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Preparation, properties, and applications of
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Hematite microparticles are becoming increasingly important components in the soft matter field. The
remarkable combination of magnetic and photocatalytic properties that characterize them, coupled with
the variety of uniform and monodisperse shapes that they can be synthesized in, makes them a one of a
kind colloidal model system. Thanks to these properties, hematite microparticles have been recently
applied in several important soft matter applications, spanning from novel colloidal building blocks for
self-assembly to necessary tools to investigate and understand fundamental problems. In this review
article we provide a detailed overview of the traditional methods available for the preparation of
hematite microparticles of different shapes, devoting special attention on some of the most common
hiccups that could hider a successful synthesis. We furthermore review the particles’ most important
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1 Introduction

Hematite microparticles with uniform shape and size have
been available since the first method for their controlled
synthesis was introduced by Matijevi¢ and Scheiner in the late
70s' in an article that directly reported the preparation

“ Department of Applied Physics, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

? Department of Chemical Engineering, Delft University of Technology,
2629 HZ Delft, The Netherlands. E-mail: L.Rossi@tudelft.nl

Janne-Mieke Meijer obtained her
PhD in Physical and Colloid
Chemistry from Utrecht University
in 2015. She then joined Lund
University for a postdoc, followed
by a Humboldt fellowship at the
University of Konstanz. Early
2019, she returned to the
Netherlands with a Veni fellowship
at the University of Amsterdam.
Mid-2020, she joined the Applied
Physics Department of Eindhoven
University of Technology as
Assistant Professor in Experimetal
Soft Matter. Her current research focusses on complex colloidal systems
to discover the fundamental principles of how building block design
influences self-organization and how to control the self-assembly
process to engineer new materials.

J. M. Meijer

2354 | Soft Matter, 2021,17, 2354-2368

physico-chemical properties and their most relevant applications in the soft matter field.

methods of various shapes. Since then, the introduction of a
high yield synthesis procedure via a gel-sol method* has made
hematite microparticles available for a variety of applications.
However, it is only more recently that scientists have started to
take full advantage of this colloidal system. One of the main
reasons for the current interest in magnetic hematite particles
lies in their unique magnetic properties which sets them apart
from other commonly available magnetic materials. The mag-
netic nature of hematite microparticles was first identified in
the 1980s,>* when typical dipolar structure formation of hema-
tite particles were first reported from optical microscopy
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observations. At that point however, not much was known
about their specific magnetic properties.>®

Now we know that hematite is a canted antiferromagnet’
with a spontaneous magnetization that is much lower than
that of the more commonly used magnetite, but because its
magnetic domain is a few micrometer in size,® we can use it to
prepare micron-sized particles with a strong permanent dipole
moment. This unique aspect allows the use of hematite micro-
particles as model systems in magnetic assembly and
manipulation®** and as magnetic components for the design
of more complex building blocks for self-assembly.">'® Beside
self-assembly, these microparticles can be used to devise
novel systems that show interesting new physical phenomena
generated by applying rotating magnetic fields, such as micro-
rollers of composite hematite-polymer particles,'” and, more
recently, colloidal chiral fluids,'® and reconfigurable magnetic
swarms.'® Another reason for hematite microparticles’ growing
appeal, is their high yield syntheses that can lead to a variety of
different anisotropic shapes, making them ideal templates for
the preparation of amorphous silica particles,>*>® and thus
allowing bulk synthesis of well-defined anisotropic particles for
the study of shape-directed self-assembly. Among one of
the most interesting properties of hematite for soft matter
applications is its photocatalytic activity. This property has
been recently successfully exploited for the design and produc-
tion of well-defined colloidal swimmers with real scale-up
production potential.”’ ' Hematite is a cheap and abundant
material and its unique physicochemical and magnetic
properties in the colloidal form provide the soft matter
community with an exceptional system that possess all the
features for the design of novel classes of active systems that
can be chemically or magnetically actuated.

In this article we are not aiming at giving an exhaustive
review of all the hematite colloidal systems developed to date.
This article is intentionally focused on the preparation, properties
and applications of hematite particles with uniform shape and
size in the micron-size range. This is not to take away from all the
works that have been done over the years on hematite nano-
particles, especially in relation to particle synthesis,®*™** but
because hematite microparticles appear to be better suited for a
lot of soft matter applications in which magnetic interactions and
single particle visualization become essential. We furthermore pay
special attention to the preparation methods to provide a guide,
also to the non-chemist, to facilitate particle synthesis and
therefore their applications.

2 Preparation of micron-sized
hematite particles
2.1 Synthesis methods

Due to its thermodynamic stability compared to other iron
oxides, hematite is easily precipitated from iron(im) solutions.**
There are various synthesis methods available to prepare
micron sized hematite particles uniform in shape and with a
narrow size distribution. The most commonly used are forced

This journal is © The Royal Society of Chemistry 2021
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hydrolysis" (also called hydrothermal synthesis) and gel-sol
processing.>

In the forced hydrolysis method an iron(u) salt solution with
a “dilute” concentration (typically 10> to 10~ M) is (acidified
and) aged at temperatures between 80-150 °C. This process
forces the hydrolysis of iron(in) as the deprotonation of coordi-
nated water is greatly accelerated with increasing temperature.
The hydrolysis product, Fe(OH);, is the intermediate for pre-
cipitation of iron(hydrous)oxide and when generated at a
proper rate, eventually uniform hematite (a-Fe,O;) particles
are obtained. The shape, size and nature of the particles
depends on the concentration, pH, temperature, time of ageing
and the presence of other anions or molecules in solution.
Establishing this method and identifying the specific
regions that yield uniform hematite particles was described
by Matijevi¢ and Scheiner as “a rather arduous task”.! For
instance, when employing both Fe(NO;); and Fe(ClO,); as
starting salts, the resulting particles are pure hematite, while
when starting with FeCl; either uniform akaganéite (B-FeOOH)
particles or hematite particle are obtained depending on the
exact concentration of Fe and Cl ions. Subsequent studies have
addressed the role of other additives, such as different
alcohols,**® glycine®” and amines,*® as well as the presence of
polymers.®®™" Interestingly, as the hematite precipitation is so
robust, micron-sized hematite particles have also shown up in
several studies involving the heating of dilute aqueous iron
solutions to high temperatures (150-180 °C). In these studies
the method is often referred to as hydrothermal synthesis or
processing®® and is often reported coupled with additives, such
as ionic liquids,*® ammonia,** caffeine,*® ethylene glycol,>® and
urea and saccharide.’” These syntheses simply represent a
variation of the forced hydrolysis process and many of the
proposed explanations for particle formation in these studies
are not correct, for example, suggesting oriented attachment of
nano-particles or claiming that the additive drives the micron-
sized particle formation. We report a more detailed discussion
on the exact formation mechanism in the forced hydrolysis
method and the role of additives in Sections 2.2 and 2.3.

The gel-sol method was first developed by Sugimoto,’
inspired by the observation that hydroxide gels had led to the
formation of uniform cobalt(u,m)oxide and magnetite particles.
For the formation of hematite, the method involves mixing a
concentrated (2.0 M) aqueous solution of FeCl; with an
aqueous solution of sodium hydroxyde (NaOH) of even higher
concentration (6.0 M) to obtain a condensed iron hydroxide gel
that is subsequently aged undisturbed for 8 days at 100 °C. The
network of the hydroxide gel acts as a ‘“scaffold” to the
hematite particles during their growth preventing unwanted
random coagulation. The gel also serves as a reservoir for
hydrolyzed iron species. Through a two-step phase transforma-
tion via rod-like B-FeOOH particles, the Fe(OH); is transformed
into uniform o-Fe,O; particles in large quantities with yields
close to 100%. To be more specific, starting with 200 mL
reaction mixture a total of >7 g of particles can be obtained.
This is the reason the gel-sol method has been employed in
most of the studies described in later sections focusing on the

Soft Matter, 2021, 17, 2354—2368 | 2355
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unique behavior of dense or large particle systems. Follow-up
studies have explored the role of adding different anions to the
synthesis, including sulphates and phosphates,>® and hydro-
xide ions®® as well as organic additives.®°

The synthesis methods discussed so far, are strategies to
obtain micron sized hematite particles. However, it is impor-
tant to note that an abundance of work has been done on the
preparation of hematite nanoparticles (i.e. particles with
dimensions smaller than ~200 nm). Including the synthesis
of hematite spindles or nanocubes that can be obtained
with the forced hydrolysis synthesis at low concentrations of
FeCl; (0.01-0.02 M).>**'"** In addition, nanoparticles can be
prepared in different ways, such as via hydrothermal
decomposition,3:3¢:38:61

2.2 Shape control

The unique nature of the hematite particle synthesis is that a
variety of different shapes can be obtained. Fig. 1 shows an
overview of several of these different hematite shapes from a

View Article Online
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collection of works. These shapes include spheres,' double
spheres,”” ellipsoids,®® double ellipsoids,'** cubes,"?
peanuts,”® disks or platelets,’®**¢** hexagonal platelets® and
bipyramids.' Table 1 provides an overview of the different
shapes and some of the synthesis conditions through which
these shapes can be obtained. We again note that we have
included only those procedures that allow the preparation of
monodisperse particles in the micron size range with
uniform shape.

The decisive factor to control the final particle shape is the
nature of the specific anions or additives that are added to the
iron(m) solutions® during synthesis, which is most easily
demonstrated by looking at the different shapes obtained with
the gel-sol method. To create the iron hydroxide gel, the gel-sol
method always involves concentrated FeCl; and NaOH
solutions. Without additives, cubic particle are obtained.?
When adding inorganic anions other shapes are obtained:
ellipsoidal and peanut shapes with sulfate or phosphate,®
and plate-like particles with hydroxide ions.>* The mechanism

Fig. 1 The different shapes of uniform micron-sized hematite particles. TEM and SEM micrographs of monodisperse hematite particles with different
shapes: (A) spheres,®* (B) double spheres,*” (C) round platelets,®? (D) hexagonal platelets,®®> (E-G) ellipsoids,®>°° (H) double ellipsoid,*? (I) cubic,*? (J)
peanut,*® (K) bipyramid® and (L) single crystal cubes.®® Panel (A) reprinted by permission from Springer Nature, K. Kandori, S. Tamura and T. Ishikawa,
Colloid Polym. Sci., 1994, 272, 812-819. Copyright 1994. Panel (B) adapted with permission from S. Hamada, S. Niizeki and Y. Kudo, Bull. Chem. Soc. Jpn.,
1986, 59, 3443-3450 — The Chemical Society of Japan. Panel (C) adapted with permission from E. Matijevic, Acc. Chem. Res., 1981, 14, 22-29. Copyright
1981 American Chemical Society. Panel (D and E) reprinted from T. Sugimoto and Y. Wang, J. Colloid Interface Sci., 1998, 207, 137-149, Copyright 1998,
with permission from Elsevier. Panel (F and G) reprinted from T. Sugimoto, H. Itoh and T. Mochida, J. Colloid Interface Sci., 1998, 205, 42-52, Copyright
1998 with permission from Elsevier. Panel (H) reprinted from J. K. Bailey, C. J. Brinker and M. L. Mecartney, J. Colloid Interface Sci., 1993, 157, 1-13,
Copyright 1993 with permission from Elsevier. Panel () is adapted from L. Rossi, J. G. Donaldson, J.-M. Meijer, A. V. Petukhov, D. Kleckner, S. S.
Kantorovich, W. T. M. Irvine, A. P. Philipse and S. Sacanna, Soft Matter, 2018, 14, 1080-1087 — Published by The Royal Society of Chemistry. Panel (J) is
adapted with permission from S. H. Lee and C. M. Liddel, Small, 2009, 5(17), 1957-1962. Copyright 2009 Wiley-VCH. Panel (K) reprinted from E. Matijevi¢
and P. Scheiner, J. Colloid Interface Sci., 1978, 63, 509-524, Copyright 1978, with permission from Elsevier. Panel (L) adapted with permission from B. Jia
and L. Gao, Cryst. Growth Des., 2008, 8, 1372-1376. Copyright 2008 American Chemical Society.
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Table 1 Non exhaustive overview of the different shapes in which uniform micron-sized hematite particle can be obtained and their synthesis

conditions
Dilute
Shape Iron salt (mol L™1) Acid/base (mol L™1) Other reactants T (°C) Duration Ref.
B-FeOOH rods FeCl; 0.09 HCI 0.01 — 100 24 h 1
FeCl; 0.45 HCI 0.1 — 100 7 days 1
Spheres FeCl; 0.018-0.03 HCI 0.001-0.01 — 100 7 days 1
Double spheres FeCl; 0.02 HC1 0.46 0.6 M Gly 100 4 days 47
Platelets Fe(NO3)3 0.04 NaOH 1.2 0.2 M TEA + 0.5 M H,O, 250 1h 62
Fe(NO3)3 0.05 NaOH 1.2 0.2 M KNO; + 0.08 M EDTA 180 2.5h 63
Ellipsoids Fe(ClO,); 0.01-0.02 HClO, 0.02-0.1 — 100 3 days 1
Fe(NO3)3 0.05-0.25 HNO; 0.01-0.15 — 100 72 h 1
FeCl; 0.02-0.4 HCI 0.1 — 100 7 days 1
Double ellipsoids FeCl; 0.018 HCI 0.05 — 100 7 days 1
Cubes Fe(ClO,);  0.03 HCI 0.01 NaCl to [CI7] = 0.1 M 150 24 h 1
FeCl; 0.18-0.45 HCI 0.01 — 150 24 h 1
FeCl; 0.019 HCI 0.0012 50 v% C,HsOH 100 6 days 45
FeCl; 0.02 HCI 0.16 0.2 M Gly + 30 v% C3HgO 100 3 days 47
Bipyramids Fe(ClO,); 0.018 HClO, 0.05 — 100 3 days 1
Rhombic cubes® FeSO, 0.001 NaOH 0.001 0.07 M CTAB 180 36 h 66
Gel-sol
Shape Iron salt (mol L™ Base (mol L) Other reactants T (°C) Duration Ref.
B-FeOOHrods FeCl; 2.0 NaOH 5.4 — 100 6h 2
Cubes FeCl; 2.0 NaOH 5.4 — 100 8 days 2
Ellipsoids FeCl, 2.0 NaOH 5.4 5 x 10~* M Na,SO, or Na,PO, 100 8 days 58
FeCl; 2.0 NaOH 5.4 1:20 v:v hydroxybenzene 100 8 days 60
Peanuts FeCl; 2.0 NaOH 5.4 1.5 x 10~* M Na,SO, or Na,PO, 100 8 days 58
Platelets — — NaOH 7.5 B-FeOOH rods + 2.0 M NaCl 70 8 days 59

“ Not monodisperse/uniform in size.

of control relates to the adsorption of different additives onto
specific faces of the hematite crystals, thereby retarding the
growth of these faces. The cubic particles are obtained because
the chloride ions absorb onto the {012} face.®” Ellipsoidal or
peanut shaped particles are obtained with either sulphate or
phosphate because both absorb onto the face parallel to the
c-axis of hematite.®>°® Finally, hexagonal platelets are obtained
as the hydroxide ions absorb onto the {001} face of hematite.*
Besides these anions, organic additives introduced into the
gel-sol method lead to the formation of different ellipsoidal
shapes.®°

For the forced hydrolysis method, the role of the anions has
been more difficult to establish because the shape and size
outcome, as explained before, also depends on the exact con-
centrations, temperature and ageing time. Some shape regimes
were established by Matijevi¢ and others by making extensive
systematic overviews of different iron salt concentrations versus
acid or other additive concentrations, as well as the effect of
ageing time."*® The overview provided in Table 1 shows that
the range of shapes obtained with forced hydrolysis is slightly
more abundant than the gel-sol method. It is interesting to
note, however, that the peanut shapes were never obtained with
the forced hydrolysis method. The table shows that ellipsoids
can be obtained with Fe(NOs);, Fe(ClO,); and FeCl;, but that
spheres and bipyramidal shapes can also form using perchloride
salt, while spheres, double ellipsoids and cubes can be obtained
with the chloride." Other studies have shown that organic and
inorganic sulphates will promote the formation of different

This journal is © The Royal Society of Chemistry 2021

ellipsoid shapes,**® while glycine leads to the formation of

double spheres®” and alcohols will change spheres into cubic
shapes.*®

Interestingly, when employing FeSO, as a starting salt in the
forced hydrolysis method with different additives, other unique
shapes can be obtained. With urotropine or cetyltrimethylam-
monium bromide (CTAB)**®® the resulting shapes are rhombic
cubes with a unique single crystal nature as shown in Fig. 1L. In
addition, when FeSO, is combined with CO(NH,), in water-
alcohol mixtures, hematite nests and chesnut buds can be
obtained.”® This is surprising, as many of the other hematite
particles discussed so far typically possess a particular needle-
like interior as discussed in Section 3.2. However, we do note
that the resulting particles are rather polydisperse in size, in
marked contrast with the particles obtained from FeCl;.

Typically, the studies revealing the influence of different
additives, although sometimes accidental, only explored a
limited sets of synthesis conditions. Therefore, it would be
interesting to investigate different concentration regimes in a
similar systematic manner as in the works of Matijevi¢ to
understand whether monodisperse particles with new unique
shapes can be obtained.

2.3 Formation mechanism

In this section we will focus on the formation mechanism for
hematite particles obtained from FeCl; solutions, as this is the
most commonly employed salt in both the forced hydrolysis
and gel-sol method. The growth process of hematite particles

Soft Matter, 2021, 17, 2354—2368 | 2357
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occurs via a two-step transformation from the hydrolyzed iron
species to akaganéite rods and from the akaganéite rods to
hematite particles.”” The three stages can be described by the
following reactions:

(1) precipitation of B-FeOOH via hydrolysis of iron

Fe’" + 30H™ — Fe(OH); — B-FeOOH + H,0O

(2) dissolution of B-FeOOH

B-FeOOH + H,O + 3H" — Fe*' + 3H,0

(3) precipitation of a-Fe,Os:
2Fe*" + 3H,0 — o-Fe,0; + 6H"

The total transformation process can take anywhere between
8 hours to 20 days, depending on the exact synthesis conditions.
During this whole process, aggregation of the hematite particles
is prevented by the electric double layer repulsion between
the particles at low ionic strength or by encapsulation of the
particles in the gel network in the gel-sol method. Due to
the step-wise process, the nucleation and growth stages of the
hematite particles are separated and lead to the formation of
uniform sizes and shapes.

A schematic overview of the process is shown in Fig. 2. After
the hydrolysis of iron(u), induced by heating the dilute solutions
or by addition of the alkaline solution in the gel-sol system, the
rapid formation of the akaganéite needles occurs.

During the akaganéite formation, also the nucleation of
small hematite precursors occurs but it is quickly halted by
the sharp drop in pH accompanying the akaganéite
formation.*®*”%” This process was confirmed by studies showing
that changes in the initial pH lead to a change in the number of
nuclei formed.®” Next, the hematite particles start to grow via a
dissolution-recrystallization process where iron species dissolve

forced hydrolysis

\. &
0.2M 0 j q
FeCl, /x “ >
0.01M F;:’/; ' % ‘
HCI /0:/%\
B-FEOOH  gkaganéite a-Fe|293
gel-sol precipitation nueel
20M
FeCl,
54 M
HCI
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from the akaganéite needles and redeposit on the small
hematite nuclei. It has been shown that in a reaction mixture
the increase in solid content of hematite is inversely related to
the decrease of solid content of the akaganéite.*”*> At the same
time, the concentration of iron species in the solution phase has
been found to remain constant around the solubility level of the
akaganéite rods, while the rods also show Ostwald ripening.®®
The rods in this way provide a continuous source for monomeric
ferric species that directly deposit onto the growing hematite
particle surface. The reaction rate of the ferric precursor
complexes at the surface of growing hematite has been shown
to be the rate-determining step of particle growth in seeded-
growth experiments.®’" The deposition of the ferric complexes
species onto the hematite nuclei surface is not homogeneous
and leads to the formation of small subcrystals. In addition, the
reaction speed at the surface is regulated by the absorbance of
anions onto the different hematite crystal planes and thus leads
to the anisotropic growth of these subcrystals and finally the full
particle shape.®® Simulations have shown that inhibited surface
growth perpendicular to c-axis and flexibility in the angle of
attachment of the hematite subcrystals can explain the peanut
shape formation.”

For the growth of hematite particles from dilute solutions of
FeCl; the dissolution-recrystallization mechanism just
described has been debated. Already as early as the 80s, but also
more recently, studies propose different growth mechanisms,
including oriented attachment, aggregation of akaganéite needles
and direct phase transformations into hematite.***®”*7* The
main claims are often based on TEM investigations, which is
not an in situ method, and to obtain these images several
manipulations need to be performed on the particle suspensions,
such as cooling, redispersion and centrifugation. In that sense,
cryo-TEM is a better technique because it allows direct imaging of
the particle in the solvent.”* However, also in this case, the

continuous
growth

dissolution-
recrystallization

Fig. 2 Schematic representation of the formation mechanism of hematite cubes in the forced hydrolysis and gel-sol methods.

2358 | Soft Matter, 2021, 17, 2354—2368
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reaction has to be quenched and samples disturbed before the
particles can be imaged in a frozen liquid. In this respect, the
detailed and extensive analysis with numerous techniques as well
as quantitative seeded growth experiments performed by
Sugimoto,”" motivated by the earlier debate, have shown rather
conclusively that the dissolution-recrystallization mechanism
occurs for hematite particles from dilute solutions. In addition,
the other proposed mechanisms cannot explain the abundance of
shapes obtained by a small change in acid concentration or the
presence of additives, whereas a growth mechanism controlled by
the surface reaction of monomeric ferric species does. However,
the newer techniques available to us today, such as liquid
TEM, might shed new light on the hematite particle growth
mechanism.

2.4 Preparation control

While both synthesis methods appear relatively easy to reproduce,
there are several practical aspects that need to be controlled
properly when performing the synthesis, especially in the case
of the gel-sol method. For both methods, one of the first
challenges one encounters during the synthesis is that iron(ur)
salts are hygroscopic. This fact complicates the exact weighing of
the desired amounts of salts in normal laboratory conditions
and hence makes determining the exact concentration of
iron difficult, which is a crucial parameter as the following shows.
To solve this problem, a controlled environment can be
employed, for example by using a glove box, or the exact [Fe*']
concentration can be determined via spectroscopic means prior to
the synthesis.

In the forced hydrolysis method, as mentioned before, the
size and shape of the particles are controlled by:

e nature and concentration of iron(u)salt.

e concentration of acid and/or base.

e nature and concentration of additives.

e temperature and ageing time.

Thus, the desired particles can be obtained by mixing the
desired concentration of an iron(m) solution with the desired
concentrations of acid/base/additive, heating to the correct
temperature and ageing for a specific time. Beside carefully
controlling and checking the concentrations of the solutions,
the outcome is not sensitive to how the solutions are mixed and
small disturbances during the formation process also do not
seem to be an issue.

For the gel-sol method, however, the synthesis conditions are
much more crucial. The reason is that the exact outcome
depends very precisely on how the first mixing step is performed
since during this step both the formation of the Fe(OH); gel as
well as the nucleation of precursor hematite particles occur. To
obtain hematite particles with the desired size and a narrow size
distribution using the gel-sol method, only a single burst of
nuclei should be triggered and the following practical prepara-
tion aspects should be controlled:*”¢%7>

e excess [Fe*"] concentration.

e addition speed of the NaOH solution.

o the agitation speed of the mixture.

e temperature of the solutions.

This journal is © The Royal Society of Chemistry 2021
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e preparation scale.

For the first item, the reason is that the final mean particle
size is determined by the nominal excess concentration of
[Fe**] with respect to the [OH | concentration. An excess
concentration of 0.10 M yields micron size particles while a
reduction to 0.01 M yields particles of a few hundred
nanometers.” Thus, the initial iron and hydroxide concen-
tration should be carefully determined. Regarding the other
aspects, controlling the first mixing step was shown to influ-
ence the nucleation event in different ways.”” Specifically, fast
addition of the NaOH solution leads to faster nucleation and
smaller final particle size, while slow addition results in less
nuclei, larger final particle size and eventually akaganéite rods
as a side final product.®® In addition, agitation of the gel during
the phase transformation process will lead to several separate
nucleation events and a large distribution in particle sizes.”®
Moreover, increasing the temperature of the iron and NaOH
solutions (which occurs naturally as the reaction is exothermic)
will increase nucleation speed and hence decrease the size of
the particles. Finally, the preparation scale of the synthesis
should be kept constant if a specific parameter is changed to,
for instance, obtain a different particle size. The reason is that
changing the scale at which the synthesis is performed will
inevitably influence the other control parameters and thus
change the synthesis outcome.

So, for those readers that have tried the gel-sol synthesis
themselves and were puzzled about a difference in size
outcome, such as the authors of this review have been, our
suggestion is to work towards controlling every aspect of the
preparation procedure. A clear giveaway for a synthesis gone
bad is the color of the solutions and suspensions. The final
suspension of hematite particles should possess a bright red
almost blood-like color (as the name suggests). Akaganéite
rods, however, possess a yellow color and hence their presence
can be clearly spotted. In addition, the hematite color will also
give away if the correct excess concentration of iron was
employed. For instance, depending on their size, the color of
cubic hematite particles changes from bright orange, via blood
red to reddish purple for an edge length of ~300 nm to
~500 nm to ~1 pum, respectively. A clear example can be
found in ref. 11.

3 Internal structure and
physico-chemical properties of
micron-sized hematite particles

The large number of applications of hematite microparticles in
the soft matter field are attributable to their unique physico-
chemical properties. In this section we will touch upon the
most relevant properties that can directly be utilized in soft
matter applications.

3.1 Surface chemistry and colloidal stability

Hematite particles are stabilized by repulsion of their electro-
static double layers caused by their surface charge. The surface
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charge characteristics of the hematite particles are dependent
on the solution pH as shown by electrokinetic mobility mea-
surements with a zero point charge (z.p.c.) around 6, with a
positive surface charge below and a negative surface charge
above the z.p.c. Practically, this means that in deionized water
with a typical pH of ~5.5, the hematite particles will no longer
be charge stabilized and will therefore aggregate. This is in
contrast to, for instance, silica colloids, which are fully charge
stabilized in deionized water since its z.p.c. is around pH 2.
For the hematite shapes obtained with the forced hydrolysis
synthesis it has been found that the shape has a limited
influence on the z.p.c. Most shapes have the approximate value
of 5.9 with the exception of cubes and ellipsoids for which
a z.p.c. of ~6.6 was reported, see ref. 1 for the full pH
dependence. The differences in z.p.c. between shapes can
be attributed to the different shape controlling anions (see
Section 2.2) that get incorporated into the interior of the
different particles. In case of cubes these are chloride ions
while for ellipsoids these can be sulphate or phosphate ions.
Noteworthy is that for spherical hematite particles the shape
controlling chloride ions were found to be slowly released from
the particles interior over time. These loosely bound chloride
ions were only completely removed from the surface after
35 washings steps, thereby shifting the z.p.c. from ~5.9 to
~7.1.7° It was also noted that ageing of the particles may result
in chloride ions diffusing from the interior to the surface again,
which can affect their electrokinetic mobility. It is therefore
very important to carefully control the pH as well as the ionic
strength of solutions when performing experiments with hema-
tite particles. The important role of the z.p.c. has been shown in
two recent studies on the stability of pickering emulsions of
hematite particles with different shapes.”””®

3.2 Internal structure

The internal structure of hematite microparticles is quite unu-
sual, especially when accounting for their magnetic properties.
Early analysis of the internal structure of cubic,”® peanut-like®®
and plate-like®" hematite were done in the group of Sugimoto
who is also responsible for pioneering work on the synthesis of
the same particles. In their work, thin slices of particles were cut
using an ultramicrotome and then analyzed by high-resolution
electron microscopy (HREM). For hematite platelets, HREM
analysis revealed particles with a single crystalline structure,
accompanied by the occasional crystal defect.*’ Cubic and
peanut-like particles, however, showed the presence of elongated
subcrystals with a preferential alignment depending on the
particle type. For cubic particles (Fig. 3A), the subcrystals seem
to radially develop from the center of the particles in all direc-
tions towards the surface, with a preference along the c-axis of
the cube; for peanut-like particles,®® the subcrystals are radially
oriented from the c-axis of the particle which in this case
corresponds to the long axis of revolution. A more recent
work by Lee et al.'® confirms, using the same characterization
technique, the findings for internal structure of peanut-like
particles (Fig. 3C). Additional studies on ellipsoidal/spindle-like
particles grown in the presence or organic additives®® have also
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Fig. 3 Internal structure and magnetic properties. Thin sections of a
cubic” (A) and peanut®® (C) shaped hematite particle imaged with Trans-
mission Electron Microscopy (TEM) showing their internal structure.
Models of cubic? (B) and peanut'® (D) shaped hematite particles with
their respective dipole moment orientation. Scale bars are 500 nm. Panel
(A) is adapted with permission from G. Park, D. Shindo, Y. Waseda and T.
Sugimoto, J. Colloid Interface Sci., 1996, 177, 198-207. Copyright 1996
Elsevier. Panel (C) is adapted with permission from S. H. Lee and C. M.
Liddel, Small, 2009, 5(17), 1957-1962. Copyright 2009 Wiley-VCH.

shown the presence of subcrystals. While these works have
provided valuable insights into the internal structure of
micron-sized hematite particles, a deeper understanding on
the relationship between internal structure and magnetic
properties is currently still lacking.

3.3 Magnetic properties

One of the most fascinating aspects characterizing hematite
microparticles relates to their magnetic properties. Of all the
oxides and materials commonly used for the preparation of
magnetic colloids,®” hematite is the only one which allows to
naturally obtain permanently magnetized particles with size in
the order of 1 pm and above. The reason is that, while its
spontaneous magnetization is lower than that of commonly
used magnetic materials, its domain size is of the order of
15 um.? Although it has always been clear that hematite was a
magnetic material, it is only in the late 1950’s when hematite
was first identified as a canted antiferromagnet,® in which the
canting of the magnetic spins is caused by the so-called
Dzyaloshinskii-Moriya interaction.®®®" In bulk crystalline
hematite, the canting of the spins is temperature dependent.
Below the so called Morin temperature®® (Ty, ~ 250 K) the
spins are aligned with the [111] axis giving rise to a pure
antiferromagnetic arrangement. Above the Morin temperature,
the spins flip on the (111) plane in which they experience the
canting. The extent of the spin canting has been investigated by
neutron diffraction measurements, and during the years, a
variety of tilt angles have been reported: 7°,%¢ 5°% 15° 4+ 10°
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for polycrystalline hematite.®® For colloidal hematite cubes, it
was recently reported that the overall dipole moment is located
at a 12° angle from one of the internal diagonals of the cubes™?
as shown in the model of Fig. 3B. However, due to the
symmetric nature of the cubic shape and the peculiar internal
structure of the particles, relating the overall dipole orientation
to the spin canting in the bulk crystal structure is not straight-
forward. For hematite microparticles with an elongated shape
and similar internal structure, such as ellipsoidal and peanut-
like particles, the dipole moments has always been reported to
be perpendicular to the long axis”'° (see Fig. 3D), mostly due to
their tendency to form linear dipolar chains in applied field.
However, no specific measurements targeting the magnetic
properties for elongated hematite microparticles have been
reported to date. An extensive account on the magnetic properties
of hematite can be found in the book by Morrish.”

Because of hematite’s relatively low spontaneous magnetiza-
tion (Myp, ~ 2.2 x 10° A m™") particles need to be relatively big
to be able to produce interparticle interactions that are strong
enough to promote magnetically driven self-assembly. For
instance, a cubic hematite particle with an edge length of
1 pM has an approximate magnetic moment of u, ~ 2.2 X
10~"> A m®. For comparison, a particle with the same magnetic
moment from magnetite, whose spontaneous magnetization is
two order of magnitudes larger than that of hematite (M, =
4.8 x 10° A m™ "), one would need a cube with edge length of
approximately 160 nm, which coincidentally represents the
experimental upper limit size for obtaining single domain
cubic magnetite particles.®® This is one of the reasons why,
while some studies have been done on hematite
nanoparticles,*>?%%%°1 we focus here our attention on
micron-sized hematite colloids, which magnetic interactions
are strong enough to create systems that can spontaneously
self-assemble and respond to relatively weak magnetic fields.

3.4 Photocatalytic properties

Hematite is a well-known semiconductor. When a semiconduc-
tor is hit by light with the appropriate wavelength, it promotes
the formation of an electron (e”)/hole (h") pair. This charge
separation can then be used to catalyze redox reactions on the
particles’ surface, in a process commonly called heterogeneous
photocatalysis. While there is still some debate about it, the
most commonly accepted bandgap value for hematite is of the
order of 1.9-2.2 eV®>® depending on the synthesis method.
Because of this narrow bandgap, hematite is ideally suited for
visible light absorption compared to other catalysts. This is one
of the most attractive catalytic properties of hematite, since it
allows to directly harness solar light. This is, for instance, not
possible with one of the most commonly used catalyst, tita-
nium oxide, whose large bandgap (3.0-3.2 eV) enables absorp-
tion just in the UV range.”

In addition, hematite is a cheap and widely available mate-
rial, is non-toxic, chemically stable and magnetic. One limita-
tion, typical of iron oxide semiconductors, is the fast e /h"
recombination rate which neutralizes the charge separation
and, as a consequence, decreases the photoactivity of the
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hematite. Another limitation is the low hole mobility at room
temperature which is in the order of 107> em® (V' s7')°® and
poor hole diffusion length (2-4 nm).® Despite these drawbacks,
the narrow bandgap makes hematite a promising material for
many applications including photoanodes in photoelectrochem-
ical water splitting.””'°° Furthermore, it is possible to enhance
the photocatalytic activity of hematite'®'%" for instance, by
changing its morphology,'®* through doping'® or coupling with
a cocatalyst,'® something that can in principle be implemented
also in the case of the well-defined monodisperse systems that
we are describing here. Due to their photocatalytic properties,
which are triggered by the illumination of the sample with light
with an energy higher than the bandgap, hematite microparti-
cles can be used to catalyze the decomposition of “fuels” such as
hydrogen peroxide. Decomposition of a fuel near the surface of
the particles creates a chemical gradient which in turn can
trigger the osmotic self-propulsion of the particles,”” making
the colloids “active”. This is a very intriguing application for
hematite microparticles that will be described later in
Section 4.3.

4 Current applications

There is currently an abundance of applications in colloid and
soft matter science that rely on the versatility and unique
properties of hematite microparticles. In this section we will
summarize the most important and promising applications
which span from synthesis of model systems with various
shapes and magnetic functionalities to study of in- and out-
of-equilibrium assemblies.

4.1 Templates for complex colloids

As we have seen in Section 2, the synthesis of hematite particles
is quite versatile; uniform particles of different shapes can be
controllably prepared in high yields and in various size ranges.
These characteristics combined with their magnetic properties,
make hematite microparticles ideal candidates for the design
of more complex colloidal particles. One of the most straight-
forward application for hematite particle is shape-templating.
The variety of shapes attainable with hematite particles, a
collection of which is showing in Fig. 1, allows their use to
mold other, usually amorphous, materials into shapes that
would not be easily, if at all, accessible through conventional
synthesis methods. Fig. 4 shows silica cubes (panels A, B) and
ellipsoids (panel C) prepared by first growing amorphous silica
on the surface of the hematite microparticles and then dissol-
ving the hematite core in acidic environment through the
porous silica shells®® as shown in the schematic of Fig. 4A.
Novel cubic silica particles prepared with this technique were
then used to self-assemble simple cubic crystals in the presence
of attractive depletion forces,>* an example of which is shown
in Fig. 4A. Growing silica layers of various thickness yields the
ability to change the effective roundness of the cubes, allowing
the study of shape-dependent assembly under various
conditions.>*° Silica peanut-like particles templated from
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DEWETTING

Fig. 4 Complex colloids from hematite microparticles. Silica cubic
particles are prepared by depositing amorphous silica on the surface of
hematite microparticles and subsequently dissolving the hematite cores as
schematically shown in the models of panel (A). The silica cubic particles
are further applied for self-assembly studies of attractive cubic
particles.?>2® An example of cristallite formed by cubic silica particles is
shown in the optical microscope image of panel (A). Transmission electron
microscopy images of silica cubes (B) and ellipsoids (C) prepared with the
same template technique. (D) Optical microscope image of a polystyrene
peanut-like particle.®” (E) Schematic representation of the dewetting
process that allows the preparation of composite TPM-hematite particles
with various degree of anisotropy.!°® The same procedure is visualized
using scanning electron microscopy for cubic (F) and peanut-like (G)
hematite particles.!?® (H) Performing multiple growth and dewetting
processes leads to the formation of more complex particles. Scale bars:
10 umiin (A), Lumin (B), (C), (D). Panel (D) is reprinted with permission from
T. Hueckel, S. Sacanna, ACS Nano, 2018, 12, 3533-3540. Copyright 2018
American Chemical Society. Panels (F), (G) and (H) are reprinted with
permission from M. Youssef, T. Hueckel, G. Yi, S. Sacanna, Nat. Commun.,
2016, 7(1), 12216.

hematite were prepared in a similar way by Lee et al.>" These
particles were then used to study their assembly into crystalline
structures under confinement® and the role of this crystal
structure on dislocation propagation.'® A later work which
summarizes and combines the preparation of hollow silica
shells with cubic, ellipsoidal and peanut shapes can be found
in ref. 106. Although, somehow, no reference to the earlier
works is given. Polystyrene peanut-like particles via templating
(Fig. 4D) were introduced in a more recent work by Hueckel and

2362 | Soft Matter, 2021, 17, 23542368

View Article Online

Review

Sacanna.'®’”

Molding polystyrene into a peanut-shaped particles
occur via a three steps process: first a hematite particle is
decorated with small uncrosslinked sulfonated polystyrene
spherical particles, then the polystyrene particles are melted
on the surface of the hematite with tetrahydrofuran and finally
the hematite core is dissolved in acidic environment. A similar
templating technique was also employed for the preparation of
cubic titania particles.'®® To date, other available hematite
shapes have yet to be explored for templating.

More complex colloidal particles can be prepared when
hematite microparticles are combined with other non-
magnetic materials in various ways to create specifically respon-
sive magnetic units. A very simple, yet powerful, example is the
encapsulation of hematite cubic particles into (3-(methacrylox-
ypropyl)trimethoxysilane, TPM) droplets.'® These particles are
prepared by encapsulating the hematite microparticles into
hydrolyzed TPM droplets via seeded growth. The amount of
TPM deposited on the hematite determines the final size of the
spherical droplet. Subsequent radical polymerization of the
TPM oil allows hardening of the oil droplets to produce stable
composite colloids (Fig. 4E, left model). A modification of this
synthesis procedure was later presented to induce dewetting of
the oil phase from the hematite surface'® before radical
polymerization. The proposed method allows for morphologi-
cal changes that effectively increase the degree of particle
anisotropy as shown in the models of Fig. 4E and in real
samples prepared with cubic (panel F) and peanut-like (panel
G) hematite particles. This synthesis technique can be
employed to prepare even more complex structures such as
the one shown in Fig. 4H, in which two TPM droplets have been
nucleated on hematite peanuts. As we will see in Section 4.3,
these particles can be further used to induce pre-programmed
reversible assembly of non-linear structures and to model
active and out-of-equilibrium systems.

Hematite cubic particles have also recently been used to
create geometrically complex shapes by growth of silica rods
selectively on each of the cube’s faces.''® The silica rods are
grown on the cubes from small water droplets that selectively
nucleate on the cubes and subsequently promote silica growth.
Depending on the initial water-oil concentration, the thickness
of the rods can be varied to promote the formation of compo-
site particles with different degrees of anisotropy. A very similar
procedure has appeared later,'"" even though no reference to
the previous work"'® was given, in which, in addition to
growing silica rods on cubic particles, authors have extended
the work to peanut- and disk-shaped hematite particles.

It is worth mentioning that templating can also be done
using hematite nanoparticles. Many works, however, have
focused on the use of spindle-shaped particles,”™'"*""” which
is the easiest and most common shape that can be prepared at
the nanoscale.

4.2 Colloidal assembly powered by magnetic interactions

To achieve high levels of structural complexity in colloidal self-
assembly, it is important that colloids possess specific and
directional interactions. These can be obtained by using
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different means and techniques such as chemical''*"?°
physical’*"'** functionalizations. In recent years, however, it
started to become clear that magnetic interactions could also play
a pivotal role in controlling colloidal self-assembly.'*!>237125
this respect, hematite microparticles could be instrumental for
the development of such colloidal building blocks due to their
unique magnetic properties, which generally allow to achieve
interparticle interaction energies that are well above the thermal
energy kgT. Coming in many different shapes as described in
Section 2, they provide a lot of options in terms of designing
magnetic building blocks. So far, however, works which report
using magnetic hematite microparticles as building units mostly
focus on the simplest, and most commonly known shapes such as
ellipsoidal, cubic and peanut-like. In the specific case of cubic
hematite particles, many of these works were even published
before the magnetic properties were thoroughly investigated and
the direction of the dipole moment (see Fig. 3) was indisputably
determined."”

The first works that shows the magnetic self-assembly cap-
ability of hematite microparticles date back to the 1980s when
Matijevi¢ et al. reported optical microscopy observations of the
agglomeration of hematite cubes,>* ellipsoids® and later
platelets® in the Earth’s magnetic field. These works remained
somewhat unseen by the self-assembly community for some
time, and only started collecting recognition in recent years,
when hematite microparticles started to claim their role as
magnetic building blocks. Studies of the 2D dipolar assembly of
peanut-like hematite particles, with a dipole moment which is
believed to lie parallel to the short particle axis (see Fig. 3C),
have shown particles aligned in 2D zig-zag chains and large
dense monolayers with structures governed by a balance
between magnetic forces, surface charge and steric interactions."®
The collective field-induced dynamics of peanutlike hematite
microparticles were explored, in a different study, using
ultrasmall-angle X-ray photon correlation spectroscopy (USA-
XPCS)."® This work targeted the particles dynamics that origi-
nate when dipolar chains form upon application of an external
magnetic field and reported different dynamics in directions
perpendicular and parallel to the applied field. The structure of
sedimented silica-coated hematite peanut-like particles were
investigated using Small Angle X-ray Diffraction with micro-
radian resolution (urad-XRD)'*® to understand the influence of
an applied magnetic field in sedimenting samples. It was found
that the structure of sedimented samples of magnetic peanut-
like particles can be tuned by applying the magnetic field either
during of after sedimentation. For ellipsoidal particles, the 2D
assembly behavior of a small number of particle in static and
oscillating magnetic fields was reported in the work by
Martinez-Pedrero et al.’ The same group also reported chain
and ring formation in 2D samples of the same particles,
demonstrating that controlled deformation of the rings under
applied magnetic fields, as shown in Fig. 5A, can be used to
entrap cells.'*’

The bulk assembly of hematite magnetic cubes was first
studied in large sediments using prad-XRD.'' In this work,
beside shape and dipole-dipole interactions, surface charge

or
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Fig. 5 Magnetic assembly. (A) Image sequence showing ellipsoidal
hematite particles transitioning from a linear chain aligned with the Earth’s
magnetic field to a closed ring. Scale bar is 10 ym. Image adapted from
ref. 127. (B) Experimental observations (left) and computer simulations
(right) of hematite cubes assemblying in quasi-2D in zero-field environ-
ment (top), weak applied field (middle) and high field (bottom). Image
adapted from ref. 12. Scale bars are 10 um. (C) The same hematite cubes
encapsulated in polymeric spheres can be programmed to form only
dimers (top) or trimers (bottom) by changing the size of the polymer
sphere. Image adapted from ref. 15. (D) A small crystallite composed of
"shape-shifting” particles of the type shown in panel (G) of Fig. 4 are
reconfigured using a light stimulus that changes the particles’ anisotropy.
Image adapted from ref. 109. Panel (A) is reprinted with permission from F.
Martinez-Pedrero, A. Cebers, and P. Tierno, Phys. Rev. Appl., 2016, 6,
034002. Copyright 2016 by the American Physical Society. Panel (B) is
adapted from L. Rossi, J. G. Donaldson, J. Meijer, A. V. Petukhov,
D. Kleckner, S. S. Kantorovich, W. T. M. Irvine, A. P. Philipse and S. Sacanna,
Soft Matter, 2018, 14, 1080 — Published by The Royal Society of Chemistry.
Panel (C) is reprinted with permission from S. Sacanna, L. Rossi and
D. J. Pine, J. Am. Chem. Soc., 2012, 134(14), 6112-6115. Copyright 2012
American Chemical Society. Panel (D) is reprinted with permission from M.
Youssef, T. Hueckel, G. Yi, S. Sacanna, Nat. Commun., 2016, 7(1),12216.

was used as an assembly parameter. The alignment of cube
faces due to osmotic pressure or dipolar alignment to an
external magnetic field resulted in different crystal lattices. In
the work that unraveled the orientation of the dipole moment
in hematite cubes,'” the authors also documented the coopera-
tion between particle shape and dipole moment orientation on
the self-organization of the particles in quasi-2D samples in
zero and applied magnetic fields. By means of experiments and
computer simulations, the authors were able to quantitatively
determine the contributions given by particle shape and mag-
netic properties and showed that even a slight variation in the
dipole moment orientation lead to different assemblies as
shown in Fig. 5B. In zero-field environment, it was found that
hematite cubes form rings and chain-like structures resembling
dipolar structures in magnetic spheres. In applied field,
depending on the field strength, a transition between two
different structures was observed: linear chains in weak fields,
and kinked chains in stronger fields. This peculiar behavior is
driven by competing anisotropic interactions between the
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particle shape and the internal orientation of the dipole
moment.

The same magnetic cubes were also used to prepare spherical
particles with an off-centered dipole moment to obtain more
complex magnetic building blocks,'> as shown in the leftmost
images of Fig. 4E and F. Since the hematite particle, and hence
the dipole moment, is embedded in the polymeric sphere in an
off-centered fashion, the resulting composite particles are good
models of colloidal spheres with a single magnetic patch."*®"*°
By changing the size of the encapsulating polymeric sphere,
particles can be pre-programmed to selectively form dimers or
trimers, as shown in in the top and bottom panels of Fig. 5C,
respectively. The dewetting process induced by light of compo-
site hematite-TPM particles presented in Section 4.1 and shown
in Fig. 4E, F and G has been used to induce morphological
changes in in small crystallites. Fig. 5D shows the reconfigura-
tion of a twenty-particle crystal prepared with peanut-like hema-
tite encapsulated in a spherical TPM matrix (Fig. 4G) from a
uniform crystal to a striped structure.'®

Again it is noteworthy that for the hematite spindles the
influence of magnetic fields on the phase behaviour and
particle alignment for different composite systems and at high
concentrations has been explored in detail by several

130-137
groups.

4.3 Active colloids and out-of-equilibrium phenomena

Active matter has recently become the focus of many research
groups, touching several disciplines in soft matter, including
physics, biology, chemistry and engineering. The reason for the
growing interest in active matter is not only of fundamental
relevance. Research in this area offer unique opportunities to
engineer materials with specific functionalities that cannot
be obtained in passive systems. Hematite microparticles are
particularly suited for these kind of applications due to their
intrinsic properties that have been presented in previous sec-
tions: high production yields, low production costs, magnetic
and photocatalytic properties. For these reasons, recent years
have seen the rise of a variety of attractive works involving
hematite microparticles in the field of active colloids and out-
of-equilibrium assembly. Below we will introduce the most
relevant applications of hematite microparticles in the field.
The first appearance of hematite as an active system is
reported in the work of Palacci et al®>’ There, colloidal
swimmers were prepared by encapsulating hematite cubic
particles into polymeric shells made of TPM, as shown in the
leftmost model of Fig. 4E. In their work Palacci et al. have
exploited the photocatalytic properties of hematite in order to
propel the composite hematite-TPM particles. In brief, they
have dispersed the composite particles in a basic solution
containing hydrogen peroxide. When the sample is illuminated
by light with wavelength 4 ~ 430-490 nm, the particles propel
due to a phoretic motion driven by a chemical gradient around
the hematite surface whose face is exposed to the solvent
through the TPM shell. This gradient is created when the
hydrogen peroxide present in the solvent is decomposed into
oxygen and water, a reaction that is catalyzed at the hematite
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surface illuminated by blue/violet light. The maximum 2D
velocity of the active particles is approximately 15 pm s~ '. At
high concentrations, these propelling particles are able to
form what the authors of the work called “living crystals”;
two-dimensional crystal structures that dynamically form, dis-
assemble and reform elsewhere. This behavior results from a
balance between the self-propelling behavior and the attractive
phoretic interactions that arise due to the light-induced
chemical gradients. Due to the magnetic properties of the
hematite microparticles, the crystals could be steered by apply-
ing external magnetic fields (B ~ 1 mT). In a different work,>®
the same group took advantage of both magnetic and photo-
catalytic properties of hematite to develop colloidal hematite
dockers that can reach a cargo particle, dock and transport the
cargo to a different location before releasing it. The particles
used in this work have a peanut-like shape (see Fig. 3C and D).
Both motion and docking are activated by the same osmotic/
phoretic mechanism presented above, while steering can be
triggered by application of a weak magnetic field or by inducing
the motion on a textured substrate. Another way in which the
photocatalytic activity of hematite has been exploited in the soft
matter field is for the design of self-powered microgears.*®
Particles similar to those used in previous work,>” but with a
higher degree of anisotropy'® (Fig. 4E and F), are first triggered
by a focused laser to assemble into microgears with a certain
chirality. These structures can then spin due to the self-
propelling feature of the particles forming the gear when
exposed to blue light. These microgears have been shown to
interact with each other and synchronize into superstructures
as shown in Fig. 6A. The active hematite-TPM particles dis-
cussed so far have also been used to accelerate the annealing of

composed of mostly non-active spherical
In a different work, Massana-Cid et al'*° have

monolayers
particles.™®
also shown how photoactive hematite ellipsoidal particles
introduced in a system of passive silica spheres can aid the
formation of large 2D gels and clusters, promoted by
diffusiophoretic flows.

The same type of particles have also been shown to swim
without consumption of chemical fuels."** Moyses et al. have
shown that light provided via a diverging laser beam induces
propulsion through self-thermophoresis, which combined with
an optically-induced torque, gives rise to complex trajectories.

Apart from their use as active particles, promoted by their
photocatalytic properties, magnetic fields can also be used to
actuate and drive particle motion. In ref. 141 peanut-shaped
hematite particles were made to roll and wobble by application
of spatially controlled magnetic field in 3D. By applying simul-
taneous rolling and wobbling movement, these particles were
used to manipulate cells. Using this technique, it was shown
that it is possible to organize cells in specific patterns on
predefined PDMS substrates, while maintaining cell viability.
Magnetic fields have also been used by Xie et al.'® to mani-
pulate a collection of peanut-shaped hematite microparticles.
In specific, the authors showed that using programmed alter-
nating magnetic fields, they could control the formation of
liquid, chain, vortex, and ribbon-like structures. The collective

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Active colloids and out-of-equilibrium phenomena. (A) Optical
microscope image of a collection of rotors that are first formed (as shown
in the inset) and then confined by spatiotemporal light patterns.°
(B) Optical microscope image of a bulk suspension of hematite cubic
particles after a few minutes of spinning by rotating magnetic fields.*® (C)
Optical microscope image of the instability produced in time by rolling
hematite—TPM composite particles.’” (A) Scale bar 2 um (B) scale bar
100 pm. Panel (A) is reprinted with permission from A. Aubret, M. Youssef,
S. Sacanna, J. Palacci, Targeted assembly and synchronization of self-
spinning microgears, Nat. Phys., 14(11), 1114-1118. Copyright 2018 Nature
Publishing Group. Panel (B) is reprinted with permission from V. Soni,
E. S. Bililign, S. Magkiriadou, S. Sacanna, D. Bartolo, M. J. Shelley, W. T. M.
Irvine, The odd free surface flows of a colloidal chiral fluid, Nat. Phys.,
15(11), 1188-1194. Copyright 2019 Nature Publishing Group. Panel (C) is
reprinted with permission from M. Driscoll, B. Delmotte, M. Youssef,
S. Sacanna, A. Donev, P. Chaikin, Unstable fronts and motile structures
formed by microrollers, Nat. Phys., 13(4), 375-379. Copyright 2016 Nature
Publishing Group.

magnetic manipulation of particles allowed to sequentially and
controllably reconfigure the particles from one structure to the
other effectively performing collective tasks such as passage
through a narrow channel.

Hematite particles’ intrinsic magnetism can also be used to
promote other out-of-equilibrium phenomena. Soni et al. have
recently reported the creation of a two-dimensional chiral
liquid using spinning hematite cubes.'® This millimiter-scale
cohesive chiral fluid, shown in Fig. 6B, was obtained by
spinning a collection of 1.6 um hematite cubic particles with
a magnetic field. Rotating magnetic fields were also used by
Driscoll et al. to create and study the behavior of colloidal
rollers.'” In this work, a collection of composite hematite-TPM
particles are made to rotate and translate parallel to a glass wall
by a rotating magnetic field with specific angular frequency.
The authors report a novel fingering instability that create what
they called ‘critters’ by pinching off from an unstable front, a
phenomenon that is driven by hydrodynamic interparticle
interactions alone. An image of the fingering instability is
shown in Fig. 6C.

This journal is © The Royal Society of Chemistry 2021
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5 Perspectives and conclusion

The growing demand for smart, active, and controllable sys-
tems has brought a revolution in the way novel colloidal and
soft matter systems are designed. In this respect, hematite
microparticles have recently claimed a central role by providing
unique attributes that have given scientists the ability of
designing and developing a variety of novel soft systems that
were inconceivable just a decade or two ago.'>>”'*° This is,
however, not all fun and games. There are still certain aspects
of the particle preparation that require better understanding.
The synthesis of hematite colloids itself is very peculiar. While
it seems straightforward in its execution, two identical bottles
containing the same reaction mixture placed in the oven at the
same time can give significantly different results, a problem
that we are just beginning to shed light on. Furthermore,
having a clearer picture of how the hematite microparticles
grow can open the route to novel shapes which in turn can lead
to novel applications. So far, works reporting magnetic hema-
tite microparticles as building units mostly focus on the
simplest, and most commonly known shapes such as ellipsoi-
dal and peanut-like, with an even stronger focus on the cubic
shape; however new possibilities arising from the use of other
shapes are tremendous especially when these magnetic parti-
cles are used in combination with other materials,'>%71%°
packed in confinement,””**>*** activated by chemical®’**%13°
and magnetic™'”"®'** stimuli or any combination of these.*'
Even so, this is just the beginning. We have seen how the
photocatalytic properties of hematite microparticles have lead
to the development of unique active and responsive systems
that can be produced cheaply and in bulk. The use of hematite
particles has enabled, for instance, the design of chiral’® and
active'” fluids, and the modeling of amorphous materials into
well-defined shapes.”’?>'°® Understanding how these pro-
cesses work and can be controlled could smooth the path to
active and responsive systems, bringing advantages in fields
beyond soft matter. There is still a lot of work that can be done
to understand how we can better control the properties of
hematite microparticles; a challenge that can provide opportu-
nities towards the design of novel active, adaptable and respon-
sive soft materials.
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