnFe,O4 was over-grown onto
the surface of the seed particle by thermal decomposition of
the MnCl, and Fe(acac);.[®”! By tuning the amount of the
precursors, the shell thickness of the secondary component
could be easily controlled. The AFM phase of MnO could
be overgrown onto the spinel ferrite by decomposition of Mn
(CH3CO), via similar seed-mediated method, which gener-
ated the FM/AFM interactions at the core/shell interfaces.!!>7]

Another smart family of core/shell NCs, in which the FM
(or FiM) core, such as FePt, Fe3O4, was covered by the no-
ble metal, such as Au, Ag, for realizing combined functions of
magnetism, optics and biocompatibility. Xu et al. reported the
synthesis of Au- and Ag-coated Fe3O4 NCs with controlled

58] 1n the chloroform so-

plasmonic and magnetic properties.
lution of OAm, Au could be coated on the surface of FezOy4
seeds by reducing HAuCly. Ag shell could be further gen-
erated onto Fe3O4/Au NCs by adding AgNOj3 to the reaction
mixture after the seeds were transferred into water. In order
to obtain uniform Au (or Ag) shell, it is essential to enhance
the surface energy of Fe;Oy4 to effectively adsorb Au atoms.
Among a variety of strategies, surface modifications of Fe304
by those molecules containing the groups which exhibit strong
affinity to Au have been regarded as the most efficient ap-
proach. Jin et al. found that in contrast to commonly used
primary amines, the imidazole groups are capable of immo-
bilizing Au** ions on Fe30y, at high packing density. The
authors used ploy-L-histidine to modify the outer surface of
Fe304, inducing the uniform Au shell growth by the reduction
of A+ B

Core/shell HNCs incorporating magnetic and semicon-
ducting chalcogenides components are worth mentioning.
FePt/CdS were produced by series of reactions in a one-
pot procedure, whereby FePt NCs were first formed in the
solution and were subsequently allowed to react with sul-
fur and Cd(acac), to generate amorphous CdS shell. No-
tably, the metastable core/shell structure could be trans-
formed into heterodimers of crystalline CdS and FePt NCs
upon heating for eliminating the surface tension between the
two components.['>?] When using FePt NCs as seeds, they
could also prepare FePt/CdX (X =S, Se) core/shell NCs by
the sequent addition of Cd(acac), and chalcogens, whereby
FePt/CdO core/shell intermediates were formed for the suc-
cessful preparation of the final structure.!'®! Monodisperse
spherical or cube-shaped FePt/PbX (X =S, Se) were generated

via similar strategy.[!6]

Magnetic materials enwrapped within a biocompatible
and hydrophilic SiO; shell have attracted increasing interest.
The silica shell is beneficial to promote the biocompatibil-
ity of the magnetic NCs, such as Fe3O4, for the improve-
ment in biochemical applications. The silica shell can also
contribute to minimize release of toxic metals to biological
environments. In addition, further modification of the silica
shell may bring more functions of the system. The main syn-
thetic method to fabricate silica-coated magnetic NCs relies
on the reaction in water-in-oil microemulsions. Numerous
reports showed that the silica coating could be successfully
achieved by microemulsions as nanoreactors, which can effi-
ciently dissolve the precursors and seeds, and control the hy-
drolysis and condensation reactions. The surfactant, which de-
termines the size of the droplets and in turn strongly affect the
coating process, is found to be the key factor to achieve silica-
coated magnetic NCs with diverse sizes, shapes, and functions.
Though this methodology, FePt/SiO,, CoFe,04/SiO;, and
other ferrites/SiO; core/shell NCs could be prepared.!!62-167]
For example, with the assistance of the surfactant, Igepal CO-
520 (poly(5)ox-yethylene-4-nonylphenyl-ether), the FePt NCs
were coated with SiO; by base-catalyzed silica formation from
tetraethyl-orthosilicate in a water-in-oil microemulsion. The
silica shell could effectively prevent FePt coalescence even at
a high temperature up to 850 °C.[164]

Another commonly used strategy to generate shell on the
magnetic core is redox transmetalation reactions between the
reagents without the need for any additional reductants. In
terms of metal/oxide systems, the metal core, which is usu-
ally chemically active toward oxygen, can be easily oxidized
to form metal/oxide core/shell nanostructures with controlled
shell thickness. Fe/Fe304,1! Co/CoO,!18] and Ni/NiO!!®]
core/shell NCs can be obtained by air exposure or addic-
tive oxidation of the metal seeds. For example, by exposing
OAm-capped Fe NCs to air, amorphous iron shell can be in-
troduced (Fig. 8(a)).””! A crystalline Fe30y4 shell could be
produced by controlled oxidation of the as-synthesized NCs
using an oxygen transferring agent (CH3)3NO, which effec-
tively made Fe/Fe3O4 core/shell NCs more stable (Fig. 8(b)).
Through the sacrificial conversion, the magnetic metal cores
(Fe or Co) were able to be coated with those metals which are
chemically less active and possess favorable redox potentials
(such as Au, Pt, Pd). Lee et al. reported a general proto-
col for the synthesis of high-quality Co/M (M = Au, Pd, Pt,
Cu) core/shell NCs by redox-transmetalation process in the
presence of Co NCs. During the process, the metal ions can
be reduced on the surface of Co NCs, while the Co atoms
were in turn released as Co-ligand complex. The simultane-
ous core metal consumption and shell layer formation con-

tribute to the uniformity of the final products (Fig. 8(c)).['7]
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Interestingly, the generation of the AFM shell on the FM core
offers a good platform to study the exchange bias effects. Sun
et al. prepared FeO/Fe3O4 core/shell NCs with tunable FeO
core size and Fe3Oy4 shell thickness via a controlled oxidation
process (Fig. 8(d)). [156] Alternatively, MnO/Mn304 U711 and
even more complex core/shell nanostructures!'*”! (three-, and
four-component multilayers) can be achieved through similar
strategy.

Fig. 8. TEM images of typical core/shell HNCs prepared based on re-
dox transmetalation reactions. (a) and (b) Fe/Fe304 core/shell HNCs.
Reproduced with permission from Ref. [79]. Copyright 2006 Ameri-
can Chemical Society. (c) Co/Au core/shell HNCs. Reproduced with
permission from Ref. [170]. Copyright 2005 American Chemical So-
ciety. (d) FeO/Fe304 core/shell HNCs. Reproduced with permission
from Ref. [156]. Copyright 2012 American Chemical Society.

Unlike the classical seed-mediated approach, which fre-
quently requires multiple steps to separate the nucleation and
growth processes artificially, there have also been success-
ful efforts to develop simplified one-pot single-step methods.
In the reaction process, all necessary precursors, which are
present simultaneously in the solution, can successively de-
compose to realize the self-controlled nucleation and growth.
Under appropriate conditions, different materials form at
distinct times or temperatures, and the shell can be pro-
duced by heterogeneous nucleation on the in-situ formed
seeds. Based on the self-controlled nucleation/growth mech-
anism, Ag/Co,[lm Cuw/Ni, 73] Au/Co,!"* and Cr/Fe,05[17]
core/shell NCs can be successfully synthesized. For exam-
ple, in the one-pot preparation of Au/Co core/shell NCs, Au+
could be first reduced to form Au NCs at low temperature.
Afterwards, when the temperature was further increased to
200 °C, the preformed Au seeds were able to catalyze Co nu-
cleation to ensure the continuous shell growth. [174]

3.2. Oligomer-like heterostructure

Apart from core/shell NCs, oligomer-like HNCs are
also a distinguished family of heterostructured nanomateri-

als which incorporate distinct domains of materials intercon-
nected through limited small bonding interfaces. To obtain
such oligomer-like topologies, the thermodynamically con-
trolled growth is anisotropically centered on one or several
sites of the seeds, which is distinct from the case in the prepa-
ration of core/shell HNCs. Therefore, by varying the objec-
tive materials and/or tuning the synthetic conditions that can
promote anisotropic growth, the oligomer-like geometries can
be successfully achieved. For example, materials that hardly
form alloys and/or are strongly lattice-uncorrelated tend to
form oligomers in order to minimize the interfacial energy.
In addition, the environmental parameters, such as the seed-
to-precursor ratio, the solution concentration, the heating pro-
file, and the polarity of the solvent play important roles in de-
veloping the oligomers. By tuning the concentration of the
precursors below the homogeneous nucleation threshold, het-
erogeneous nucleation is promoted while homogeneous nucle-
ation is suppressed so that the secondary growth preferentially
occurs at accessible sites of the seeds. The heating profile
can induce the phase segregation, leading to the formation of
oligomer-like heterostructures from core/shell geometries by
a surface de-wetting process. The polarity of the solvent can
strongly affect the electron distribution on the surface of the
seeds and electron transfer at the interface, thus one can con-
veniently obtain the oligomer-like morphologies rather than
core/shell nanostructures.

Like core/shell nanostructures, oligomers incorporating
magnetic components have received intensive studies. The
exchange coupling between the different magnetic domains
at the interfaces that are distinct from those of the core/shell
NGCs, also brings various interesting magnetic phenomenon.
Moreover, due to the surface exposure of each component
given by the oligomer-like geometries, one can exploit their
surface activity to link functional molecules or to make ef-
fective catalysis. The magnetic component can not only con-
tribute to magnetically recovery of the catalysts, but also ben-
efit catalytic properties via electron transfer at the interfaces.
Such advantages make the magnetic oligomers promising es-
pecially in the field of medical diagnosis/therapy and recy-
clable catalysis.[2%143-176]

The seed-mediated protocols have been successfully
utilized in the preparation of various types of magnetic
oligomers. In the presence of preformed NCs, Fe3Oj4-
X; (X;=Au, Pt, Ag, Ni, FePt, AuAg),[76-182] CoO/MnO-
X, (X»=Au, Ag, Pt, FePt), 1481791801831 apq FePt-X3
(X3 = CoFe,04, Au, CdS, PbS, PbSe) 1471611841851 gligomers
can be produced by thermal decomposition of the precursors
for growth. For example, to prepare Au—Fe3;O4 dumbbells, Au
NCs with different sizes were first synthesized by the reduc-
tion of HAuCl, in OAm.!!76:180] In the growth procedure, iron
pentacarbonyl, Fe(CO)s, was used as the iron source to intro-
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duce the iron growth over the surface of the Au seeds. The
joint iron component was transformed to Fe3O4 by the follow-
ing oxidation process. The size of the Fe3O4 sections could
be tuned by adjusting the Fe(CO)s/Au ratio (Fig. 9). This syn-
thetic approach can be further improved for the preparation
of a range Au—Fe304 hybrid NCs owing more interconnected
interfaces with controlled sizes and the numbers of Fe304 do-
mains by choosing multiply twinned Au NCs as seeds./!8!]
Generally, the generation of phase segregation by anisotropic
growth can be ascribed to the appreciable difference in lat-
tice parameters of connected materials, which strongly affect
the interfacial energy. However, in some cases, the polarity
of the solvent is found to determine the number of nucleation
sites for growth on the seeds. For instance, when Fe3 Oy is ini-
tially nucleated on the Au seeds, electrons will transfer from
Au to Fe3zO4 through the interface, leading to electron defi-
ciency on the Au NCs.[!761771 A5 Jong as the electron defi-
ciency is replenished from the electron—donor solvent, multi-
ple nucleation sites can be generated so that flower-like and
even core/shell heterostructures can be formed. In contrast,
further nucleation events are inhibited caused by the electron
deficiency if non-polar solvent is used. Therefore, by mod-
ulating the polarity of the solvent, magnetic heterostructures
with different topologies can be easily controlled, leading to
the potential possibilities for the applications with designed
functionalities. In some cases, the morphology of the seeds
and the bonding ligand on certain facets were found to be crit-
ical to the formation of final heterostructures. 1471611781 If the
cubic FePt NCs are chosen as seeds instead of spherical ones,
brick-like FePt/CoFe,04 can be prepared.!!*”] In terms of the
synthesis of dumbbell-like FePt-PbS nanostructures, exten-
sive washing of FePt seeds is required to recap OAm ligands
with less labile oleate ligands.!'®!! By tuning the reaction tem-
perature, dumbbell-like structures with size-controlled near-
spherical and cubic PbS components attached to FePt NCs can
be prepared. Notably, core/shell heterostructures appear if the
surface of FePt seeds is extensively treated with an excess of
OAm due to more nucleation sites generated by labile amine
surfactants. More interestingly, the seed-mediated approach
has shown extraordinary effects on achieving more complex
heterostructures containing multiple domains by stepwise con-
struction of supplied seeds. This is conceptually analogous
to the construction of complex organic molecules, and can be
comprehensively understood from a representative example to
synthesize M—Pt—Fe3zO4 (M = Au, Ag, Ni, Pd) heterotrimers,
and M,S—Au-Pt-Fe;04 (M = Pb, Cu) heterotetramers.!3¢]
Alternatively, oligomers can be formed from
metastable core/shell HNCs by thermally driven coales-
cence/crystallization process. There have been system-
atic investigations of the formation of oligomer-like het-
erostructures based on magnetic (FePt, y-Fe;O3) and semi-

conducting chalcogenides (CdS, ZnS, HgS, CdSe, ZnSe,
HgSe),[103.184186-190] yevealing the way of topological change
governed by the interfacial strain energy. For example, in
the y-Fe,O3—CdS system, a highly defective and amorphous
layer of CdS was initially deposited onto the y-Fe,O3 seeds
by the sequential addition of sulfur and Cd reagent.!'3%-1891 In
spite of the appearance of partial aggregations, the core/shell
heterostructures maintained at low temperature would trans-
fer into heterojunctions upon heating the solution at elevated
temperature. The significant change can be explained by the
large lattice mismatch between y-Fe,Oz and CdS compo-
nents after CdS gradually became crystalline. By examining
the morphology of the products incorporating other surfides
(ZnS, HgS) under similar synthetic conditions, the effects of
lattice mismatch at the heterojunctions can be obviously ad-
dressed. The yield of heterostructures was found to be lower
in the systems with larger mismatch, and even complete parti-
cle separation could be observed in the HgS system with the
largest mismatch.['3°1 The topologies of the heterojunctiions
can be further tuned by varying the seed size and/or the growth
rate. In the Fe304—CdS system, the size of Fe304 seeds has a
strong influence on the interfacial strain, leading to the forma-
tion of CdS with different sizes and numbers.!'”! When the
size of Fe;Oy4 seeds is small, the strain can be relieved so that
CdS NCs were able to grow into relatively large sizes, while
for seeds larger than 7 nm, the growth of CdS was inhibited
and the addition of excess Cd/S reagents would lead to the
formation of multiple heterojunctions. Interestingly, rods-on-
dot structures could be produced by carefully separating the
stages of junction formation and growth, and controlling the
growing rates of CdS.

Fig. 9. TEM images of the dumbbell-like Au-Fe304 HNCs with the
size of (a) 3 nm-14 nm and (b) 8 nm-14 nm. (c) HAADF-STEM image
of the 8 nm—9 nm Au-Fe304 HNCs. (d) HRTEM image of one 8 nm—
12 nm Au-Fe3;O4 NC. Reproduced with permission from Ref. [176].
Copyright 2005 American Chemical Society.

107503-11



Chin. Phys. B Vol. 22, No. 10 (2013) 107503

Another attractive approach to get magnetic hetero-
junctions is based on reactions at liquid/liquid interfaces
(Fig. 10).11°1) Tn this simple methodology, the organic phase
containing NCs (FePt, Fe304 dissolved in dichlorobenzene,
dichloromethane, hexane, or dioctyl ether) is mixed with the
aqueous phase containing Ag™ to form the microemulsion,
i.e. “colloidosomes” in aqueous phase, by ultra-sonification.
The micro-emulsion can be stabilized by the NCs that self-
assemble at a liquid-liquid interface. Since a few Fe(I) sites
on the exposed surface of the NCs act as the catalytic center for
the reduction of Ag™, Ag nucleate and grow continuously to
form heterodimers as the reduction proceeds. The formation of
the heterodimers, rather than core/shell structures, can be as-
cribed to the fact that the seeds are only partially exposed to the
aqueous phase so that metal deposition is restricted to a small
surface region. The general synthetic method offers access
to FePt—Ag, Fe304—Ag, hollow y-Fe,O3—Ag heterodimers,
which can be applied for protein binding, molecular imaging,
and pathogen detections.

Fig. 10. (a) Schematic illustration of the synthesis of Ag—FePt (Fe304)
heterodimers based on reactions at liquid/liquid interfaces. TEM im-
ages of (b) 8 nm-3 nm and (c) 8 nm-5.5 nm Fe304—Ag heterodimers.
HRTEM images of (d) FesO4—Ag and (e) FePt—Ag heterodimers. Re-
produced with permission from Ref. [191]. Copyright 2005 American
Chemical Society.

Simplified one-pot method, in which all the reagents are
added into the primary solution at the beginning of the syn-
thesis, has also been developed to synthesize magnetic het-
erostructures. Compared to the classical seed-mediated ap-
proach, this method, which is based on self-regulated nucle-
ation/growth, has obvious advantages in avoiding complicated

procedures comprised of the preparation of seeds, and the sub-
sequent growth. Nevertheless, identification of the experimen-
tal conditions, as well as understanding toward the inherent re-
action mechanism are still insufficient and challenging. Such a
method has been implemented to synthesize FePt-Fe3;O4, Au—
Ni, and Co-Pd sulfide heterostructures.!!7+19%193] Notably,
the report of a comprehensive study to prepare FePt—Fe;O4
heterodimers via one-pot colloidal approach has represented
an advance in this respect.l!'®3! By temperature-driven se-
quential reactions in an OAm/OA/1-octadecene environment,
which involved the homogeneous nucleation of FePt seeds
and the subsequent heterogeneous growth of iron oxide, size-
controlled synthesis of the heterodimers can be realized. The
FePt NCs were first form at low temperature, after which Fe
complexes in the solution sustained nucleation and growth of
iron oxide on preformed FePt NCs upon thermal decomposi-
tion at elevated temperature. The size of the starting FePt NCs
and the Fe(CO)s/Pt(acac), molar ratio used in the synthesis
were found to be critical for the domain dimensions of the
heterostructures because they determined the ultimate surface
area available for heterogeneous deposition and the growth de-
gree of the iron oxide domain, respectively. Similarly, Au-Ni
heterodimers can be obtained by temperature-driven sequen-
tial reactions, in which preformed Au NCs could induce the
deposition of Ni.l174]

There are also a few attempts to prepare oligomer-
like heterostructures, especially those high-order hetero-
oligomers, which are made by coupling reactions of smaller
fragments to form larger oligomers by certain additives. A
typical example can be illustrated for the synthesis of Fe3O4—
Au-Fe3;04 dumbbells, in which Au-Fe304 heterodimers can
be fused together in the presence of sulfur to form ternary
dumbbells.'””] Owing to the high affinity to Au, sulfur can be
enriched on Au surfaces, and therefore help triggering weld-
ing of the Au domains in Au—Fe304 heterodimers. Inspired
by such a unique process, Schaak et al. reported the obser-
vation of higher-order (Au-Pt-Fe30y4), hetero-oligomers with
distinct geometries (linear, bent, and branched nanostructures)
by heating Au—Pt-Fe304 heterotrimers to 120 °C-150 °C with
a trace amount of sulfur powder in trioctylamine. 186!

3.3. Anisotropically shaped material-based heterostruc-
ture

Another family of heterostructured magnetic nanomate-
rials based on anisotropically shaped components is worth
mentioning. Heterogeneous growth on anisotropically shaped
seeds, such as nanorods, nanowires, and branched NCs, can re-
sult in the formation of heterostructures with spatially asym-
metric configuration. Notably, the facet-dependent reactivity
of the seeds for secondary growth becomes rather pronounced
to drive the ways of heterogeneous nucleation compared to
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the cases in the formation of core/shell and oligomer-like het-
erostructures. Based on the minimizing of the overall surface
and interfacial energy of the system, nucleation can occur on
apexes and sidewalls of the seeds selectively or nonselectively
to form distinct architectures. By varying the synthetic condi-
tions, such as solution supersaturation, reactant diffusion, and
reaction atmospheres, spherical, linear, and branched growth
can be achieved. Due to the coupling and electron transport
across the interface between the different domains, this fam-
ily of heterostructured nanomaterials can exhibit novel or en-
hanced physical and chemical properties. So far, there has
been considerable progress on preparation of semiconductor-
based heterostructures relied on the advance in getting their
anisotropic shapes. In terms of magnetic heterostructures,
there have also been successful efforts to devise pathways to
achieve various architectures with designed functionalities.

Based on the controlled growth of Au NCs onto FePt
nanorods, tadpole-, dumbbell-, bead-, and necklace-like FePt—
Au nanostructures were synthesized.!!**! The heterostructures
can be tuned by manipulating the reaction atmosphere and
the crystallization of FePt seeds. Under an Ar atmosphere,
tadpole-like FePt—Au nanostructures were formed from the
FePt seeds treated at 300 °C, while dumbbell- and bead-like
heterostructures could be obtained by bubbling forming gas
into the solution for different time. Since hydrogen possesses
the tendency to be adsorbed onto the surface of FePt to freshen
their surfaces and lower the reduction energy of Au, the intro-
duction of Hj can help create more active sites for Au nu-
cleation, otherwise the nucleation preferentially occur on the
tips. To further increase the nucleation sites, FePt that synthe-
sized at low temperature (180 °C-220 °C) were used as seeds,
from which necklace-like nanostructures were produced under
Ar/H, atmosphere.

The heterostructures incorporating semiconductor and
magnetic all-oxide components, which can be envisioned to
enable exploitation of multifunctional nanomaterials, have at-
tracted much attention. In the synthesis of TiO,—Fe,O, het-
erostructures, the rod-like TiO, seeds with size- and shape-
dependent anisotropic reactivity were found to strongly affect
the selective heterogeneous nucleation and growth of iron ox-
ide, leading to various final architectures.!'*>-'7l Tron oxide
with controlled sizes and numbers could be kinetically over-
driven toward active regions of the exposed b-TiO; facets by
multi-step hot-injection of Fe(CO)5/OA/1-octadecene. Com-
pared to anatase TiO, brookite seeds with enhanced reactivity
were found to be capable to overcome strain-related heteroepi-
taxial growth constraints.['”’] Additionally, for larger TiO
seeds, multiple deposition of iron oxide were encouraged so
that architectures with more iron oxide domains could be ob-

196

tained. Further investigations by the same group!'?®! indicated

that under diffusion-controlled growth conditions, iron oxide

can be epitaxially grown at either one apex or any location
along their longitudinal sidewalls of b-TiO, nanorods distin-
guished by a curved shape-tapered profile with richly faceted
terminations (Fig. 11). By taking advantage of the genera-
tion of strain fields during heteroepitaxial growth, heterostruc-
tures of iron oxide decorated on the longitudinal facets of TiO;
nanorods have been prepared. It was revealed that the strain
played an important role in the formation of the architectures
due to the fact that the two domains of TiO, and iron oxide
share a restricted and locally curved junction region, which
efficiently accommodates the interfacial strain and retards the
formation of misfit dislocations.

Fig. 11. (a)—(d) TEM images of matchstick-shaped HNCs based on b-
TiO;, nanorod seeds with different sizes and aspect ratios. Reproduced
with permission from Ref. [196]. Copyright 2010 American Chemical
Society.

Alternatively, there have been some reports on the synthe-
ses of magnetic-metal/semiconductor heterostructures based
on the domains with anisotropic shape prepared by colloidal
In the heterostructures of CdS (CdSe) nanorods
decorated with magnetic metals (PtCo, Co), metal nucle-

methods.

ation can be successfully realized at both seed apexes in
a high degree of selectivity.!?82011 For example, CdSe/Co
nanorod/nanosphere hybrid NCs could be obtained through
the selective growth of cobalt on the tips of CdSe nanorods,
while the formation CdSe/Co nanorod/nanorod heterostruc-
ture could be observed at elevated reaction temperature
by inducing anisotropic growth of the initially formed Co

1981 However, in the presence of nanowires,

nanospheres. |
the metal deposition occurs nonselective, leading to multiple
metal domains on apex and any location along the longitudinal
sidewalls of the nanowires.!!%"]

In the previous parts, surfactants or ligands that facet-
preferentially adhere onto the surfaces of the seeds have been
revealed to be critical for preparing core/shell and oligomer-
like heterostructures. Similarly, by exploiting anisotropic
nanomaterials as seeds, the selective heterogeneous nucleation
is also strongly dependent on the molecule attachment of the

seeds. In many cases, surfactant concentration is kept at a
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relatively low value to ensure sufficient heterogeneous nucle-
ation. Due to the large lattice mismatch, the effects of sur-
factants have been found to be pronounced to incorporate ox-
ide and metal. Size-tailored ZnO nanorods decorated with
magnetic Fe-based domains, were synthesized via a colloidal
seeded-growth method in a noncoordinating solvent.?9?! In
surfactant-free 1-octadecene, a variable number of Fe/Fe,O,
core/shell NCs with no facet-preferential attachment could
be grown onto purified ZnO nanorods by the controlled
hot-injection of Fe(CO)s, followed by air-oxidation. The
surfactant-free environment was also exploited to grow Co
on CdSe/CdS nanorods and y-Fe;Oj3 tetrapods by Co,(CO)g
decomposition.?°32041 Tn the synthesis of three-component
Co/CdSe/CdS nanohybrid, metallic Co could be attached to
either apexes of one rod-shaped section due to the peculiar
anisotropic reactivity of the noncentrosymmetric CdSe/CdS

core/shell nanorods. 293

I When y-Fe, 03 tetrapods were used
as seeds, heterogeneous nucleation, and growth of multiple
secondary Co components can be selectively accomplished,
leading to tetrapod-shaped skeleton of iron oxide functional-

2041 The heterostructurers

ized with multiple domains of Co.!
incorporating FiM and FM components exhibit various unique
magnetic properties based on the exchange coupling effects
between different domains. Notably, in both cases discussed
above, the delayed addition of OA could not only restrict Co
growth but also promote the colloidal stability of the obtained
heterostructures. Co-decorated TiO; nanorods were synthe-
sized by thermal decomposition of Co,(CO)g under assistance
of octanoic acid and OAm, in which heterogeneous Co nu-
cleation in a tip-preferential or a nonselective way could be
altered by varying the octanoic acid/OAm concentration.?%!
It was suggested that the decrease of surfactant concentra-
tion was key to enhance the reactivity of TiO;, thus TiO»
seeds were chemically accessible for heterogeneous nucle-
ation. Subsequent addition of OA, which possesses strong
affinity to both TiO, and Co surfaces, would quench any fur-
ther reaction owing to the compact organic shell built by bulky

OA around the heterostructures.

4. Chemical synthesis of hollow/porous mag-
netic NCs

Over past decades, researchers have focused on hol-
low/porous magnetic NCs due to their unique structures and
related wide applications.36-38-41.206] Qwing to the hollow in-
terior, porous shell and much higher surface to volume ratio
compared to the solid counterparts, hollow/porous magnetic
NCs exhibit great potentials in catalysis, water purification,
and drug delivery. The interior void can serve as a container
for encapsulating active and functional materials, such as NCs,
drugs, and proteins, which can be sealed for protection or be

made accessible to the outside in many biomedical applica-
tions. On the other hand, the porous shell can provide active
surfaces for attracting molecules and can offer channels for
materials transportation. To synthesize various hollow/porous
magnetic NCs, several colloidal synthetic methods have been
developed, including the Kirkendall effect, chemical etching,
galvanic replacement, and template-mediated approach. In
this part, we briefly review recent advance in the synthesis
of hollow/porous magnetic NCs, including Fe-based and Mn-
based NCs.

4.1. Fe-based hollow/porous NCs

As one of the most popular Fe-based NCs, iron oxide
NCs have been intensively investigated for many years due
to their relatively high chemical stability and feasibility to ob-
tain. Hollow/porous iron oxide NCs of FezO4 and Fe, O3 with
controlled cavity dimension, shell thickness, and porosity have
been developed recently. Among those synthetic strategies,
the template-assisted approach is regarded as the most con-
venient and versatile procedure for the synthesis of hollow
nanostructures. To synthesize the hollow nanocapsules of iron
oxide with porous shells, a wrap-bake-peel process involving
SiO-templated growth was applied.[*?! The spindle-shaped
akagenite (8-FeOOH) nanorods were coated with silica, fol-
lowed by a heat treatment and silica removal. Since signifi-
cant volume change occurred when a loose akagenite structure
changed to a dense haematite phase, iron oxide was able to be-
come hollow/porous structure. Similarly, the magnetite Fe3O4
nanocapsules could also be obtained by a simple additional
treatment of the heamatite/silica nanocomposite at 500 °C un-
der Hy atmosphere. The prepared heamatite and magnetite
nanocapsules showed typical characteristics of paramagnetism
and supermagnetism, respectively. By using carbon NCs as
the template, hollow heamatite NCs could also be synthe-

2071 As the starting materials,

sized via sonochemical method.|
Fe/carbon nanocomposites would transferred into hollow «-
Fe, O3 NCs upon exposure to air. In the procedure, iron shell
on the carbon NCs was oxidized while auto-ignition of car-
bon conducted at the same time, leaving the final hollow oxide
nanostructures. Organic micelles have been also utilized as the
template to prepare akagenite (3-FeOOH) nanotubes.?%%! The
uniform hollow nanostructures were achieved when reacting-
hydrazine with Fe—oleate complex in reverse micelles formed
by OA, xylene, and water. Alternatively, the Kirkendall effect
can also be utilized to create hollow/porous nanostructures. In
2004, Alivisatos and his co-workers reported the preparation
of hollow CoS (CoO) by sulfidation (oxidation) of Co NCs ex-
ploiting the Kirkendall effect at the nanometer scale.>*®! Dur-
ing the reaction, the outward element diffusion was faster than
the inward diffusion, and consequently the void at the cen-
ter formed. By similar strategy, monodisperse hollow Fe3O4
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NCs can be obtained via solution phase synthesis.[?*”) The
amorphous Fe/FezOy4 core/shell NCs were made by thermal
decomposition of iron pentacarbonyl, Fe(CO)s in the presence
of OAm and subsequent air oxidation. The controlled oxida-
tion was realized in the presence of oxygen transfer reagent,
trimethylamine-N-oxide, Me3NO. It was observed that in the
middle of the reaction process multiple voids were formed in
the particle.
formed into the core/shell/void, the yolk/shell, and, finally,

During the reaction, the solid NCs were trans-

the hollow structures, which was dominated by the Kirkendall
effect.
NCs were essential to create unbalanced interfacial diffusion

It was revealed that the initial Fe/FezO,4 core/shell

between oxygen and Fe atoms during the oxidation process,
thus resulting in final hollow structures. When the obtained
hollow NCs were treated at high temperature, the Fe304 do-
main in the shell grew into larger crystallites, leading to the
change of the crystal boundaries and formation of the porous
shell (Fig. 12).121% Since the boundary area was more reac-
tive to be etched away, the pore size could be further con-
trolled readily by acid etching. Through similar controlled ox-
idation process, colloidal solutions of monodisperse iron/iron
oxide core—void—shell nanostructures and hollow maghemite
NCs with controllable particle size and shell thickness could
be produced under an oxygen atmosphere.>!!! Etching is also
regarded as one effective approach to prepare hollow/porous
nanocrtystals. The Hyeon group reported a reproducible and
general etching method to synthesize series of hollow oxide
NCs with various sizes, shapes, and compositions.!?!?] The
hollow iron oxide of Fe3;04 and a-Fe;O3 NCs could be ob-
tained by simply heating initial solid NCs in technical grade
TOPO at 300 °C for hours. The control experiments revealed
that alkylphosphonic acid impurity in TOPO contributed to the
diffusion of phosphorus and ironcations in the etching process,
which dominated the formation of hollow structures.

Besides the hollow/porous iron oxide NCs, other kinds of
Fe-based hollow/porous NCs were also reported. The Hyeon
group reported the synthesis of hollow iron nanoframe from
the thermal decomposition of the Fe(II)-stearate complex in
the presence of sodium oleate and OA.?13] The thermal de-
composition of iron salts in the organic solution was generally
utilized to synthesize dispersible iron oxide NCs with con-
trolled size, shape, and composition. However, in their pro-
cess, it was believed that the sodium oleate played an impor-
tant role in the formation of iron nanoframe due to the fact that
sodium molten salt derived from sodium oleate could cause se-
vere corrosion of metallic materials at high temperature. Star-
shaped iron nanoframes could also be obtained by decreasing
the heating rate. When exposed to air, those iron nanoframes
with different structures can be readily transferred to iron ox-
ide nanoframes. Zhao et al. successfully achieved monodis-
perse iron phosphate nanospheres with nanoporous structure

through a solvent extraction route using an acid-base-coupled
extractant.!”'4] The established reverse micelles with micro
water-pools inside acted as nanoreactors, which can prevent
the particles from aggregation. The novel nanoporous struc-
ture of the iron phosphate nanospheres is ascribed to the sub-
sequent extractant removal from the nanospheres by organic
solvents like acetone or ethanol.

Fig. 12. (a) TEM and (c) HRTEM images of the 16-nm Fe304 hol-
low NCs. (b) TEM and (d) HRTEM images of the 16-nm FezO4 hol-
low/porous NCs. Reproduced with permission from Ref. [210]. Copy-
right 2009 American Chemical Society.

4.2. Mn-based hollow/porous NCs

Hollow/porous Mn-based NCs also have important appli-
cations in the field of medical diagnosis and therapy. The ap-
proach based on etching or Kirkendall effect to hollow/porous
Fe-based NCs can be extended to the synthesis of Mn-based
NCs. fabricated
uniform hollow spherical and dumbbell-shaped MnO NCs in

Based on the etching process, An et al.

the presence of TOPO and alkylphosphonic acid.>'?! It was
revealed that the impurities in technical grade TOPO, espe-
cially alkylphosphonicacid, played important roles in control-
ling the etching process dominating the formation of hollow
structures. The possible mechanism was suggested to be the
opposite diffusion of phosphorus and metal cations within the
Shin et al.
oped hollow manganese oxide NCs as multifunctional agents

NCs accompanied by Kirkendall effect. devel-
for simultaneous MRI and drug delivery.?'3] Manganese ox-
ide NCs with a diameter of 20 nm stabilized by OA were ini-
tially prepared, and then were transformed to water by encap-
sulated with poly(ethylene glycol) phospholipid. Afterwards,
phthalate buffer solution at pH 4.6 was used to create the hol-
low interior of the NCs by selective etching of the core MnO
phase from the NCs. By varying the duration of immersion of
the solid manganese oxide NCs in water before the acid treat-
ment, the interior shape of the hollow NCs could be changed.
Immersion for one day afforded an interior cavity with roughly
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spherical shape and a diameter of 12 nm, while immersion for
10 ~ 40 days yielded two or three irregularly shaped cavities
having average diameters of 8 nm-5 nm within a particle. Sim-
ilarly, Kim et al. obtained silica-coated hollow MnO NCs via
an etching process in the mild hydrochloric acid solution (4%)
(pH~2.4).12161 Alternatively, Peng et al. employed a facile
method to prepare hollow manganese oxide NCs, wherein the
hollow structure was formed by the extrusion of the core MnO
via Kirkendall effect with the aid of carboxylate anion. >!]
Recently, Hao et al. demonstrated a general strategy to
prepare various kinds of hollow/porous Mn-based NCs via di-
rectional ion transfer across different solid-liquid interfaces
in a one-pot solvothermal process.!?!8! In a typical procedure,
hollow Mn oxide, hollow Mn phosphate, and porous Mn phos-
phate could be obtained by the reaction of water, Mn(acac),,
and triethyl phosphate under solvothermal conditions in the
presence of OA and OAm. It was found that surfactants (OA
and OAm) ratios were essential for the void structure and com-
position of the hollow/porous NCs, and as a result, hollow
Mn oxide NCs were formed without OA, while hollow Mn
phosphate and porous Mn phosphate NCs were yielded by
increasing the amount of OA. Interestingly, these Mn-based
porous/hollow NCs can act as effective multifunctional probes
for selective diagnosis with MRI, as well as giving efficient

targeted drug delivery.!?!"!

S. Summary and perspectives

Research into colloidal chemical synthesis of magnetic
NCs has made substantial progress over the past decades. The
size, shape, and composition of magnetic NCs can be effec-
tively controlled through the judicious selection of precursor,
solvent, and capping agent. Additionally, size monodisper-
sity, which is critical for many technologically important ap-
plications, can also be successfully realized through solution-
phase methods. Among those single-component magnetic
NCs, metal oxides, especially iron oxide, have attracted the
most attention for their wide application potential. For exam-
ple, size-, crystallinity-, uniformity-controlled iron oxide NCs
can be prepared via colloidal chemical synthesis to meet the
requirements of diverse biomedical applications. Owing to the
superior biocompatibility, iron oxide NC-based MR contrast
agents have already been used in clinical trials, or are under-
going clinical trials. Multi-component magnetic NCs with dif-
ferent levels of complexity have also received many investiga-
tions recently. Solution-phase method can be utilized as an ef-
ficient tool to construct the architectures for designed function-
ality and performance by purposefully choosing the seeds, and
artificially controlling the secondary growth process. The in-
teractions between the joint domains can also bring various in-
teresting chemical—physical phenomena, resulting in unprece-
dented properties. Furthermore, chemical synthesis of hol-

low/porous magnetic NCs is highlighted in this review. Based
on strategies including the Kirkendall effect, chemical etching,
galvanic replacement, and template-mediated approach, vari-
ous types of Fe-based and Mn-based ones can be successfully
prepared. The fine control of the size, uniformity, void and
pore structure, and shell thickness help hollow/porous NCs to
be suitable as multimodal nanoprobe/carriers for both drug de-
livery and bioimaging.

However, synthesis of high-quality magnetic NCs practi-
cally still remains a challenge. A large scale synthesis of mag-
netic NCs via green chemistry process is highly demanded.
Additionally, extensive studies are needed to maintain the sta-
bility of the NCs for a long time without agglomeration or
precipitation. For magnetic NCs that are sensitive to air or
water, such as metallic Fe, Co, Ni NCs, it is necessary to de-
velop efficient strategies to improve their chemical stability
and make the best of their magnetic properties. Nanosized
magnetic metal carbides are promising due to their good air
stability with high magnetization. Unfortunately, there is no
reliable method to control the phase, size, and uniformity of
carbide NCs. In the complex HNCs systems, it yet remains a
challenge to synthesize elaborate HNCs incorporating nonho-
mologous and/or structurally uncorrelated materials, and un-
derstand the compositional, structural, and topological evolu-
tion of nanoheterostructures in detail. Moreover, in the re-
ported synthesis of hollow/porous magnetic NCs, understand-
ing of the mechanism in the structural formation, as well as
the characterization techniques, needs to be improved. In the
future, the development of the chemical synthesis of magnetic
NCs with controlled size, shape, composition, and topology
will deliver exciting opportunities in practical exploitation of
various magnetic nanomaterials. We expect that magnetic NCs
will keep occupying important positions in biomedical, cat-
alytic, and magnetic fields.
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