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Abstract Iron oxide nanocrystals (IONCs) with various geometric morphologies show excellent 

physical and chemical properties and have received extensive attention in recent years. The various 

shapes of IONCs induced magnetic and electrochemical properties to endow the IONCs with diverse 

applications. Understanding the correlation between the physicochemical properties and morphology of 

IONCs is a prerequisite for their widespread applications. Hence, this review focus on current research 

progresses of the shape-controlled IONCs in different dimensions and the corresponding shape-

dependent magnetic, catalytic and gas sensor properties are discussed. Furthermore, the general 

preparation methods, shape-guided growth mechanisms and energy conversion applications in 

photoelectrochemical water splitting, dye-sensitized solar cells (DSSCs) and lithium ion batteries (LIBs) 
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of these IONCs (α-Fe2O3, γ-Fe2O3, Fe3O4) are also discussed. Finally, the perspectives of IONCs in 

promising research directions are proposed. 

Keywords: iron oxides; shape controlling; synthesis; mechanisms; magnetic property; energy 

conversion application 
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1 Introduction 

Since 1984, German scientist Gleiter were successfully prepared Fe nanoparticles (NPs) via inert-gas 

condensation method,1 the synthesis of metal Fe and corresponding iron oxide nanocrystals (IONCs) in 

nanoscale have attracted more attentions because of their unique response and flexible manipulability 

under magnetic fields, especially for the IONCs. The IONCs are mainly consist of magnetite (Fe3O4), 

hematite (α-Fe2O3), β-Fe2O3, maghemite (γ-Fe2O3), ε-Fe2O3 and wustite iron (FeO). These IONCs with 

different crystal structures providing desirable properties are frequently used in biomedicine, energy, 

and industry.2-9 However, the effects of size and morphology on the properties of IONCs still draw a 

little of attentions. 

Recently, the morphological diversification of IONCs and their shape-dependent properties are well 

noticed for diverse applications. From the morphologies aspect, the IONCs are classified into solid, 

mesoporous and hollow IONCs. As shown in Figure 1, Figure 4 and Figure 6, the solid IONCs include 

0D nanospheres/nanopolyhedrons, 1D nanorods/nanowires/nanoshuttles, 2D disks and 3D 

nanoflowers/namostars/nanourchins. The mesoporous IONCs are 0D mesoporous 

nanospheres/nanocubes and 1D mesoporous nanorods/nanoshuttles. The hollow IONCs are relatively 

novel structures, which include 0D hollow nanospheres/nanopolyhedrons, 1D hollow 

nanotubes/nanowires/nanodumbbells, 2D nanorings and 3D nanoframes/nanobowl/hollow multiple 

nanospheres, etc. For synthesis of the solid IONCs with desirable morphology, a number of methods are 

developed. Generally, traditional co-precipitation method is used for synthesis of spherical 0D IONCs, 

hydrothermal and thermal decomposition methods are always tended to prepare IONCs with tunable 

shapes ranging from 0D nanopolyhedrons to 1D nanorods/shuttles. Moreover, hydrothermal method is 

also the most common approach for synthesis of 2D and 3D IONCs because of the easily controlling 

process under high temperature and pressure. Template method, hydrothermal method and high-
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temperature calcination method are considered as the favor routes to realize the mesoporous or hollow 

structures of IONCs.  

The as-synthesized IONCs with diversified morphologies showed the tunable novel performances, 

such as shape-dependent surface free energy, catalytic/sensing activities and magnetic property. It is 

well known that the different exposed facets of nanocrystals (NCs) are shown because of the shape 

change, then, the properties of NCs are developed for desirable applications because of their surface 

energy and chemical activities. For example, α-Fe2O3 NCs with three kinds of morphologies (bipyramid, 

pseudocube and plate) are synthesized with exposure of {113}, {012} or {001} facets, respectively. 

These α-Fe2O3 NCs exhibit much different gas sensing properties, and these properties are directly 

proportional to the surface energies of these α-Fe2O3 NCs ({113} > {012} > {001}). The oxygen-

chemisorbed ability of those facets is different because of the variation in the atomic configurations and 

chemical composition on different facets.10 Rhombic dodecahedral Fe3O4 NCs with exposed high-

energy {110} facet show excellent peroxidase-like activity by comparing with spherical Fe3O4 and 

commercial Fe3O4 NPs.11 Additionally, most of IONCs are the magnetic materials, which can be 

manipulated by an external magnetic field.12, 13 The lowest energy state of a magnetic particle depends 

on its size, shape and anisotropic character, and the magnetic properties of IONCs are especially 

influenced by their shapes in many ways.14 For example, Wang and co-workers prepared α-Fe2O3 

nanorods and nanotubes, and investigated their shape-dependent magnetic performance. The results 

reveal that the magnetic property is strongly depending on their shape. Morin transition at 166 K from 

canted antiferromagnetic state to antiferromagnetic state could be found in nanorods, but the nanotubes 

exhibit a 3D magnetic ordering above 300 K, which are attributed to the small particles in a few regions 

of the tubes.15 

The shape-dependent properties facilitate these IONCs to be applied in various fields. For example, 

ultrafine superparamagnetic Fe3O4 NPs without magnetic hysteresis are optimal choice in biomedicine 

application. However, the mesoporous/hollow IONCs with larger specific surface area are the 

preferential option for chemical gas reaction in sensor application.16, 17 Furthermore, the shape-
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 6

dependent properties of IONCs could also be used for energy conversion application, in which these 

IONCs could act as medium for transferring one kind of energy to another. Different morphologies of 

IONCs possess different advantages in energy conversion application. Because a lot of properties could 

be affected by the shape of IONCs, such as specific surface area,18, 19 chemical activity,20 

electroconductibility21 and magnetic property.15 In photoelectrochemical water splitting and DSSCs 

application, nanopolyhedrons IONCs with exposed high energy facets show the high chemical activities 

because of the kink atoms with low coordination number on these facets. On the other hand, IONCs 

with mesoporous/hollow structures of are also the favorable structures for catalysis, because the larger 

specific surface area of IONCs and they possess more “active-sites” in excitation of electrons.22 In 

lithium ions battery (LIBs) application, the unique mesoporous/hollow structure of IONCs are preferred 

than other structures.23 Specifically, the hollow structure of IONCs is facilitated for penetration of the 

electrolyte and transportation of Li+ ions in the electrode. Moreover, hollow IONCs could also server as 

efficiently buffer of the stress caused by volume variation during the charge-discharge process.24, 25 

Recently, alterable dimensional shapes and shape-dependent properties of IONCs have received more 

attentions. So far, however, few reviews are focus on these shape-controlled synthesis of IONCs 

comprehensively. Therefore, the systematical summary of shape-controlled synthesis and formation 

mechanisms of IONCs is particularly necessary. Comparing the properties of IONCs with different 

morphologies is also a research focus, and the shape-dependent energy conversion applications of 

IONCs still need to develop further. Therefore, the recent developments in classified characteristic and 

shape-dependent properties of IONCs with various morphologies (solid, mesoporous and hollow 

structure) are firstly present. Then, we briefly overview the preparation method of IONCs with various 

morphologies. Further investigates of proposed growth mechanisms for precisely shape controlling 

process of IONCs are also discussed. Finally, the shape-dependent energy conversion applications of 

these IONCs in photoelectrochemical water splitting, DSSCs and LIBs application are concluded and 

discussed.  

2. Shape-controlled IONCs and shape-dependent properties of IONCs 
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2.1. Shape-controlled IONCs  

2.1.1. Solid IONCs 

Solid-structured IONCs represent a crucial class of materials among all different shapes of IONCs in 

the past decades. Herein, the classification of various shape of solid IONCs is introduced according to 

different dimension, including isotropic 0D spheres and polyhedrons, anisotropic 1D rods and wires, 2D 

discs and prisms, and 3D NCs, as illustrated in Figure 1.  

0D spheres and polyhedrons. 0D spheres of IONCs are the most common shapes among all kind 

shapes of IONCs. Typically, 0D spherical IONCs present some superior properties, such as low surface 

free energy, high surface areas and superparamagnetism. Such properties of 0D IONCs prompt the 

widely applications in biomedicine and catalysis.26, 27 In synthesis of 0D spherical IONCs, simple 

preparation methods and inexpensive raw materials are also the advantages to their applications. The 

common preparation routes for spherical IONCs are involved co-precipitation and thermal 

decomposition routes, which are well controlled during nucleation and growth processes.28, 29 In co-

precipitation, without any surfactants, the spherical IONCs are formed by homogeneous nucleation and 

isotropic growth. And final spherical NPs with low surface free energy is driven by the kinetic factor 

during the growth process. But the size distribution of these spherical IONCs is too broad, because of 

the broad-distributed of supersaturation for nucleation and only kinetic controlling for crystal growth.30 

Compared with co-precipitation, spherical IONCs synthesized by thermal decomposition route present 

more accurate spherical morphology, higher monodispersity, narrower size distribution and higher 

crystallinity. Because complex hydrolysis reactions appeared in co-precipitation method can be avoided 

in the thermal decomposition method, and the nucleation is separated from growth.31, 32  

In terms of the polyhedral IONCs, which include tetrahedrons, cubes, octahedrons and 

dodecahedrons, etc. Compared with the spherical IONCs, these polyhedral IONCs possess a particular 

characteristic that a great number of high-energy facets are exposed. For example, the cubic α-Fe2O3 

NCs with exposed {104} facets and rhombic dodecahedral Fe3O4 NCs with exposed {110} facets are 

facilitated through hydrothermal route.11, 33 The exposed facets are the highly reactive reaction places 
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for catalytic reaction.34 These polyhedral IONCs could be synthesized by thermal decomposition 

method and hydrothermal method. In thermal decomposition process, adjusting the ratio of reactants, or 

just only changing the surfactant or solvent, IONCs with multiple polyhedral shapes and alterable sizes 

are obtained.35 While, in hydrothermal method, metal cations and anions acted as the surfactants and 

stabilizers are the key parameters for controlling the polyhedral morphologies, such as cupric ion, zinc 

ion, 1-propanol and PVP, etc.33, 36, 37 These ions or surfactants are served as similar functional tool as 

oleate in thermal decomposition method, providing controllable dynamics for nucleation and growth. 

1D rods and wires. 1D IONCs including nanarods, nanorices, nanospindles and nanowires become the 

research focus, and these IONCs provide a good example to investigate the influence of dimensionality 

and size reduction on physical properties, especially the electrical transports and optical properties. 1D 

nanostructures of IONCs are formed by nucleation and subsequently anisotropic growth along a special 

direction (e.g. Z axis). While, in the growth process, choosing appropriate capping reagents (e.g. 

surfactant and additives) for kinetically control over the growth rates of various facets of a preformed 

seeds is a favorable way. For example, surfactants or additives are often used as adsorption agents to 

adsorb onto X and Y axis planes of IONCs because of the coordination or interaction of charges 

between preformed seeds and surfactants/additives, resulting in the selective growth of the preformed 

seeds along Z axis for anisotropic 1D IONCs.38 Therefore, surfactant-assisted hydrothermal method 

becomes the effective route to produce 1D iron oxide nanorods, nanorices, nanospindles and nanowires. 

The regular surfactants and additives for synthesis of 1D IONCs during the surfactant-assisted 

hydrothermal process are presented in Table 1. Obviously, phosphate and amine are the preferential 

capping reagents for synthesis of 1D IONCs, which can be explained that the density of Fe atom on 

different facets is different and these anions are preferential bonding with the Fe atom. For example, 

density of Fe atom on the surface of {100} and {110} is higher than that on {001} facet, thus, the more 

preferential bonds of phosphate and amine onto {100} and {110} facets through covalent bonding are 

formed than that on {001} facet.39, 40 

Table 1 Typical IONCs with 1D structure by surfactant-assisted hydrothermal method. 
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Nano- 

materials 
Morphology Iron source Surfactant Reference 

α-Fe2O3 Nanospindle FeCl3·6H2O NaH2PO4·2H2O 41-44 

α-Fe2O3 
Nanospindle, 

Nanorod, Nanotube 
FeCl3·6H2O NH4H2PO4 

45, 46 

α-Fe2O3 Nanospindle Fe(NO3)3·9H2O Ethylenediamine(EN) 47 

Fe3O4 Nanorice FeCl3·6H2O 
NaAc, Dodecyl trimethyl ammonium 

bromide (DTAB) 

48 

 α-Fe2O3 Nanorod FeCl3·6H2O 
Hexadecyl trimethyl ammonium 

Bromide(CTAB) 

49 

α-Fe2O3 Nanorod FeCl3·6H2O Urea (CO(NH2)2) 
50 

α-Fe2O3 Nanorod Fe(NO3)3·9H2O 
Tetraethyl ammonium hydroxide (TEAOH) 

solution 

51 

Fe3O4 Nanorod Fe(CO)5 Hexadecylamine 52 

α-Fe2O3 Hexagonal Nanorod FeCl3·6H2O 1,2-diaminopropane 53, 54 

α-Fe2O3 Cantaloupe-like NCs FeSO4·7H2O NaClO3 
55 

α-Fe2O3 Nanowires FeCl3·6H2O nitrilotriacetic acid (NTA) 56, 57 

 

2D discs and prisms. The above mentioned 1D IONCs are formed by growing along [001] direction and 

blocking the growth directions of [100] and [110] by capping reagents. However, the 2D discs or prisms 

IONCs are formed by blocking effect of capping reagents on the [001] direction but growing along other 

two directions.58 Generally, 2D discs or prisms IONCs are produced in hydrothermal process, while 

silicate anions and citric acid (CA) are the common capping agents for formation of discs and prisms 

IONCs because of their selective adsorption on {001} facet.59 For example, layered single-crystalline α-

Fe2O3 nanodiscs are synthesized by using silicate anions as a capping reagent to adsorb on {0001} facet 

of α-Fe2O3 seeds in hydrothermal route (Figure 2a-c),60 triangular-like Fe3O4 nanoprisms are controlled 

by adjusting the ratio of solvent ethylene glycol (EG) and capping agent 1, 3-propanediamine (PDA) 

(Figure 2d),61 hexagon Fe2O3 nanoprisms are fabricated by using citric acid (CA) as capping reagent, 

which can suppress the intrinsically anisotropic growth of hexagonal Fe2O3 NCs along the [0001] 

direction because of the chelating effect (Figure 2e, f).62 
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3D IONCs. Besides the aforementioned simple nanostructures, more and more 3D IONCs are prepared 

in recent years, such as nanoflower,63, 64 nanostars,65, 66 dendrite-like NCs,67 nano-snowflake,68, 69 

peanut-like NCs,70, 71 nanoworm,72 urchin-like NCs73 and airplane-like NCs.74 These 3D IONCs possess 

hollow or mesoporous structures, providing larger specific surface area than 0D, 1D and 2D IONCs. 

Thus these 3D IONCs are beneficial to apply in sensor, catalysis and lithium battery.63, 75 Most 3D 

structure of IONCs could be realized by hydrothermal process. And during this process, the precise size 

and shape of the formed 3D IONCs can be adjusted based on concentration of precursors, co-solvents, 

reagent ratios and surfactants or ligand choices.76 For instance, the different ratio of solvents 

(isopropanol (IPA) and water) influencing the final morphologies of Fe3O4 NCs are shown in Figure 3. 

The star-shaped hexapods of Fe3O4 NCs are formed by using only IPA, and the concave-octahedrons of 

Fe3O4 NCs are formed in the addition of water into IPA solution. Meanwhile, the pH of reaction is also 

the main factor for controlling the morphologies of the 3D IONCs, six fold-symmetric snowflake-like 

and paired microplate-like α-Fe2O3 microstructure are synthesized in pH values of 12 and 14, 

respectively.77 

2.1.2. Mesoporous IONCs 

Mesoporous material is a kind of materials with pore diameter of 2-50 nm, as defined by International 

Union of Pure and Applied Chemistry (IUPAC).78, 79 Comparing with the solid-structured IONCs, the 

IONCs mesoporous structured provide larger specific surface, symmetrical pore distribution and tunable 

size of pores. For example, the literatures report that the specific surface area of the commercial Fe3O4 

NCs is 1.41 m2/g, but this value for the mesoporous Fe3O4 NCs could reach to 47.7 m2/g,80 quasicubic 

α-Fe2O3 NPs with the size of 30-50 nm show the specific surface of 18.3 m2/g,81 but the porous Fe2O3 

nanocubes with the size of 150-200 nm display much larger specific surface (44 m2/g).82 The typical 

mesoporous morphology of IONCs are shown in Figure 4. The mesoporous IONCs include 0D 

mesoporous nanospheres and nanocubes, 1D mesoporous nanospindles and nanorods, 2D mesoporous 

nanoplates and 3D mesoporous IONCs. These mesoporous IONCs could be obtained by template 

addition and removal,83, 84 Ostwald ripening process85, 86 or high-temperature calcination.87-89 For 
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instance, a mesoporous Fe3O4 nano/microspheres are prepared by using hard templates method. During 

this process, poly(acrylic acid) (PAA) and SiO2 are selected as the templates initially, and both of them 

are subsequently removed by calcining and etching process (Figure 5a-e).90 Mesoporous Fe3O4 

nanospindles are synthesized by sacrificed templates of α-Fe2O3 nanospindles. During this process, H2 is 

employed as reduction agent to obtain Fe3O4 nanospindles from the α-Fe2O3 nanospindles, and the 

vacancies are remained in the Fe3O4 nanospindles after reduction (Figure 5f-i).91 

2.1.3. Hollow IONCs 

Among various morphologies of IONCs, hollow IONCs are rapid-developed in recent decades, 

because the hollow IONCs with large specific surface areas exhibit a positive application prospect. The 

hollow IONCs not only present the unique properties, but also provide a broad range of applications 

such as photocatalysis, lithium battery, target drug delivery and sensors.92-95 Hollow IONCs are 

classified into 0D hollow spherical/polyhedral structures, 1D hollow tubular/catenoid construction and 

2D/3D complex hollow morphologies, and the typical morphologies of IONCs are illustrated in Figure 

6. For synthesis of these hollow IONCs with special surface and interior structure, numerous of ways 

are proposed, such as hard/soft template,96 in suit oxidation by using Kirkendall effect and Ostwald 

ripening process in hydrothermal method.97-101 In this section, the general characteristics of hollow 

IONCs with various shapes and controlled process of their corresponding shape are investigated. 

0D hollow spheres and polyhedrons. Generally, 0D hollow IONCs are formed through the aggregation 

of small grains, thus, the shell layer is accompanied with many pores. This characteristic of 0D hollow 

IONCs provides retainable space for series of materials (e.g. drugs) and passable route between interior 

and exterior through such pores of shell, providing promising applications of drug loading and releasing 

in biomedicine and coping the expansion space in lithium battery. These 0D hollow IONCs could obtain 

by template adding and removing process. The uniform removable templates are added in the reaction, 

then the reactants for synthesis of desirable IONPs shell layer are deposited or growth well onto these 

templates. Obviously, the morphology and dimensional uniformity of these hollow IONCs are highly 

dependent on the templates during this process. The thickness of IONCs shell layer could regulate by 
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the loading weight of precursors. The well-defined hollow iron oxide shell is obtained after etching or 

calcining the templates. For example, by employing carbonaceous polysaccharide spheres as templates, 

cage-like Fe2O3 nanospheres are synthesized via hydrothermal precipitation reaction. Then, the hollow 

Fe2O3 nanocages are obtained by removing carbonaceous polysaccharide spheres completely in 

annealing furnace at 500 °C for 4 h (Figure 7a-e).102 Ostwald ripening in hydrothermal process is also 

another important way for formation of hollow IONCs. For example, hollow Fe3O4 NPs with size of 

~400 nm are prepared by simple solvothermal method, the formation of hollow Fe3O4 NPs is under 

controlling by bubble-assisted Ostwald ripening, as illustrated in Figure 7f, g.103 

1D hollow tubular/rods. Since the first discovery of carbon nanotubes (CNTs) in 1991, lots of efforts 

are devoted to synthesize inorganic nanotubes, particularly the tubular-structured IONCs by controllable 

ways.104 1D tube-like NCs demonstrate unique chemical and physical properties because of their large 

surfaces area of double-wall structure and low dimensionality. According to the present reports, tubular-

structured IONCs could be classified into hollow nanotubes, nanowires, nanospindles and nano-

dumbbells.105-110 Normally, tubular-structured IONCs are formed basing on the hard/soft template, or 

scarified template strategies. In the hard/soft template strategy, lots of inorganic or organic nano-

materials are employed as templates initially, and then these templates are removed to generate tube-like 

IONCs with nanoscale pore size. For example, 1D α-Fe2O3 nanotubes are produced by using CNTs as 

hard template.111 Additionally, Ostwald-ripening process in hydrothermal method is a widely accepted 

route in synthesis of 1D hollow iron oxide nanotubes, such as the formation of α-Fe2O3 short nanotubes 

(SNTs).15 During this Ostwald-ripening process, holes on the tip of the spindle are formed firstly, and 

then, the inner parts of the spindle gradually transfer to the outer surface through the hole, the hollow 

structure are formed finally.109  

2D and 3D IONCs. Increasingly, IONCs with complex morphologies (such as 2D and 3D hollow 

IONCs) became eye-catching issues in recent years. For example, the 2D α-Fe2O3 nanorings are 

synthesized with high surface-to-volume ratio, exhibiting high sensitivity and good reversibility for gas-

sensing of alcohol vapor under ambient conditions.112 These 2D and 3D hollow IONCs possess larger 

Page 12 of 61CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

specific surface areas than hollow IONCs, therefore, various 2D and 3D hollow IONCs are synthesized 

successfully in recent years, including 2D nanorings113-115 and hexagonal nanorings,116 3D 

nanobowls,117-119 octahedral nano-framework77 and multi-shelled nanostructure.120 For synthesis of 

these 2D and 3D IONCs with different morphologies, ions-assisted Ostwald ripening in hydrothermal 

process is one of the most common way. For instance, hexagonal and dodecagonal α-Fe2O3 nanorings 

are prepared via double anion-assisted (F- and SCN-) hydrothermal method. The time-dependent 

formation process of hexagonal α-Fe2O3 nanorings is also under control of Ostwald ripening process, as 

evolved in in Figure 8a, b.121  

2.2. Shape-dependent properties of IONCs 

2.2.1. Magnetic properties of shape-controlled IONCs 

Magnetic property of IONCs is an important characteristic for itself applications, but what are the 

factors and intrinsic reasons to influence the magnetic properties? From the standpoint of microcosmic, 

magnetic moment between each atoms and corresponding different interchange process are induced the 

different magnetic property of IONCs. The classification of these different interchange process is shown 

in Figure 9a.122 Generally, diamagnetic IONCs is defined as the magnetic material without magnetic 

moment. When magnetic electrons keep far away from each other (no interchange process), then the 

orientation of atom magnetic moment of IONCs is randomly scattered and offset resulting in the 

paramagnetic characteristic of IONCs. The magnetic moments array is equal inverse parallel with 

existence of negative interchange process, resulting in antiferromagnetic characteristic of IONCs, while 

the magnetic moment is unequal inverse parallel, causing the ferrimagnetic nature of IONCs. Likewise, 

the parallel magnetic moments arraying with the presentation of positive interchange process produce 

ferromagnetic nature of IONCs. As a result, the magnetic property of IONCs could be classified into 

weak magnetic materials and strong magnetic materials, as illustrated in Figure 9a. 

For testing the magnetic properties, a lot of common definitions of IONCs including saturation 

magnetization (Ms), coercivity (Hc) and remanence magnetization (Mr) are presented Figure 9b. These 

parameters of IONCs could be measured by Vibrating Sample Magnetometer (VSM) and 
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Superconductivity Quantum Interference Device (SQUID).123 The simulative hysteresis loops (M-H) 

obtained by VSM are shown in Figure 9b. Form this simulative hysteresis loops, the definition of 

superparamagnetism, soft ferrites and hard magnetic ferrites could be revealed. The superparamagnetic 

behavior of IONCs present in curve a, (Figure 9b) while the M-H curve show no hysteresis at a certain 

temperature (T > TB, blocking temperature). The forward and backward magnetization curves are 

overlapped completely.12 The soft ferrites and hard magnetic ferrites can be defined according to the 

value of Hc and Mr. For example, the soft ferrites are stipulated when the Hc is less than 1×102 A/m and 

Mr is quite low (curve b in Figure 9b). While hard magnetic ferrites with higher Hc (>1×104 A/m) and 

Mr than soft ferrites are presented in curve c of Figure 9b. Apparently, these typical parameters of 

magnetic properties such as Ms and Hc in various magnetite NCs are different. Because the magnetic 

property is influenced by the grain size, structural composition, shapes and surface anisotropy of the 

IONCs.124 For example, α-Fe2O3 NCs generally show weak ferromagnetism and possess saturation 

magnetization less than 10 emu/g at 300 K.36 But the saturation magnetizations of γ-Fe2O3 and Fe3O4 are 

extreme high (~ 92 emu/g) at same condition.125  

Among all these factors, the size and shape of IONCs play important roles in magnetic property. The 

magnetic property of IONCs could be affected by different grain diameters.126 Generally, the Hc of 

Fe3O4 NPs is extremely size-dependent parameter. For example, the Hc of IONCs increases rapidly with 

the grain size when the sizes of these IONCs are smaller than ferromagnetic exchange length (dex, 

exd A K= , A: denotes the exchange stiffness, K: an effective anisotropy constant). Because the Hc is 

in direct proportion to d
6
 (d: the diameter of NPs). But if the grain size exceeds the dex, the 

magnetization reversal has happened because of domain wall motion. With the movement of domain 

walls through a sample, pinning occur between the boundary of two crystals, additional energy is 

needed for them to continue moving. The Hc is in direct proportion to d-1
. Hence, increasing the grain 

size will decrease Hc.
127, 128 The morphology-dependent magnetic property of IONCs are studied in 

recently.129, 130 The Hc is easy to be affected by anisotropic shape, because more complex shape of 
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IONCs will inevitably increase the magnetic anisotropy, and the Hc of IONCs is considered to be the 

pinning effect in magnetic domain, which are induced by these magnetic anisotropies.15, 131  

More recently, we have synthesized single and tubular clustered magnetite NPs (MNPs) by low-

temperature coprecipitation and high-temperature hydrothermal in aqueous conditions, respectively. The 

sizes of the constitutive small NPs obtained from two methods are almost same. But the magnetic 

properties of two kinds of NCs are different. For example, the single MNPs show a superparamagnetic 

property at 300 K. However, the tubular clustered MNPs exhibit clearly ferromagnetic behaviors. 

Because the competition of the demagnetization energy of shape and the magneto crystalline anisotropy 

energy of small MNPs will increase the coercivity, then magnetic dipole-dipole interactions of 

assembled nanoparticle structures are much stronger than those of individual NPs. As a result, the 

distance-dependent nature of such interactions is proformed.130 Moreover, α-Fe2O3 NCs with three 

different morphologies (single-crystalline NPs, dendrites and snowflakes) by hydrothermal reaction are 

also well demonstrated this point.  The coercivities of single-crystalline (Figure 10a), dendrites (Figure 

10b) and snowflakes (Figure 10c) α-Fe2O3 are gradually increased because of the growing number of 

OH- ion on their surface. As a result, the surface spinning of α-Fe2O3 NCs are also increased. 

Subsequently, high coercivity of α-Fe2O3 NCs is produced since the spin relaxation mechanism is 

disturbed. Therefore, the anisotropic shape with surface-adsorbed OH- ions is the main reason for 

variation of magnetic parameters. And the coercivity of α-Fe2O3 NCs increase with their anisotropic 

shape.132  

2.2.2. Catalytic properties of shape-controlled IONCs 

Catalytic property (including the catalytic oxidation and photocatalysis) is another important nature 

of IONCs, especially for the α-Fe2O3 NCs. α-Fe2O3 is a typical n-type semiconductor, which are widely 

used in heterogeneous catalysis and photocatalysis.34, 133 In photocatalytic application,  the electrons on 

the valence band (VB) of α-Fe2O3 NCs are excited to conduction band (CB) by absorption of photons, 

and the holes are left on the VB. These generated electrons and holes show the ability for photocatalytic 
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degradation of organic pollutant.93 In catalytic oxidation, Fe sites on the surfaces α-Fe2O3 NCs should 

act as the active species for the catalytic oxidation reactions of CO and alcohols.134, 135 

Generally,the catalytic property of α-Fe2O3 NCs is also shape-dependent. Different exposed facets 

and specific surface areas are the main factors for modulating the catalytic reaction efficiency.136 For 

example, truncated-dodecahedron-shaped α-Fe2O3 NCs show a much higher photocatalytic degradation 

of Rhodamine B (RhB) than the rhombohedron-shaped α-Fe2O3 NCs. The high density surface exposed 

Fe ions (9.76 nm-2) on the {1012 } facet endowed the truncated-dodecahedron-shaped crystals with 

superior photocatalytic activity in the photo-Fenton reaction than rhombohedron (surface exposed Fe 

ions density on {1010 } facet is 5.79 nm-2).137 Quasicubic and flower-like α-Fe2O3 NCs are synthesized 

for catalytic oxidation of CO. The quasicubic α-Fe2O3 NCs show a higher catalytic activities in CO 

oxidation than flower-like α-Fe2O3 NCs. The excellent catalytic property of quasicubic is attributed to 

the exposure of the {110} facets that have a much higher iron density (10.1 atoms nm-2), which is 

facilitated to activate the CO.81 This kinds of shape-dependent catalytic behavior of IONCs could be 

further investigated in liquid-phase catalytic reactions.138, 139 

2.2.3. Gas sensing properties of shape-controlled IONCs 

Gas sensing property is depicted as the responsivity of metal oxide semiconductors to various gases. 

The conductivity changes of metal oxide semiconductors could be detected in gas atmospheres. More 

specifically, gases could adsorb on the surface of these metal oxide semiconductors in the gas 

atmospheres, and capture electrons from the inner of the metal oxide semiconductors. A depletion layer 

is formed and thus the conductivity are correspondingly reduced.140, 141 This mechanism could be found 

on the surface of some metal oxide semiconductors, such as ZnO, SnO2, WO3, etc.
142-145 Overall, the 

oxidation-reduction reaction occurs to these metal oxide semiconductors, and the conductivity 

changes.146, 147 As the metal oxide semiconductor, IONCs also show the excellent gas sensing property 

for detection of various gases (e.g. methanol, ethanol and acetone, etc. ).63, 148-150 It is noteworthy that 

these IONCs show a general shape-dependent gas sensing property, which could be mediated by 

different exposed facets, specific surface areas and crystalline degree.151, 152 For instance, α-Fe2O3 with 
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oblique parallelepiped and tetrakaidecahedral shapes show higher gas sensing property than other α-

Fe2O3 with common shapes (less truncated degree polyhedral, more truncated degree polyhedral and 

quasi-spherical structure), because of the exposing higher energy facets of ( 01 14 ), (1012 ) and ( 2110 ) 

in tetrakaidecahedral shapes. The higher density of the exposed Fe3+ cations of on those facets is 

beneficial to the reaction of gases and may provide active sites to adsorption of gas molecules.153 

Moreover, hollow α-Fe2O3 polyhedral exhibits higher gas sensing property than compact α-Fe2O3 

polyhedral structures. Such a significant improvement of the sensing performance can be attributed to 

the contribution of the contact surface area between the hollow α-Fe2O3 polyhedral structures and the 

target gases.154 

3. The synthesis of shape-controlled IONCs 

3.1. Co-precipitation method 

Co-precipitation method is a classical chemical route for synthesis of IONCs, especially for the Fe3O4 

NCs. This method involves rapid titration of an acidic or neutral solution of Fe2+ and Fe3+ into an 

alkaline solution, resulting in rapid precipitation of particles. This chemical process is shown as follow:  

Fe2+ + 2Fe3+ + 8OH- → Fe3O4 ↓ + 4H2O. 

Precipitation of Fe3O4 NCs could be obtained under these conditions: the stoichiometric ratio of 

Fe3+/Fe2+ is 2:1, and the pH of reaction should be alkalic condition (pH 8~14), then the reaction process 

is operated under atmosphere of inert gas. This method is a favorable method for producing IONCs in 

larger-scale. For example, Stroeve and co-workers synthesize Fe3O4 spherical NCs with mean crystal 

size of 8.5±1.3 nm in large-scale by using co-precipitation method under N2 when fixed pH of 11 and 

without any surfactant.155 However, the size distribution of IONCs products is broad in co-precipitation 

method because of no any surfactant present, which causes wide range of blocking temperature and 

limits their applications. Therefore, synthesis of Fe3O4 spherical NCs with narrow size distribution by 

co-precipitation method is still a challenge because of only kinetic factors are involved in this process. 

Generally, the rapid nucleation and subsequent slow controlled growth are beneficial to obtain the 

monodisperse spherical NCs. As a result, controlling the nucleation and growth processes becomes the 
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key factor to produce monodisperse IONCs. In recent years, a modified co-precipitation method is 

proposed to synthesize monodisperse IONCs under controllable nucleation and growth process. In this 

process, organic additives are used as stabilizer and/or reducing agent for controllable nucleation and 

growth process. For example, ultrafine Fe3O4 spherical NCs with narrow size range of 4-10 nm are 

synthesized by co-precipitation method in the present of 1 wt.% polyvinlyalcohol (PVA) as stabilizer. 

Chain-like clusters precipitated Fe3O4 spherical NCs could be obtained when 0.1 mol % of hydroxyl 

groups in 1 wt.% of PVA are converted to carboxyl groups in the same reaction process.156 Fe3O4 NPs 

with average size of 25 nm are synthesized by using octanoic acid as surfactant in a traditional chemical 

co-precipitation process.157 These examples indicate that a proper surfactant could act as significant 

stabilizer or dispersant to synthesize monodispersed IONCs.  

3.2. Thermal decomposition 

To overcome the shortcoming of co-precipitation method, the thermal decomposition is proposed for 

synthesis of IONCs with accurately narrow size-distribution, monodispersed and multiple shapes. In 

thermal decomposition method, organometallic compounds are often used as precursors, such as iron 

acetylacetonates [Fe(acac)3], iron cupferronates [FeCup3], or carbonyls.158, 159 And high-boiling organic 

agents including oleic acid (OA), 1-octadecene, 1-tetradecene and oleylamine are often added as 

solvents and stabilizers. Indeed, the ratios of the precursor, stabilizers and surfactants play the key role 

in size- and shape-controlling of IONCs. Especially the stabilizers, which not only play a role to slow 

down the nucleation process but also serve as an adsorption agent onto generated nuclei or growing NCs 

to hinder the growing facets. As a result, the IONCs with narrow size-distribution and 

isotropic/anisotropic morphologies are produced. For instance, spherical γ-Fe2O3 and Fe3O4 NCs with 

polysize (5 nm and 11 nm for γ-Fe2O3, 19 nm for Fe3O4) are prepared by thermal decomposition of 

Fe(CO)5 in different molar ratio of Fe(CO)5 and oleic acid (1:1, 1:2 and 1:3).160 Because the high 

concentration of Fe(CO)5 in reaction could propel more explosive nucleation of IONCs than the reaction 

with the low concentration of Fe(CO)5 according to LaMer nucleation and growth theory.161 In the 

growth process, lesser Fe(CO)5 are left for growth of more primary nucleation. Thus, the size of the 
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IONCs increase with the decreasing of molar ratio of Fe(CO)5 and oleic acid. Furthermore, the particle 

size of IONCs are easily controlled by using different kinds of solvent at different boiling points. For 

example, IONCs are synthesized by using inexpensive and nontoxic iron chloride as raw material to 

form the metal-oleate precursors. The IONCs with accurate sizes of 5, 9, 12, 16 and 22 nm are obtained 

by altering the boiling points of each solvent, such as 1-hexadecene (b.p. 274 °C), octyl ether (b.p. 

287 °C), 1-octadecene (b.p. 317 °C), 1-eicosene (b.p. 330 °C) and trioctylamine (b.p. 365 °C).162  

Additionally, thermal decomposition method is also a favorable way to prepare IONCs with different 

shapes, such as 0D nanocubes and nano-bipyramid. For instance, IONCs with different sizes and diverse 

morphologies are fabricated though thermal decomposition of iron oleate (Fe(OL)3) precursors in the 

present of OA or oleate salts (Figure 11a-c). The spherical IONCs are synthesized by using the OA as 

surfactant, but the cubic IONCs are obtained by just replacing the OA with oleate salt (sodium oleate 

(NaOL) or potassium oleate (KOL)). Furthermore, the sizes of both spherical and cubic IONCs are 

increased with temperature rising (Figure 11d-f). Additionally, the bipyramidal IONCs are synthesized 

by only decreasing the molar ratio of oleate/Fe(OL)3 (Figure 11g). Obviously, the surfactants of OA 

and oleate salts are facilitated the evolution of morphology of IONCs because of different adhesion 

ability of the OA and oleate on the different growing facets. Then, the cubic IONCs is a result of a 

slower growth rate of the {100} facets. Furthermore, {100}-bound bipyramidal NCs with a single (111) 

oriented twin plane are found by further adjustment of the growth conditions. This phenomenon are 

depended on several factors, such as heating rate and NaOL concentration.163  

Althoughthe thermal decomposition of metal salt precursors is an effective way for monodisperse 

IONPs with a controllable size, the high boiling point organic solvents are required for obtaining the 

IONCs with hydrophobic surface, resulting in inevitable hydrophilic treatment process for further 

applications. In addition, these organic solvents also cause environmental contamination unavoidably. 

3.3. Hydrothermal/solvothermal process 

Hydrothermal/solvothermal synthesis is an accessible way for IONCs with various morphologies, 

which is involving the chemical reaction in an aqueous solution/organic solvent (in a sealed container) 
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under high temperature (130~250 °C) and high vapor pressure (0.3~4 MPa). During this hydrothermal 

process, the iron source and surfactants are dissolved in solvent or mixture to form ions or molecular 

groups for nucleation and growth at initial stage. The intense convection effects (producing by the 

temperature difference between the bottom and top of the sealed container) is the driving force for the 

transportation of these ions or molecular groups to growth sector (low temperature area) and generation 

of supersaturated solution until critical supersaturation for nucleation, resulting in large amount of 

magnetic nuclei. In the subsequent process, the dissolution and recrystallization process or Ostward 

repining are frequently induced in the growth of IONCs or the formation of hollow IONCs because of 

reducing the surface free energy. Moreover, such repeated dissolution and recrystallization are the 

critical processes for IONCs with high crystallinity. For example, α-Fe2O3 NCs with polyhedral shape 

are prepared by using FeCl3·6H2O and ammonia water as precusors and water as solvent in 

hydrothermal process under 180 °C for 8 h.164 Moreover, Fe3O4 NCs could also be synthesized by using 

these precusors and solvent, but with the addition of sucrose as reductant for reducing the Fe3+ into 

Fe2+.165 For preparation of γ-Fe2O3, oxidation of the Fe3O4 NCs to form γ-Fe2O3 counterpart is a 

common way.166, 167 

In the hydrothermal process, water or solvents are important parameter in wet-chemical reaction, 

different solution can produce IONPs with different shapes. Water is not only serve as solvent but also 

play a chemical component to take part in a chemical reaction. Additionally, the other organic solvents 

including EG, diethylene glycol (DEG), glycerol are the fashionable solvents in the solvothermal 

process. Other parameters, such as temperature, pressure, pH value and ion adding, are also the common 

alterable parameters for controlled morphologies, sizes and crystal structures of these IONCs. For 

example, in our previous work, we prepare α-Fe2O3 NCs with various morphologies (short nanotubes, 

NPs and nanorings) by using anion-assisted hydrothermal method. Then the shape evolution of α-Fe2O3 

NCs with the Fe3+ concentration and time-dependent process is presented in Figure 12. Obviously, the 

performed hollow structure of these α-Fe2O3 NCs become more evidently when the reaction time is 

prolonged. Furthermore, the morphology of the α-Fe2O3 NCs is evolved from hollow sphere to hollow 
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nanotube with the increase of Fe3+. The shape of the short nanotubes is mainly regulated by the 

adsorption of phosphate ions on parallel facets to the long dimension of elongated α-Fe2O3 NPs (axis) 

and the hollow structure is performed by the preferential dissolution along the c-axis because of the 

strong coordination of the ions.168, 169 Obviously, the IONCs prepared by hydrothermal/solvothermal 

method show some superior advantages, such as high purity, high dispersion, shape-controllable and 

environmentally friendly. 

3.4 Microemulsion 

Microemulsion is a transparent/translucent isotropic dispersion and thermodynamical stability solution, 

which is formed by two immiscible liquids, such as water and oil. These two kind of bulk solutions are 

formed individual micro-droplets (typically 1-50 nm in diameter). These individual micro-droplets are 

also named as micelle, which are stabilized by interfacial film of surfactant molecules in microemulsion. 

In preparation of nanomaterials by this microemulsion method, the different individual micelles are 

typical nanoreactors for material-exchanges of two or more kinds of reactants, the nucleation and 

growth process are both happened in the nanoreactors. The final NCs are extracted by filtering or 

centrifuging when the demulsifying agent (acetone or ethanol) are added in. Microemulsion as a 

nanoreactor could be used in synthesis of various nanomaterials with uniform sizes and multiple 

composites, such as metallic cobalt, cobalt/platinum alloys, and gold-coated cobalt/platinum NPs.170  

Additionally, for synthesis of IONCs, microemulsion method is also a good choice. The different 

reactants (such as iron source, alkali solution) in same water-in-oil microemulsions are mixed for 

precipitation of IONCs through continual micelle collision coalescence and re-break process.171 

Generally, the size of final IONCs are depend largely on the size of the micelle. In the micelles collision, 

coalescence and re-break process, the size of micelle is mainly dependent on the property and dispersity 

of microemulsions, such as the ratio of water/oil, the amount of surfactant and stirring rate. For example, 

IONCs with average diameters of 3, 6 and 9 nm are prepared by microemulsion method at room 

temperature. The IONCs were stabilized in situ by organic surfactant molecules (polyoxyethylene (5) 

nonylphenylether), which acted both as a stabilizer for the microemulsion system and as a capping layer 
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on the surface of the IONCs. The size of these IONCs could be regulated by the volume ratio (organic + 

water/surfactant) and stirring rate.172 This method provides a lot of advantages in preparation of IONCs 

as comparing with other methods. For example, the synthesized spherical IONCs present uniformed size 

distribution and hydrophilic surface for in vivo biomedicine or biodiagnose.173 

Though many IONCs with different sizes are synthesized by using microemulsion method, how to 

control the morphology of IONCs is still a distinct shortcoming. At present, only spherical or quasi-

spherical IONCs are the available products through this microemulsion method because of the micelles 

is spherical. Additionally, how to increase the yield of IONCs is another challenge by employing this 

method. Moreover, in order to synthesize appreciable amounts of material, a lot of organic solvents are 

required in the microemulsion, which is against with the protocol of environmental protection. 

4. Proposed mechanisms for shape-controlled IONCs 

4.1 Ostwald ripening 

Originally, Ostwald ripening is a phenomenon happened in solid-solution state that particles with 

inhomogeneous size change over time. In other words, the large particles grow up by sacrificing the 

dissolved small particles because of their different size-dependent solubility. For example, the chemical 

equilibrium of particles with different size is established between the solid-solution interfaces in a 

certain reaction condition.174 Ostwald ripening is a coarsening process of NPs, the preliminary particles 

with different size are suspended through homogenous solute, the concentration of the molecules around 

the interface of smaller particle is larger than the average concentration in bulk solution because of the 

capillary effect. This concentration gradient drive the small particles dissolving and vanishing, causing 

the increase of local molecules concentration. These molecules with high concentration are diffused to 

surr ounding of bigger particles. As a result, homogenous concentration will eventually proceed for the 

growth of bigger particles and elimination of smaller particles.175 This phenomenon was first described 

by Wilhelm Ostwald in 1896.176 Previously, Ostwald ripening is generally found in water-in-oil 

emulsions.177 But in recent year, this phenomenon could also be found in polar solvents during 

hydrothermal process for synthesis of nanomaterials.178  
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In hydrothermal route, two basic steps are involved for IONCs: nucleation and particle growth.58 

During the particle growth process, Ostwald ripening play an important role in forming large particles or 

mesoporous/hollow structures of IONCs by aggregating the smaller crystallite particles.179, 180 For 

synthesis of solid IONCs, large IONCs are growing at the expense of small IONCs, resulting in an 

increase of particle size but a decrease of the number of particles. In the formation of 

mesoporous/hollow IONCs, the inner smaller crystallites are produced at the early stages of nucleation 

and growth, and then these small primary crystallites random aggregate in the inner place before the 

growth of external crystallites. Under high temperature and high pressure conditions, the central region 

of the spheres start to be evacuated via dissolution because of their higher surface energy.181 Then, the 

inner dissolved smaller crystallites are transformed from interior to exterior of the spherical IONCs and 

formed a stable mesoporous/hollow structure with better crystallinity.182 These two processes are both 

driven by reduction of the surface free energy. The small particles with high surface free energy are 

unstable, resulting in high inclination for more stable structure. For example, aggregated α-Fe2O3 

nanoplates are formed with adding of ionic liquid [Pmim]I in a hydrothermal route. Three steps are 

proposed for the formation mechanism: nucleation, growth/self-assembly and Ostwald ripening. During 

Ostwald ripening process, the aggregated α-Fe2O3 nanoplates are coalesced by small nanoplatelets.183 

Hollow cocoon-like α-Fe2O3 nanospheres are synthesized by one-pot hydrothermal method without any 

surfactants. With prolongation of reaction time, the hollow cocoon-like α-Fe2O3 nanospheres are formed 

under the Ostwald ripening process (Figure 13a, b).184 Moreover, the evolution of morphology of 

IONCs is a time-dependent process. With prolonging the reaction time, small and unconsolidated 

primary crystallites could dissolve out and the IONCs are available to reconstitute into different 

morphologies and more stable structures.185 

4.2 Oriented attachment 

Oriented attachment was first proposed by Penn and Banfield in synthesis of TiO2 NPs since 1998, 

referring that the existed primary crystallites are attached in a specific direction gradually for oriented 

reconstruction in solution to assemble into single crystalline NPs.186, 187 In other words, primary 
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crystalline grains are served as building blocks for aggregating into larger size or more complex 

morphology, the adjacent primary crystalline grains are self-assembled into bigger particles by sharing a 

common crystallographic orientation, and subsequent docking of their crystal facets.188 From the 

thermodynamic viewpoint, the driving force for this spontaneous oriented attachment is that the 

disappearance of two high energy surfaces lead to a substantial reduction of the surface free energy.189 

Recently, the directly observation of Oriented attachment process of iron oxyhydroxide NCs is 

performed on high-resolution transmission electron microscope (HRTEM) by using a fluid cell, 

revealing that a perfect lattice match between attached NCs is a vital step for crystal growth by Oriented 

attachment.190  

By employing this Oriented attachment mechanism, a lot of anisotropic-shaped nanostructures could 

be synthesized via fusion of their primary NCs,191, 192 such as α-Fe2O3,
193, 194 Fe3O4,

195 SnO2,
196 and 

TiO2,
197 etc. Actually, the structures and shapes of primary “building blocks” act a significant role in 

Oriented attachment growth and the formation of products. Because the primary units may completely 

or partially keep the original structure and configurate during the process of Oriented attachment 

growth.198 Moreover, the difference of surface energy at each facet leads to the coalescence of primary 

particles in specific crystallographic orientation, such as the one-dimension growth in [001] direction of 

TiO2 nanorods and in [100] direction of PbSe nanowires by using the primary unit with the same 

polyhedral shape.190, 200 Generally, Oriented attachment of IONCs is facilitated for various 

morphologies,201, 202 such as cubes,81 oblique,203 nano-cantaloupe55 and hierarchical nanostructure,204 

etc. These morphologies are influenced by each primary unit. For example, Goethite (α-FeOOH) 

nanorods are formed by oriented aggregation of the goethite primary NPs.202 Well-defined cubic 

hematite (α-Fe2O3) single crystals grow up from the primary crystallites of free-standing α-Fe2O3 

nanorods. This formation process of these cubicα-Fe2O3 single crystals is explained in terms of oriented 

attachment. Firstly, nanorods are aggregated in orientation on the surfaces of some cores by sharing the 

common facet of {012}. Then, the polycrystalline NCs would fuse into a single crystal via Oriented 

Page 24 of 61CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 25

attachment mechanism. Eventually, the well-defined cubic hematite single crystals are formed, as 

shown in Figure 14a, b.205 

4.3 Selective adhesion induced anisotropic growth 

Surface energy is a vital factor to affect the anisotropic growth of IONCs. Generally, the crystal growth 

rate is in proportion to the surface free energy of each facet.206 In a certain crystal facet, the faster 

growth rate would induce the easier disappearance of this facet. Thus the final shape of IONCs is highly 

dependent on the facets with slowest growth rate. For instance, the calculated surface energies of 

hematite based on density function for {001}, {101}, and {104} facets are 1.146, 1.308, 1.453 J/m2, 

respectively.207 If a polyhedral α-Fe2O3 primary crystallites possess with only these three exposed 

facets, then {104} facets are easier to disappear in growth process because of their faster growth rate. 

Thus the {001} facets are eventually exposed in final product. But in fact, most of final IONCs are 

sphere with the lowest surface free energy, because only kinetics control is presented in the growth 

process after nucleation.  

In recent decades, surfactants or additives are found as capping-agents for controlling the shapes of 

IONCs. Many literatures reveal that a selective adsorption of surfactant or additives on a certain facet is 

a sensible and effective way for regulating the growth rate. Functional groups of surfactants or additives 

molecules as attachment point can selectively absorb on specific facets of primary IONCs crystallites by 

coordination or interaction of charges because of the different properties of each facet (coordinative 

bond, charged facets or electrically neutral but dipolar), then the surface energy are reduced 

subsequently. As a result, the selective facets are blocked for growing inhibition, and these facets are 

finally exposed in obtained products.208, 209 Lots of surfactants or additives are considered as crystal 

growth inhibitor adhering on special facets for synthesis of IONCs, such as phosphate,210 hydrogen 

phosphate,211 fluorid,212 EDTA213 and oleylamine214 etc. These surfactants or additives are able to 

coordinate with Fe3+ on a certain facets of preformed IONCs nuclei because of the crystal anisotropy 

and the limited amount of these anions,45, 112 thus the concentration of these surfactants or additives is 

also the influence factor for further controlling the shapes of IONCs.212, 215 For example, IONCs with 
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1D and 2D shapes are synthesized by using different surfactants or additives as capping reagent for 

adsorption of on different facets. For synthesis of 1D IONCs, phosphates are used to adhere onto (100) 

and (110) facets of primary crystallites selectively, thus the growth direction of these 1D IONCs is [001] 

direction, the α-Fe2O3 nanospindles are finally formed (Figure 15a).58, 216 However, surfactant 

oleylamine is tend to bind onto the surfaces of (001) , causing the growth directions along [100] and 

[110] for Fe3O4 nanoplates (Figure 15b).214 

3.3 Nanoscale Kirkendall effect  

Conventionally, Kirkendall effect is a motion of boundary layer between two metals, which is induced 

by the different indiffusion rates of the metal atoms. This phenomenon was first proposed from copper 

and brass (zinc) system by Smigelkas and Kirkendall in 1947.217 More recently, Kirkendall effect is 

developed for synthesis of hollow nanomaterials. Different from this conventional Kirkendall effect, 

nanoscale Kirkendall effect is found in interface of a core-shell nanostructure, as presented by Co3S4 

hollow NPs.218 The indiffusion rate of the core material is higher than shell one, causing migration from 

the core to the shell for hollow structure of materials in nanoscale. As such, diverse of nanomaterials 

with hollow structures including CoM (M=O, S, Se),219-221 Al2O3,
222 CdS, 223 Ni2P,224 and NiO,225 etc. 

are produced with the controlled nanoscale Kirkendal effect.  

Furthermore, the nanoscale Kirkendal effect is also an effective and fashionable mechanism to prepare 

hollow IONCs. Generally, the hollow IONCs are formed through an oxidization process of iron salt 

precursor. The core iron NPs are exposed to oxygen for growth of iron oxide shell, and the hollow iron 

oxide shells are formed, because the diffusion rate of iron is faster than the oxygen. For example, the 

outward diffusion rate of Fe metal is faster than the inward diffusion rate of oxygen, then the IONCs are 

collected at the interface of metal-oxygen. During this process, the unbalanced interfacial diffusion 

between oxygen and Fe atoms is the key role for hollow IONCs.226 In addition, by altering the 

experimental parameters, such as reaction time and temperature, the oxidation process is available to 

obtain core-shell, rattle-type and hollow nanostructures. For example, Alivisatos and co-workers 

fabricate the hollow Fe3O4 NCs by exposing the iron NPs to dry 20% oxygen for different time and 
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temperature. Different diffusing rates of Fe and O elements caused the formation of voids between the 

Fe core and the Fe3O4 shell. With the prolonging of exposed time and raising the temperature, the 

outside-in oriented oxidation happens on the preformed core-shell Fe@Fe3O4 NPs for different 

morphology of IONCs (Figure 16a-e).97 During these diffusion, Fe NPs are vanished instead of the 

appearance of Fe3O4 shell, which are the typical products by nanoscale Kirkendall effect. Not only the 

hollow spherical of IONCs can be synthesized by this method, but IONCs with other morphologies 

including hierarchical porous iron oxide films, nanotubes and porous hollow NPs are also prepared.99, 

227, 228 

3.4 Self-assembly 

Self-assembly  is a process that small NPs or other discrete components spontaneously are organized 

because of direct specific interactions. The NPs, nanowires, nanorods and nanotubes are served as 

structural unit to assemble into large nanostructures in 1D, 2D and 3D space.229, 230 As a result, such 

aggregative crystals with thermodynamical equilibrium and minimum system free energy are finally 

obtained. Furthermore, the non-covalent interaction between structural units is the main driving force 

for stable morphologies of the self-assembled crystals.230 It is noteworthy that the occurrence of self-

assembly is a spontaneous process without other driving forces (such as high pressure or high 

temperature).231 Then, such spontaneous self-assembly process is facilitated for IONCs with various 

anisotropic morphologies including NPs,232 nanoclusters,233 nanocubes,234 nanorings,235 mesoporous 

nanofilms236 and hollow NPs.237 

More recently, 3D urchin-like and flower-like IONCs are prepared in hydrothermal process via self-

assembly mechanism, different iron sources and solvents play key roles in morphology controlling. For 

example, self-assembled urchin-like iron hydroxide and iron oxide NCs are synthesized in large-scale 

by using FeSO4 as iron source and water/ethanol as solvent. SO4
2- has stronger coordination with the 

iron ion than other ions under sonication in the formation of 3D self-assembled nanostructure.238 

Furthermore, novel 3D flowerlike iron oxide nanostructures are prepared via self-assembled process in 
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EG solvent. The iron oxide precursor could be obtained in refluxed EG solution by employing the FeCl3 

as iron source. The growth in three steps with self-assembly are shown in Figure 17.239 

5. Energy conversion application of IONCs with various architectures 

Electrochemical performances of IONCs with various architectures and high tailorabilities have 

attracted a lot attention in recently. IONCs with these performances provide more opportunity for 

energy conversion application. The energy conversion refers to the electric energy, which is transferring 

from one object to another, or from one form to another. Photoelectric effect and charge transfer 

principles are the main theories of these IONCs to apply in energy conversion application. These energy 

conversion applications, such as the photoelectrochemical water splitting, DSSCs and LIBs electrode, 

have attracted lots attentions.171, 240 The special morphologies make to these IONCs become excellent 

materials for conversing optical/chemical energy to chemical/electric energy. Furthermore, different 

morphologies of IONCs show significant effect in different applications. Hence, in this section, the 

shape-dependent energy conversion applications  of IONCs are investigated briefly. 

5.1 Photoelectrochemical water splitting 

Photoelectrochemical water splitting is proposed to be a promising method for hydrogen energy 

storage. In terms of mechanism, the photoelectrochemical water splitting process is a typical energy 

conversion process, which is involving the transformation of solar energy to chemical energy. 

Detailedly, photoelectrochemical water splitting consist of three processes: (1) the photo-excitation of 

electron-hole pairs, (2) the transfer of carriers to the electrode surface, and (3) H2 and O2 production by 

reducing and oxiding water on the different electrode surface.241 Metal oxide semiconductors including 

IONCs, are the typical photocatalysts for photoelectrochemical water splitting. α-Fe2O3 is a typical n-

type semiconductor with a band gap of ~2.2 eV, which possess a wide optical absorption cover 

substantially all the visible spectrum. Thus, these α-Fe2O3 could absorb photons of visible light, and 

convey them to electric energy (electrons and holes), these electrons and holes show the ability for 

splitting water into H2 and O2. 
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In general, the substrate is used for deposition or growth of α-Fe2O3 films or arrays, and a transparent 

conductor such as fluorine doped tin oxide (FTO) is acted as substrate. The different morphology of 

these deposited or growth α-Fe2O3 layers could result in different photoelectrochemical performance. In 

practice, the thin iron oxide films are found to exhibit poor performance because of the increased 

recombination of the photogenerated electrons and holes.242 More recently, the α-Fe2O3 layers on 

substrates with novel morphologies are synthesized for enhancement of photoelectrochemical 

performances, such as porous thin films, nanowire arrays, nanotube arrays, and tree fork-like arrays.243-

246 These α-Fe2O3 layers are endowed with both larger surface area and crystal plane orientation induced 

fast electron transport path. For example, ultrathin (5-7 nm thick) Fe2O3 nanotube arrays (3-4 µm long) 

on Fe foil are synthesized for splitting water to generate hydrogen under solar light illumination. The 

obtained photoactivity of Fe2O3 NTs (1.4 mA/cm2) is found to be higher than the nanoporous Fe2O3 

(0.26 mA/cm2), and Fe2O3 NPs (0.004 mA/cm2). The better photoactivity of Fe2O3 NTs arrays could be 

attributed to a faster charge transfer through the nanotubes compared to the NPs.27 Therefore, during the 

synthesis process, α-Fe2O3 layer with larger surface area and pore structure is favorable for improving 

the photoelectrochemical performance, and these structure could be realized by controlling the synthesis 

conditions.  

α-Fe2O3 NCs with various morphologies as a kind of promising photocatalysts show their unique 

merit in hydrogen storage application. Such as low-cost, high photocorrosion resistant, high utilization 

rate of visible light and stable chemical properties,247, 248 etc., which bring feasible application in 

hydrogen storage. However, the highly photoelectrochemical performance in theory of α-Fe2O3 NCs 

cannot be reached, because it is restricted by many factors, such as poor electron conductivity, short 

mean free-path of holes (2-4 nm), slow kinetic process of O2 production on surface of α-Fe2O3 NCs and 

high recombination rate of electron-hole pairs.249-251 Thus, improving strategies for the 

photoelectrochemical performance of α-Fe2O3 NCs becomes the urgent affair in hydrogen storage 

application. Although main efforts are made in morphological control, ion doping and surface 

modification for improving the photoelectrochemical performance,247, 252, 253 the photoelectric efficiency 
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is still maintained at a low level. In the future, improving the photoelectrochemical performance is still a 

research focus, and it is necessary to study the photoelectrochemical mechanism of IONCs for further 

improving the photoelectrochemical performance. 

5.2 Dye-sensitized solar cells 

In recent years, DSSCs are the representation of the third generation of solar cells, and it gain 

widespread attention. Because this kind of cells provide compatibility with low production costs, ease of 

fabrication and high photon-to-electron conversion efficiency.254 It is an excellent candidate for new 

generation of clean energy storage. In general, a standard DSSCs consists of a dye-sensitized work 

photoanode, an electrolyte containing the redox couple (such as I-/I3-) and a counter electrode (CE).255 

Anatase-type TiO2 films or arrays are first employed as a photoanode for DSSCs because of its 

photochemical stability and high photovoltaic performances. Nevertheless, large band-gap (3.2 eV) of 

TiO2 is the shortcoming for full spectrum absorption, because the electrons are photoexcited only by UV 

light (<400 nm in wavelength), which occupies only 5 % of the solar light.256, 257 More recently, 

α�Fe2O3 films or arrays are also shown a good photovoltaic performances for application in DSSCs. As 

a narrow band-gap semiconductor, α�Fe2O3 exhibits broader photo-response in the visible region.258 

During the photoelectrochemical reaction, larger surface area of the α�Fe2O3 films or arrays positive 

electrode provide more sites for absorption of dye molecules, such as flower-shaped α�Fe2O3.
259, 260 

Thus the photon-to-electron conversion efficiency is influenced by the morphologies of synthesized 

α�Fe2O3 in some degree. For instance, the α�Fe2O3 nanorods array and NPs are used as anodes for 

DSSCs application. The DSSCs performance based on the optimized α�Fe2O3 nanorods array reaches a 

conversion efficiency of 0.43%, which is higher than α�Fe2O3 NPs (0.29%) under the light radiation of 

1000 W/m2.261 

More interestingly, α�Fe2O3 are explored as CE for DSSCs application in recent years, because the 

literatures reveal that the performance of DSSCs is found to be related to their CE behavior.262, 263 The 

function of a CE in the DSSCs is collection of electrons from the external circuit, and providing a path 

for electron transfer from the CE interface to the electrolyte by reduction of tri-iodide ions (I3-). The 
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reactive activity of CE is usually affected by various factors such as specific surface area, porosity and 

crystal plane orientation.264 The morphology of CE materials can act as an effective factor in improving 

the catalytic activity in a DSSCs. Similarly, the morphology of the α�Fe2O3 is also the significant factor 

for influence the photovoltaic performances in DSSCs.265 For example, α�Fe2O3 NCs with different 

morphologies such as NPs, nanofibers, nanoflowers and nanorods was successfully fabricated via 

hydrothermal reactions and introduced into DSSCs as CE. α�Fe2O3 NPs CE exhibit the best reactive 

activity of reduction of I3- among all these α�Fe2O3 NCs, and a maximum conversion efficiency of 4.60% 

is obtained. This superior efficiency may be attributed to the larger surface area of NPs and their crystal 

structure which has grown in [012] and [104] directions.266  

Although the α�Fe2O3 NCs with larger surface areas are widely used as dye-sensitized work 

photoanode and CE in DSSCs application. The energy conversion efficiency of pure α�Fe2O3 NCs is 

still very low (0.1%) because of the fast electron-hole recombination, small optical absorption 

coefficient and low carrier mobility.267, 268 The ultrafast recombination of the photo-generated carriers 

(time constants ~10 ps) along with the poor minority charge carrier mobility (0.2 cm2 V-1 s-1) leads to a 

short length (2-4 nm) of hole diffusion.269 Therefore, coupling of α�Fe2O3 NCs with other 

semiconductors is a effective way to improve the energy conversion efficiency. Because fast charge 

transfer in the interface between these semiconductors is obversed.270, 271 We believe that fabrication of 

these composite nanostructures in DSSCs application is the tendency in the future.  

5.3 Lithium ion batteries (LIBs) 

Nowadays, iron oxide materials are the great potential choice for realization of high performance 

LIBs. The chemical energy could be converted into electric energy when these iron oxide materials 

acted as the electrode in LIBs application. However, bulk Fe2O3 electrodes exhibit the poor cycle 

performance because of their low electrical conductivity, serious hysteresis between charge and 

discharge potentials. Poor capacity retention during cycling is caused by large volume change and 

unstable solid electrolyte interphase formation, especially at high current densities. Thus, nano-sized 

iron oxide materials are employed as anode materials in application of LIBs, because these nano-sized 
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materials can assuredly shorten the Li+ transmission path, and promote the activity of the electrode 

contact area because of their unique properties.272, 273 With the further investigation for anode materials 

of LIBs, IONCs are the good candidates for anode materials of LIBs. For example, transition metal 

oxide α-Fe2O3 has attracted much attention because of its large specific capacity (1007 mAh/g), which 

is higher than the common commercial graphite (370 mAh/g), and also provide characteristic of low-

cost and environmental friendly.274 During the charge-discharge process, the IONCs are reduced into Fe 

and Li2O, then, an oxidation process of Fe to FexOy, are also happened during the electrochemical 

cycling, these cyclic process are shown as followed:275-277 

2 3 26 6 2 3Fe O Li e Fe Li O+ −
+ + ↔ +  

3 4 28 8 3 4Fe O Li e Fe Li O+ −
+ + ↔ +   

Though IONCs are the most promising materials for electrode in LIBs practical application. The 

electrochemical performances of these IONCs based electrode prepared based on these IONCs are still 

influenced by many factors, such as specific surface area. Larger specific surface area is a favorable 

factor for improving the electrochemical performances of IONCs. By compared with the inferior 

performances of solid IONCs, mesoporous and hollow IONCs are commonly used as anode materials 

for high-rate lithium batteries application, because of the larger specific surface area. For example, the 

spindle-like mesoporous α�Fe2O3 with large specific surface area (75 m2 g−1) exhibit the excellent Li 

storage properties with a higher reversible capacity by compared with another spindle-like α�Fe2O3 

(synthesized by different condition, specific surface area is 37 m2 g−1). This high-performance could be 

ascribed to the nanometer-sized subunits with larger specific surface area, which possess more activity 

sites and shorten distance for transportation of Li ions. More interesting, the hollow or pore structure 

allows the electrode materials to buffer the volume change during the discharge-charge process, and it is 

another favorable factor for this enhanced performance. Xie and co-workers fabricate hollowh ematite 

spheres for lithium-ion battery application. The improved discharge capacity is obtained (1279 mAh/g) 

at a current density of 60 mA/g.278 Therefore, in synthesized process, precise controlling the synthesis 
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condition for obtaining the IONCs with hollow or pore structure are the essential requirement for 

achieving the stable electrochemical performances. 

However, there are still some problems have to be faced by using pure IONCs as anode materials, 

such as low electric conductivity, pulverization caused by large stress and volume changes during 

charge/discharge processes, and aggregation of IONCs during the cycle process (because of their large 

surface area and activity). These problems hinder the practical application of pure IONCs in LIBs. With 

the development of energy storage research of iron oxide nanomaterials, we believe that these problems 

could be solved.  

6 Summary and perspectives 

Shape-controlled IONCs with various morphologies are developed for many years. The magnetic 

properties and energy conversion applications are mostly the shape-dependent characteristic. This 

review summarizes some classified characteristics of shape-controlled IONCs and their shape-

dependent magnetic properties. The synthesis routes, formation mechanisms and energy conversion 

applications of these IONCs are also described. Generally, the characteristics of these IONCs with 

various morphologies (large specific surface, high surface energy and high activity reaction sites) are 

realized based on the controllable synthesis process and shape-controlled mechanisms, then the shape-

dependent magnetic property of IONCs is illustrated subsequently. Based on existing plentiful 

literatures, this review provides a basic and integrated shape-controlled processes and consequences of 

IONCs to understand the relationship between morphologies and their corresponding magnetic property 

and applications. 

Recently, the IONCs with various shapes (solid, mesoporous and hollow) for diversified applications 

are developed. Indeed, IONCs with more complex structures such as bionic structure is became one of 

the hottest applications in recently. However, there still are some unconquered problems of these IONCs 

in various applications, such as low light utilization and light-conversion efficiency in 

photoelectrochemical water splitting and DSSCs application, low electric capacity and high preparative 

costs in LIBs application. These unresolved problems will provide new research directions in the future. 
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Furthermore, with the  furtherance of research in fabrication technologies of nanomaterials, the in-

depths application of IONCs with diversified features will develop to a variety of areas in the future. 

More favorable morphologies of IONCs with superior properties would be discovered with the 

progression of the new mechanisms during controllable and tunable synthesis process; Many properties 

such as photoelectrochemical, electricity-storage properties are developed to raise for practical industrial 

applications. In summary, extensive applications of the multifunctional IONCs will be the most 

attractive issues in various field for a long time. 
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Caption 

Figure 1 Typical morphology of solid IONCs with the shapes of 0D, 1D, 2D and other complex 

structure. 

Figure 2 (a) SEM, (b) TEM image (inset: SAED pattern), (c) top-down HRTEM image of a-Fe2O3. 

(reprinted from ref. 60, Copyright (2013) with permission from the John Wiley and Sons) (d) SEM 

image of Fe3O4 triangular nanoprisms. (reprinted from ref. 61, Copyright (2010) with permission from 

the Royal Society of Chemistry) (e, f)TEM image and SAED pattern of hexagonal Fe2O3 nanoplate. 

(reprinted from ref. 62, Copyright (2006) with permission from the American Chemical Society)  

Figure 3. SEM images of Fe3O4 prepared in different solvents without additive at 350 °C for 6 h, (a) 

IPA; (b) IPA/water at 8:1; (c) IPA/water at 5:1; (d) pure water. (reprinted from ref. 77, Copyright (2010) 

with permission from the American Chemical Society)  

Figure 4 Typical morphology of mesoporous IONCs. 

Figure 5 (a) Fabrication of mesoporous Fe3O4 nano/microspheres with large surface area, (b-e) TEM 

image of corresponding product for each synthesis process of mesoporous Fe3O4 microspheres by 

template method. (reprinted from ref. 90, Copyright (2011) with permission from the American 

Chemical Society) (f, g) SEM and TEM images of α-Fe2O3 nanospindles, (h, i) SEM and TEM images 

of mesoporous Fe3O4 nanospindles obtained by reduction of α-Fe2O3 nanospindles. 

Figure 6 Typical morphology of hollow IONCs. 

Figure 7 (a) Formation process and corresponding SEM images of cage-like Fe2O3 hollow sphere, (b-e) 

SEM images of corresponding product for each synthesis process of cage-like Fe2O3 hollow sphere. 

(reprinted from ref. 102, Copyright (2009) with permission from the American Chemical Society) (f) 

Formation mechanism of porous Fe3O4 hollow nanospheres, (g) SEM and inset TEM images of hollow 

Fe3O4 NPs through solvothermal method. (reprinted from ref. 103, Copyright (2013) with permission 
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from the Royal Society of Chemistry) 

Figure 8 (a) The formation process of the hexagonal inner ring, (b) experimental and crystal structural 

evolution of the hexagonal inner ring. (reprinted from ref. 121, Copyright (2011) with permission from 

the Royal Society of Chemistry) 

Figure 9 Schematic presentation of classification of magnetism (a) and the typical hysteresis loops of 

magnetic iron oxide NPs (b): superparamagnetic ferrites (curve a), soft ferrites (curve b), hard ferrites 

(curve c). 

Figure 10 Room temperature magnetic hysteresis loops of nanostructured α-Fe2O3 with (a) dendritic, 

(b) single layered snowflake, and (c) double-layered snowflake morphology. The inset images are the 

corresponding magnified hysteresis loops and microstructure for each sample. (reprinted from ref. 132, 

Copyright (2010) with permission from the Royal Society of Chemistry) 

Figure 11 TEM images of monodisperse spherical (a-c), cubic (d-f) and bipyramidal (g) Fe3O4 NCs 

with different particle sizes. These Fe3O4 NCs with different morphologies are obtained by changing the 

stabilizer and their ratio of oleate/Fe(OL)3. Fe3O4 NCs with different sizes are obtained by changing the 

temperature. (reprinted from ref. 163, Copyright (2007) with permission from the American Chemical 

Society) 

Figure 12 Schematic illustration of the shape evolution for hematite nanostructures at different reaction 

times and different ferric concentrations. (reprinted from ref. 168, Copyright (2010) with permission 

from the American Chemical Society) 

Figure 13 (a) Illustration of the proposed formation mechanism for hollow nanococoons; (b) ex situ 

electron microscope images for samples prepared from 15, 30, 75 min, and 3 h. (reprinted from ref. 184, 

Copyright (2014) with permission from the American Chemical Society) 

Figure 14 (a) Schematic illustration of the formation mechanism and (b) corresponding TEM and SEM 

images of cubic α-Fe2O3 single crystals. (reprinted from ref. 205, Copyright (2008) with permission 

from the American Chemical Society) 

Page 53 of 61 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 54

Figure 15 Surface modulation effects induced by surface-selective surfactants on either (reprinted from 

ref. 58, Copyright (2006) with permission from the John Wiley and Sons) (a) anisotropic nanospindles 

(reprinted from ref. 216, Copyright (2008) with permission from the John Wiley and Sons) or (b) 

nanoprisms growth by adsorption with phosphate and oleylamine, respectively. (reprinted from ref. 214, 

Copyright (2010) with permission from the Royal Society of Chemistry) 

Figure 16 TEM micrographs of iron/iron oxide NPs exposed to dry 20% oxygen: (a) <1 min at room 

temperature; (b) 1 h at 80 °C; (c) 12 h at 80 °C; (d) 1 h at 150 °C; (e) 1 h at 350 °C on a substrate. 

(reprinted from ref. 97, Copyright (2007) with permission from the American Chemical Society) 

Figure 17 Schematic illustration of the morphological evolution process of the iron oxide precursor. 

(reprinted from ref. 239, Copyright (2006) with permission from the John Wiley and Sons) 

Table 1 Typical IONCs with 1D structure by surfactant-assisted hydrothermal method.
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Figure 6 
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Figure 12 

 

 

Figure 13 

 

Figure 14 
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Figure 15 

 

 

Figure 16 
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Figure 17 
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