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Recent progress in the synthesis of
nanostructured magnesium hydroxide

Giulia Balducci, Laura Bravo Diaz @ and Duncan H. Gregory@*

This review highlights synthetic routes for producing nanostructured magnesium hydroxide and focuses on
how these various preparative approaches can produce Mg(OH), nanoparticles with controlled size and
morphology. Mg(OH), nanocrystals with rod-, needle-, hollow tube- or platelet-like morphology can be
synthesised by the modification of chemical and physical experimental parameters such as the selection of
magnesium precursor, solvent and temperature or by employing surface modifiers and templates. Tech-
niques based on hydrothermal/solvothermal treatments, microwave heating and (co-)precipitation are
dominant in the production of Mg(OH), at the nanoscale, but other materials design approaches are now
emerging. Bulk Mg(OH), has been extensively studied over decades and finds use in a wide range of appli-
cations. Moreover, the hydroxide can also serve as a precursor for other commercially important materials
such as MgO. Nanostructuring the material has proven extremely useful in modifying some of its most im-
portant properties - not least enhancing the performance of Mg(OH), as a non-toxic flame retardant - but
equally it is creating new avenues of applied research. We evaluate herein the latest efforts to design novel
synthesis routes to nano-Mg(OH),, to understand the mechanisms of crystallite growth and to tailor micro-
structure towards specific properties and applications.

Introduction

Magnesium hydroxide (MH), Mg(OH),, naturally occurring as
the mineral brucite, has attracted much attention over the
past decades. Mg(OH), is a white, odourless solid

Dr Giulia Balducci graduated Laura Bravo Diaz received an

from the University of Bologna
with an MSc degree in chemistry
in 2009. Following the award of
two consecutive research bursa-
ries to perform research at the
University of Bologna, she moved
to the University of Glasgow,
where she graduated with a PhD
in 2015 under the supervision of
Professor Duncan H. Gregory.
She worked as a postdoctoral re-
searcher at Glasgow until April
2016. Her research focuses on
energy storage materials, with particular emphasis on nanostruc-
tured hydrogen and ammonia storage solutions.

Giulia Balducci

This journal is © The Royal Society of Chemistry 2017

MEng degree in chemical engi-
neering from the University of
Cantabria, Spain, in 2010. From
2010-2012 she worked as a ju-
nior engineer in the renewable
energy research sector before
joining the European Commis-
sion DG Joint Research Centre
(DG JRC) as an early-stage-
researcher at SolTeF, the EU ref-
erence laboratory on hydrogen
storage capacity measurements
in solid-state materials. Since
2013 she has undertaken PhD studies in Chemistry at the Univer-
sity of Glasgow under the supervision of Professor Duncan H.
Gregory while based also at the DG JRC as a research fellow in
hydrogen storage technologies. Her research interests include the
synthesis and characterisation of advanced nanomaterials and
their applications in energy conversion and storage.

Laura Bravo Diaz

CrystEngComm, 2017, 19, 6067-6084 | 6067


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ce01570d&domain=pdf&date_stamp=2017-10-19
http://orcid.org/0000-0002-0259-8590
http://orcid.org/0000-0002-4585-3280
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ce01570d
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE019041

Open Access Article. Published on 03 Oktoba 2017. Downloaded on 22/10/2025 00:05:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

characterised by an extremely low solubility in water (0.009 g
L™ at 18 °C) and a refractive index np = 1.559." MH crystal-
lises in the tetragonal P3m1 space group, with lattice parame-
ters of @ = 3.148 A and ¢ = 4.779 A (Fig. 1).>* In the Mg(OH),
crystal structure, each magnesium, Mg>*, cation is coordi-
nated by 6 hydroxide, OH™ anions to form Mg-(OH) octahe-
dra, which share faces in two dimensions resulting in a lay-
ered structure. Conversely, each OH ™ anion is surrounded by
three Mg>" cations in a pyramidal geometry. The oxygen
atoms in the OH™ anions are located in planes above and be-
low the planes of Mg”* cations with O-H bonds perpendicu-
lar to these metal-containing planes. The extended crystal
structure is completed in the third dimension by hydrogen
bonding, which weakly binds the hexagonal close packed
(HCP) anion layers together, with a shortest H---H interlayer
distance of 1.97 A. The ---ABABA--- HCP layers are spatially
distributed such that the hydroxide hydrogens within one
layer point towards the centre of the triangular plane (an
Mg-OH octahedral face) formed by 3 OH bonds in the next
layer.

When heated to temperatures above 350 °C, bulk Mg(OH),
undergoes a dehydration process resulting in the formation
of MgO (cubic, Fm3m)® and the evolution of water (eqn

).
Mg(OH), — MgO + H,0 AH’(298 K) = 98.4 k] mol™* H,O (1)

The ability of the hydroxide to decompose endo-
thermically releasing water and forming MgO without the
production of corrosive or toxic by-products, accounts for its
major importance as a commercial non-toxic flame retardant.
Magnesium hydroxide also finds application as an acidic
waste neutraliser, as a pharmaceutical excipient, in paper
conservation, as a component in ethanol chemical sensors
and as the most important precursor for the preparation of
(nanostructured) magnesium oxide which, in turn, finds ap-
plication in catalysis.®®®
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A variety of methods for yielding nanostructured Mg(OH),
have been reported. These include hydrothermal/
solvothermal  techniques, precipitation routes and
microwave-assisted methods. Further, the use of surfactants
and templating agents has been explored as a means to
obtain Mg(OH), nanocrystals with different morphologies,
from hexagonal nanoplates through nanotubes, nanorods
and nanosheets to mixture of nanosheets and nanoparticles.
However, due to the fact that surfactants are not environmen-
tally sustainable and that their employment results in an ad-
ditional cost to processing, efforts have been made in order
to remove them from the synthetic procedure. Similar envi-
ronmental concerns arise for synthetic procedures involving
non-aqueous solvents, which are commonly used in
solvothermal reactions. Ultimately, the goal for the produc-
tion of Mg(OH), is to find novel synthetic routes that are fast,
simple, energy-efficient and allow fine control over particle
size and morphology. Below we discuss and highlight the lat-
est progress made in terms of synthetic routes to yield nano-
structured magnesium hydroxide.

Synthetic routes to nanostructured
Mg(OH),

Conventional hydrothermal/solvothermal synthesis

Hydrothermal and solvothermal methods have been widely
employed to produce nanostructured Mg(OH),. These
methods often involve the use of surfactants such as
poly(ethylene glycol) (PEG) or ethylendiamine (en), which are
considered to play an important role in the mechanism of
the nanostructure formation, acting either as templates or
growth inhibitors. One of the major drawbacks of these syn-
thetic procedures however is the relatively long reaction time,
which is typically of 6 to 24 h or more. Nonetheless, hydro/
solvothermal treatments have been extensively explored in
terms of morphology and size control for the synthesis of
nano-MH.

The synthesis of Mg(OH), nanorods by solvothermal treat-
ment was first reported in 2000 by Li et al.'” In the experi-
mental procedure Mg metal was used as magnesium source
and en as a templating agent. The hydrothermal reaction
(eqn (2)) leads to the production of rod-like nanoparticles in
a process described as “soft templating”.

Mg + 2H,0 — Mg(OH), + H, )

The key influence in the crystal growth mechanism is be-
lieved to be the presence of the en molecules, which are
likely to act as bidentate ligands to form a complex with
Mg>" cations, thereafter controlling the nucleation and
growth of the nanorods. The stability of such a complex is
expected to decrease as temperature and pressure are in-
creased, coordinating the OH groups present in solution to
the complex and causing the 1D nanorod structures to con-
dense. Ultimately, the Mg-N bonds to the donor ligands

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Crystal structure of Mg(OH),: (a) as a ball-and-stick representation with Mg as blue spheres, O as red spheres and H as white spheres, re-
spectively; (b) as a polyhedral representation showing layers of face-sharing Mg(OH)g octahedra connected along the <001> direction via hydro-

gen bonding (adapted from ref. 4).

become weaker whilst Mg-O bonds form gradually until the
point is reached where Mg and N are separated from each
other and Mg cations are connected to OH™ anions, forming
Mg(OH),. However, in 2001, Ding et al. published a seminal
paper in terms of a directed hydrothermal synthesis of
Mg(OH),. They reported the preparation of nanostructured
MH in which one could control size and morphology selec-
tively. Rod-, tube-, needle- or lamellar-like nanoparticles
could be produced by varying the aqueous solvent composi-
tion as well as the magnesium source (Mg, MgSO, and
Mg(NOs),) and tuning the hydrothermal reaction condi-
tions."® Ethylendiamine solution, aqueous ammonia or dilute
sodium hydroxide solution were investigated as possible sol-
vents and the results obtained are summarised in Table 1.

Two years after Ding et al.'s paper, Fan et al. reported the
development of the above concept by employing en itself as a
suitable solvent.’ The synthesis used nanowires of
Mg;0(OH);5Cl,-5H,0 as a magnesium source to yield hollow
Mg(OH), nanotubes. The synthesis of the hydrated hydroxide
chloride precursor was previously reported by Christensen
et al.”®

Following a synthetic procedure analogous to the one
reported by Ding et al. (discussed above),'® it was possible to
produce nanotubes defined by outer diameters of 80-150
nm, wall thicknesses of 30-50 nm and lengths of up to 5-10
pm. A growth mechanism has been proposed that involves
the exchange of CI” and OH  anions during solvothermal

treatment. The mechanism of crystal growth is consistent
with the one originally proposed by Li et al.,'” in which en is
also believed to play a pivotal role in controlling the product
morphology by acting as a bidentate ligand leading to the
production of the one dimensional structure. However, the
fibre-like morphology of the magnesium precursor is also be-
lieved to be very important, as one might anticipate.” In the
following year (2004), many of the same researchers pub-
lished further work providing additional insight into the
above-mentioned system together with the study of two other
possible solvents: 1,6-diaminohexane and pyridine.*" It was
found that size and morphology of the hydroxide product
were greatly influenced by the solvent used and by the reac-
tion temperature during the solvothermal process. In particu-
lar, both en and diaminohexane lead to the formation of
nanotubes with outer diameters of 80-300 nm, wall thick-
nesses of 30-80 nm and lengths of several microns, whilst
the use of pyridine resulted in a rod-like morphology. This
difference in morphology is attributed to the coordination be-
haviour of the respective ligands; both en and diamino-
hexane act as bidentate ligands whereas pyridine is a mono-
dentate ligand. Nonetheless, the mechanism of crystal
growth for all structures is believed to be the fundamentally
identical to that reported previously (in 2003)."® Interestingly
several years later, high aspect ratio nanowires of
“Mg,(OH),Cl,-nH,0” were used in the templated pseudomor-
phic synthesis of MH nanowires (by reaction with NaOH in

Table 1 Nanostructured Mg(OH), obtained under different experimental conditions. Adapted with permission from Y. Ding, G. Zhang, H. Wu, B. Hai, L.
Wang and Y. Qian, Chem. Mater., 2001, 13, 435-440. Copyright 2001 American chemical Society*®

Mg source Solvent Temperature (T)/K Time/h Morphology Dimensions/nm

Mg en-H,O (8:1) 453 20 Rod-like Diameter: 20, length: 200

Mg en-H,0 (1:6) 453 20 Lamellar Diameter: 50-100, thickness: 10

Mg NH;-H,O0 (pH 10) 453 20 Lamellar; tube-like Diameter: 25-200; outer diameter: 40,
length: 60

MgSO, en-H,0 (4:1) 453 20 Needle-like Diameter:10-20, length: 50-100

MgSO, en-H,0 (1:1) 453 20 Lamellar Diameter: 100-150

MgSO, NH;-H,O (pH 11) 453 20 Lamellar Diameter: 150

Mg(NO3),-6H,O en 453 20 Lamellar Diameter: 80-100

Mg(NO3),-6H,0 NH;-H,O (pH 10) 453 20 Lamellar Diameter: 100-200

Mg(NO3),:6H,0 NaOH (0.1 M) 353 2 Lamellar Diameter: 50

This journal is © The Royal Society of Chemistry 2017
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3:1 ethanol:water) at 25-70 °C and ambient pressure with-
out the need of additional chelating species.>>

Subsequent to the original oxychloride nanowire template
experiments above, a solvothermal process was developed for
yielding hollow MH nanotubes without the requirement of
such a template or for chelating ligands such as en and di-
aminohexane. In this case, magnesium chloride was used as
the Mg source and aqueous ammonia was employed as a sol-
vent.”> By stopping the progress of the reaction at different
times and characterising the reaction mixture, it was possible
to propose a mechanism of nanotube formation. Evidence
suggested that the process involved anisotropic growth-
dissolution-reorganization. Under solvothermal conditions,
the precursor dissolves as the temperature increases and as
the concentration of the Mg precursor reaches and exceeds
saturation, the chloride recrystallises and grows into nano-
plates. These plates are then proposed to dissolve again to
form smaller growth nuclei, which subsequently reorganize
to yield hollow nanotubes of Mg(OH),.

An ammonia-hydrothermal method has also been tested
in the presence of established surfactants and templating
agents. Magnesium hydroxide hexagonal nanoplates can be
prepared by hydrothermally reacting a solution of MgCl,,
citric acid and aqueous ammonia in the presence of mono-
ethanolamine (MEA), diethanoamine (DEA) or
triethanolamine (TEA).>* MEA, DEA and TEA were believed to
promote the dissolution-recrystallisation process of the
nanostructured MH taking place during the hydrothermal
treatment. Just as with the use of ligating amines, such as
en, the ethanolic amines were proposed to act by forming
complexes with Mg. The mechanism requires dissolution of
the precursor, so the complexing is apparently crucial in
governing solubility. It was found that MEA exhibits the best
complexing effect towards Mg cations, hence promoting the
dissolution process and contributing to the recrystallisation
of hexagonal MH nanoplates. Cetyltetramethylammonium
bromide (CTAB) has also been investigated as a possible cat-
ionic surfactant for obtaining ultrafine, highly-dispersed
magnesium hydroxide lamellar nanoparticles in aqueous am-
monia.”® Using magnesium chloride hexahydrate as an Mg
precursor, Yan et al. evaluated the significance of the hydro-
thermal treatment by performing the synthesis in solution at
room temperature with or without an additional final hydro-
thermal step. Important differences were observed in the
obtained morphologies; with no hydrothermal treatment,
flower-like Mg(OH), nanoparticles formed from the inter-
growth of platelets while with an additional hydrothermal
step it was possible to synthesise dispersed hexagonal nano-
plates of MH. In this sense CTAB does not prevent agglom-
eration when the reaction is carried out at ambient tempera-
ture, but it appears to inhibit the intergrowth of the
particles during hydrothermal treatment leading to a much
higher dispersion of primary nanoparticles (nanoplates).
However, it would appear that the individual (nano)plates
also grow larger when synthesised in the presence of CTAB.
Its effect on the crystal growth may be explained by invoking
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a dissolution-precipitation mechanism as proposed previ-
ously by Wu et al. for the hydrothermal synthesis of
nanostructured Mg(OH), in the presence of CaCl,.**
According to this mechanism, the first step is the dissolu-
tion of Mg(OH),, followed by the dissociation to “[MgOH]",
Mg>" and OH’, with the last step being the combination of
the ions to yield Mg(OH),. It is believed that [MgOH]" is the
rate controlling component of the process, as its concentra-
tion is lower than that of Mg”* and OH". The CTAB, being a
cationic surfactant, is believed to combine with OH™ groups
(as CTA"), promoting the formation of Mg>" as well as
[MgOH]" and accelerating the dissolution of small crystals.
CTAB was again employed for the preparation of Mg(OH),
nanostructures via a hydrothermal method in 2011. In this
case, uniform nanorods with a length up to 300 nm and a
diameter of 10-40 nm were obtained using magnesium ox-
ide as a source of Mg, which was dissolved in an aqueous
solution of CTAB.>’ For comparison, the synthesis was
performed with and without CTAB and as a result, interest-
ing differences in morphologies were observed. In the ab-
sence of CTAB, hexagonal nanoplates were observed. By con-
trast the synthesis including CTAB was found to produce
nanorods. Nanorod formation is again speculated to be at-
tributed to the interaction of the positively charged CTA"
cations and OH™ groups. This time the interaction leads to
an adsorption of CTAB on the nanocrystal faces which are
parallel to the c-axis, which prevents solute diffusion to
these faces. The growth along the lateral facet is constrained
which favours 1D growth from the crystal nuclei, ultimately
producing rods rather than hexagonal plates.
Nanostructured MH materials originating from hydrother-
mal syntheses can also possess high porosity. The production
of mesoporous nano-Mg(OH), obtained hydrothermally using
only MgO and H,O was originally reported towards the start
of the 21st century."* The synthetic procedure does not in-
volve the use of any surfactants or templating agents and was
found to produce single phase Mg(OH), nanoparticles
characterised by an hexagonal platelet-like morphology with
a thickness of 50-110 nm and lateral dimensions of several
pm (Fig. 2). Plates were found to agglomerate to form larger
almost spherical particles with typical diameters over tens of
microns. The particles exhibited a bimodal distribution of

900 nm

Fig. 2 High magnification SEM images of hexagonal mesoporous
Mg(OH), nanoplates obtained via surfactant-free hydrothermal synthe-
sis. Reprinted with permission from J. C. Yu, A. Xu, L. Zhang, R. Song
and L. Wu, J. Phys. Chem. B, 2004, 108, 64-70. Copyright 2004 Ameri-
can Chemical Society.™

This journal is © The Royal Society of Chemistry 2017
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mesopores, measuring 3.6 nm and 36 nm in diameter, to give
a BET specific surface area of 100 m? g™*. It was hypothesised
that the growth process starts with the dissolution of bulk
MgO in water, leading to the formation of primary nano-
particles. The porosity of the hydroxide originates during the
aggregation of these primary particles resulting in the pro-
duction of the wormhole-like mesoporous nanoplates.

Sodium hydroxide solutions using different solvents have
been explored as components of solvothermal synthesis of
nanostructured Mg(OH),. Ethanolic and aqueous solutions of
sodium hydroxide were used in the solvothermal treatment
of 5 Mg(OH),-MgS0,-:3H,0 (“513 MOS”) nanowire precursors
in order to obtain different one-dimensional Mg(OH), nano-
structures.*® The 513 MOS precursor was initially prepared by
hydrothermal treatment of a slurry containing MgSO, solu-
tion and ammonia at 150 °C (giving nanowires of 100-200
um in length and of 80-200 nm in diameter). Using 1 mol
L™ NaOH aqueous solution yielded hexagonal Mg(OH),
plates (with a diameter of ca. 200-600 nm) but the morphol-
ogy of the MH could be modified by changing the sodium hy-
droxide concentration and solvent.

Reducing the concentration of the NaOH (aq) solution to
0.2 mol L™ led to predominantly rectangular MH particles
(length ~600 nm-2.0 pm; width ~150-300 nm) whereas by
changing solvent from water to ethanol (maintaining a con-
centration of 0.2 mol L"), it was possible to grow 1D MH
nanowires (length ~10-20 pm; diameter ~100-200 nm) selec-
tively. This difference in morphology was attributed to the
different solubility of MgSO, (rather than that of the product
Mg(OH),) in aqueous and ethanolic NaOH. The reduced solu-
bility and slower dissolution of MgSO, in ethanol is believed
to be responsible for the slower release of SO,>, favouring
the formation of the 1D wire morphology. Related to this
work, Gao and Jia used aqueous NaOH in the synthesis of
nano-MH from magnesium acetate in the presence of citrate.
In this case, the product morphology depended primarily on
the hydrothermal treatment time; nano-MH was transformed
from nanosheets to nanodiscs by prolonging the heating du-
ration.?® In fact, under these conditions, a continuous evolu-
tion of morphology was observed as a function of time. On
heating at 180 °C for 6 h both nanosheets (<5 nm thick) and
nano-needles (3-5 nm in diameter and 50-100 nm in length)
were produced. It was suggested that the latter formed from
the vertical aggregation of nanosheets, where local stresses
lead to a decrease of the surface-free energy. On heating for
10 h, nanosquares of 150-250 nm in size were fabricated in
addition to sheets. These nanosquares were each composed
of several sheets. On further heating (20 h), disc-like nano-
crystals were the only product. The overall transformation
was proposed to occur in two steps: first, nanosquares form
by the vertical aggregation of nanosheets and second, the ori-
ented aggregation of nanoparticles on the edge of the nano-
squares form nanodiscs at longer reaction times. In 2015 a
concept of post-synthesis surface modification for nano-
Mg(OH), was introduced.*® Magnesium acetate and aqueous
NaOH were employed in synthesis via a continuous flow hy-

This journal is © The Royal Society of Chemistry 2017
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drothermal (supercritical) process. Poly(ethylene-co-acrylic
acid) in toluene was used as a surface coating agent and
injected downstream from the hydrothermal reactor. MH
nanorods with a diameter of ca. 20 nm and a length of ca.
120 nm were produced without the addition of modifier
whereas smaller, more porous hydrophobic Mg(OH), nano-
rods (~15 nm diameter; length ~70 nm) were produced in
the surface-modified process (Fig. 3).

Although ostensibly the morphologies appear very similar
by transmission electron microscopy (TEM), the specific sur-
face area of the higher porosity poly(ethylene-co-acrylic acid)-
Mg(OH), nanorods is greater by an order of magnitude
(31.104 m* g™" vs. 2.803 m* g ™).

Hydrazine was first proposed as a reagent in the hydro-
thermal synthesis of Mg(OH), in 2008. Well-defined hexago-
nal Mg(OH), nanoflakes (thickness ~40 nm) result from sim-
ply reacting magnesium nitrate and hydrazine hydrate (N,H,
‘H,0) hydrothermally (Fig. 4).*' A mechanism of crystal
growth was proposed, again involving ligation at the Mg cen-
tre as in the case of previous experiments with en as a ligand.
In this case, the formation of the complex cation
[Mg(N,H,4)s]*" is proposed to form in solution prior to the hy-
drothermal treatment. The hydrazine hydrate molecule has
lone pair electrons and so could readily act as an electron
pair-donating hard Lewis base in combination with Mg>" as
an electron pair-accepting hard Lewis acid. During the hydro-
thermal process the hydrazine is believed to dissociate into
NH; and N,, with the former generating OH™ anions in aque-
ous solution, ultimately leading to the formation of Mg(OH),.
In comparison to other alkalis added to MH syntheses, such
as sodium hydroxide and aqueous ammonia as discussed
above, hydrazine hydrate first has to undertake a decomposi-
tion process that leads to a relatively slow release of OH un-
der solvothermal conditions. The slower reaction and growth
should favour a more measured crystallization process
resulting in the symmetrical, regular hexagonal morphology
of the single nanocrystallites. The authors also suggested that
steric effects from the NO;  anions plane could restrict
growth in the third dimension and favour formation of the

i

Fig. 3 TEM images of (a) unmodified and (b) poly(ethylene-co-acrylic
acid)-modified Mg(OH), nanorods grown by continuous flow
hydrothermal processing. Reprinted from Powder Technology, 278, S.
Elbasuney and S. F. Mostafa, Continuous flow formulation and
functionalization of magnesium di-hydroxide nanorods as a clean
nano-fire extinguisher, 72-83, copyright 2015, with permission of
Elsevier.*°
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Fig. 4 TEM image and selected area electron diffraction (SAED)
pattern (inset) of a regular hexagonal Mg(OH), nanoflake synthesised
from Mg(NOs), and NyH4-H,O. Reprinted from Materials Chemistry and
Physics, 112, D. Jin, X. Gu, X. Yu, G. Ding, H. Zhu and K. Yao,
Hydrothermal synthesis and characterization of hexagonal Mg(OH),
nano-flake as a flame retardant, 962-965, copyright 2008, with per-
mission of Elsevier.!

lamellar structure, although it is not clear why this should be
the case.

More recently, well-dispersed, discrete hexagonal MH
nanoflakes were obtained hydrothermally using magnesium
nitrate hexahydrate in the presence of the polymeric
templating agent, PEG 20000.>> As shown in Fig. 5, the
synthesised magnesium hydroxide nanoparticles present a
hexagonal flake-like morphology with a thickness of only ca.
10 nm, a lateral size of ca. 100 nm and a specific surface area
of ~69 m”> g”'. In the absence of PEG 20000, similarly pre-
pared MH particles exhibited a higher polydispersity and a
slightly reduced specific surface area (~42 m> g™'). There is
no firm evidence to indicate the exact role played by PEG in
the MH nanoflake formation mechanism and the authors
speculate that its main functions are to prevent the agglomer-
ation of the hexagonal Mg(OH), nanoflakes and to control
the growth rate. The morphology of the synthesised nano-
crystals is proposed to originate from the formation of “PEG-
Mg>" pairs”. The authors proposed that the “PEG-Mg>" pairs”
develop initially via complex formation, with PEG coordinat-

200nm

G
o -

Fig. 5 SEM images of Mg(OH), nanoflakes (a) synthesised with
PEG20000 (at low magnification); (b) synthesised with PEG20000 (at
higher magnification) and (c) synthesised without PEG 20000.
Reprinted from Materials Research Bulletin, 51, Q. Wang, C. Li, M. Guo,
L. Sun and C. Hu, Hydrothermal synthesis of hexagonal magnesium
hydroxide nanoflakes, 35-39, copyright 2014, with permission of
Elsevier.*?
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ing to Mg”* ions in Mg(NO;), through oxygen donors prior to
the hydrothermal treatment. These “PEG-Mg>" pairs” are
then proposed to combine during stirring and aging to form
a skeleton of PEG chains that are twisted and coiled with
each other to form a series of continuous hexagonal pores.
When NaOH was added to the system, the OH™ ions are pro-
posed to react preferentially with Mg>" ions located in the
hexagonal holes of the entangled PEG skeleton to form small
crystal nuclei of magnesium hydroxide. With increasing tem-
perature and time over the period of the hydrothermal treat-
ment, these Mg(OH), crystal nuclei grow until finally they de-
tach from the hexagonal pores (which act as a template).
Compared to synthesis and hydroxide growth without PEG,
the initial coordination process and the subsequent PEG
templating process is predicted to be slow in kinetic terms. It
is evident that further syntheses using varying molecular
weight polymeric additives and closer scrutiny of the ensuing
crystallisation processes are required in order to understand
the templated MH growth in such systems more fully and a
fuller comparison with PEG-templated coprecipitation
methods performed at ambient pressure (see below) would
be useful.

From all the examples in this section, it can be seen that
hydrothermal/solvothermal methods can be widely utilised to
obtain Mg(OH), nanostructures with degrees of control over
size and morphology.

The main advantages lie with a high level of reproducibil-
ity and generally the method encourages production of 2D
plate-like nanostructures with dimensions and porosity that
can be modified by appropriate selection of experimental pa-
rameters (such as temperature, time and pH) and choice of
reagents. Such syntheses typically lead to a low degree of ag-
glomeration and opportunities to produce monodisperse MH
particles of high surface area. By contrast, the growth of 1D
nanostructures is rarer and more difficult, requiring more
“forcing” growth conditions such as the use of hard tem-
plates (e.g. nanowire precursors). Nevertheless, solvothermal
methods allow one to tailor the crystal growth to different
morphologies for different applications.

Given the range of chemical variables applied in
solvothermal syntheses - such as solvent, magnesium source,
molecular (ligating) templating agents (e.g. en, en-H,O, di-
aminohexane, pyridine or hydrazine hydrate) or other soft/
hard templates - it is difficult to appreciate the precise role
of each of these variables in a single set of experiments and
even more complex to consider their combinations across
multiple synthesis regimes. The nucleation and crystal
growth is often initiated by the ability of molecular additives
(acting as ligands) to form coordination complexes with Mg>*
cations (typically present in a salt precursor or oxidised from
Mg metal). To some extent the nanorod, nanoneedle, nano-
tube or various lamellar morphologies should depend on the
coordination behaviour of the respective ligands to the metal
centre as well as on the magnesium precursor employed and
the morphology of the precursor itself. Syntheses involving
aqueous ammonia (for example, in the formation of MH

This journal is © The Royal Society of Chemistry 2017
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nanotubes®®) are interesting in that coordination complex
formation apparently need not be an initial step in the nucle-
ation and subsequent growth process and the proposed
mechanisms  involve  anisotropic  growth-dissolution-
reorganization processes. In such cases, the precursor dis-
solves and as the temperature/time increases recrystallization
is induced and the use of ethanolic amines with aqueous am-
monia, for example, was thought to promote this dissolu-
tion-recrystallisation process.>*

Synthesis via microwave-assisted methods

The use of microwaves as an alternative to conventional
heating for material synthesis in the solid state as well as in
solution has attracted considerable attention.**>” In fact,
using microwave (MW) heating can enable reaction times to
be dramatically decreased from days to even a matter of mi-
nutes when compared to conventional heating approaches.
Great progress has been made over the past decade in terms
of the MW preparation of nanostructured Mg(OH), (Table 2).

In 2004, Wu et al. reported the first synthetic route to yield
fibre-like Mg(OH), nanoparticles exploiting microwave
heating.*® Magnesium hydroxide nanoparticles were obtained
by reacting magnesium nitrate and sodium hydroxide in
aqueous solution. The reagents were directed though a semi-
permeable membrane made from collodion (nitrocellulose in
ether/alcohol) while irradiating them with low power micro-
waves (20 W, 2.45 GHz) for 5 days. This resulted in the pro-
duction of fibre-like nanoparticles (diameter ~20-40 nm;
length ~100-150 nm). An equivalent experiment performed
without irradiation produced MH lamellae (diameter ~300
nm) together with agglomerates of fibres. The authors
hypothesised that both microwave irradiation and the use of
the membrane (and additionally the concentration of NaOH
and hence the pH) were important factors in the formation
of the fibre-like morphology of the hydroxide nanoparticles
rather than the lamellar morphology otherwise observed. An
unconfirmed mechanism for fibre formation was proposed
by which local microwave-induced hot spots provoke
Mg(OH), plates into curling into fibre-like nanoparticles. It
was also observed that when the concentration of NaOH >
0.1 M, the reaction proceeded at a high rate such that magne-
sium hydroxide nanoparticles aggregated. A more complete
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understanding of the rationale for nanofibre formation in
the absence of hard or soft templates has not yet been
forthcoming.

More recently, other magnesium salts have been studied
as precursors in the MW synthesis of nanostructured magne-
sium hydroxide. In 2012, Al-Hazmi et al employed a
microwave-assisted solvothermal route to induce the rapid
growth of hydroxide nanosheets, which can find application
in the fabrication of ethanol sensors.'®> Magnesium chloride
hexahydrate, sodium hydroxide and urea were irradiated with
microwaves at 1000 W with a temperature limit of 220 °C.
The reaction reached completion after 30 min and produced
hierarchical structures with a spherical morphology (diame-
ter ~30 = 3 um). SEM revealed the ball-like structures were
agglomerates of nanosheets, each with a thickness of 95 + 10
nm and lateral dimensions of up to several pm (Fig. 6).

Magnesium sulfate has also proved to be an effective pre-
cursor for Mg(OH), nanosheets, with a structure of highly po-
rous sheets made of particles smaller than 5 nm and a sur-
face area of 80.27 m> g '.>° The synthesis is based on the
reduction of magnesium sulfate by sodium hydroxide in a
microwave reactor (266 W; 10-15 min), using
cetylmethylammonium bromide (CTAB) as dispersant. After
precipitation, the synthesised particles were subjected to
thermal treatment at 300 °C to remove the CTAB and obtain
pure phase Mg(OH),.

One of the first studies to use magnesium metal as a pre-
cursor for the microwave synthesis of nano-Mg(OH), in fact
employed an indirect method. In 2011, Hattori et al. used
microwave-generated plasma in water in the continuous syn-
thesis of MH from Mg rod (at 60 ¢ h™"); a method that could
also be used to prepare Zn(OH),."* Characteristic hexagonal
nanoplates of Mg(OH), were produced (alongside (truncated)
triangular crystallites) using an incident power of only 160
W. More recently direct MW synthesis was demonstrated by
simply heating magnesium powder and water. Al-Gaashani
et al. detailed an additive-free MW synthesis of nano-MH
achieved by irradiation in a domestic microwave oven for
8 minutes without the addition of surfactants or templating
agents.*’ However, the reaction resulted in the presence of
two different Mg(OH), morphologies: a mixture of nano-
particles and nanosheets of 36-45 nm in thickness were
obtained. The proposed reaction mechanism invokes the

Table 2 Effect of selected experimental parameters on MH products in microwave-assisted syntheses”

Mg

source Solvent/additives Power/W Time/h  Morphology Dimensions Ref.

Mg(NO3), Water/NaOH” 20 120 Fibrous Diameter: 20-40 nm, length: 100-150 nm 38

MgCl,-6H,O  Water/NaOH/urea 1000 0.5 Spherical/lamellar ~ Sphere diameter: 30 um; plate thickness: 95 nm, 13
plate diameter: 1-10 pm

MgSO, Water/NaOH/CTAB/ethanol 266 0.25 Lamellar Thickness: 5 nm 39

Mg (rod) Water 160° 14 Lamellar Diameter: 25-125 nm 40

Mg (powder) Water 180 0.13 Lamellar Diameter: ca. 100-1000 nm thickness: 36-45 nm 41

MgO Water” 800 0.03 Lamellar Diameter: 100-600; thickness: 10-60 nm 6

“ All performed at 2.45 GHz. ” Reagents directed through semi-permeable collodion membrane. ¢ MWs applied to form plasma. ¢ To prepare

60 g. © Hydrothermal conditions.
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Fig. 6 Typical (@ and b) low-magnification and high-resolution (c-f)
FESEM images of Mg(OH), nanosheet networks as synthesised via
microwave hydrothermal processing. Reprinted from Journal of Alloys
and Compounds, 519, F. Al-Hazmi, A. Umar, G. N. Dar, A. A. Al-Ghamdi,
S. A. Al-Sayari, A. Al-Hajry, S. H. Kim, R. M. Al-Tuwirqi, F. Alnowaiserb
and F. El-Tantawy, Microwave assisted rapid growth of Mg(OH),
nanosheet networks for ethanol chemical sensor application, 4-8,
copyright 2012, with permission of Elsevier.®

combination of Mg>" cations with hydroxide ions as follows
(eqn (3)):

Mgfq) + 20H — MgOH' + OH — Mg(OH), (3)

The MgOH" ions (magnesium hydroxo ions) are believed
to act as the precursor in producing the Mg(OH), nuclei that
initiate the growth of both particles and sheets (Fig. 7). Only
the monomeric MgOH' cation (of several hypothetical
[Mg,(OH),]*>9* species) has been previously identified with
confidence as forming prior to magnesium hydroxide
(brucite) precipitation (typically at high pH) and at high tem-
perature the cation's existence is fleeting at best.*>** Al-

Microwave
Heating (MWH) V@ &) @ Q O
< ‘o MgfoN,
Polarization, Nucleation Nanoparticles
Aggregation and * (NPs)
and reactions  Aggregation
% @e
le::> |:">
H* "glo oW %
v
MgOH* acts as a Mg(OH),
growth unit of Nanosheets (NShts)
Mg(OH), crystal

Fig. 7 Mechanism of crystal growth hypothesises by Al-Gaaneshi et al.
reprinted from Journal of Alloys and Compounds, 521, R. Al-Gaashani,
S. Radiman, Y. Al-Douri, N. Tabet and A. R. Daud, Investigation of the
optical properties of Mg(OH), and MgO nanostructures obtained by
microwave-assisted methods, 71-76, copyright 2012, with permission
of Elsevier.**
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Gaashani et al. also suggested (with reference to Zn(OH),/
ZnO formation) that the exposure of the reactant solution to
MW irradiation without stirring could promote differences in
the temperature distribution and to the viscosity of the solu-
tion, leading ultimately to different morphologies.** In fact,
if one considers this non-uniform temperature profile and
the relative stability of the cations, it is perhaps not unrea-
sonable to suppose that the formation of [MgOH]" is local-
ised and crystallite formation could proceed either directly
from Mg>" or via the hydroxo cation.

In 2015, a surfactant-free hydrothermal MW synthesis in-
side a multimode cavity MW reactor was proposed, which
could yield gram-quantities of single-phase nano-Mg(OH),
from only MgO and without the use of additives.® The synthe-
sis was performed hydrothermally in a Teflon-lined autoclave
and the reaction time could be decreased from 6 to 2 mi-
nutes by increasing the incident power from 750 to 800 W.
The hexagonal nanoplates so-produced were 100-600 nm
across and with a typical thickness of 10-60 nm (Fig. 8). The
experimental hydrothermal procedure followed is broadly the
microwave analogue to the conventional one proposed by Yu
et al.'* The mechanism of crystal growth proposed for the
MW-HT synthesis contrasts slightly with the one suggested
by Yu et al. and it consists of dissolution-precipitation steps
followed by crystallite growth (eqn (3), Fig. 9).

The use of MWs results in a much higher rate of both
heating and cooling and this could lead to an extremely fast
initial MgO dissolution step (the solubility of MgO and
Mg(OH), increases with increasing temperature*>*®). This is
believed to be followed by the formation of magnesium hy-
droxide on the oxide surface via intermediate Mg(OH)" spe-
cies and then by the removal of Mg(OH), from the MgO sur-
face (eqn (4)).*""®

Fig. 8 (@) SEM micrograph of hexagonal nanoplates of Mg(OH),
obtained in 4 minutes at 800 W; (b) SEM micrograph showing the
thickness of individual nanoplates from the same sample. Reproduced
from ref. 6 with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Proposed growth processes for (a) conventional hydrothermal
synthesis proposed by Yu et al™ and (b) MW-hydrothermal synthesis
proposed by Hanlon et al.® reproduced from ref. 6 with permission
from the Royal Society of Chemistry.

MgO() + Hy,O(1) = MZOH(aq5) + OHpng) — Mg(OH),)  (4)

The possible agglomeration of the particles is believed to
occur on cooling. The mechanism (Fig. 9b) shows that the
use of templating agents or surfactants is not essential for
the synthesis of nano-MH, but that their use could help in
suppressing the agglomeration of the nanoparticles, resulting
in an increased surface area. Yu et al. had previously pro-
posed that in conventional hydrothermal synthesis the ag-
glomeration of small primary nanoparticles into nanoplates
leads to the formation of a bimodal distribution of
mesopores.'!

Precipitation methods

Solution based precipitation and co-precipitation methods
are attractive ways to prepare MH under relatively mild condi-
tions. Routes with and without the use of surfactants and
surface modifiers have been explored as means to obtain
with controlled and morphology

nanostructures size
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(Table 3). In 1993, Laska et al. started studying the influence
of experimental parameters on the size distribution of mag-
nesium hydroxide prepared by hydrating magnesium oxide,
concluding that increasing the pH of the solutions resulted
in a smaller crystal size, whereas raising the reaction temper-
ature resulted in the opposite effect.’ Ten years later,
Henrist et al. conducted a systematic and wide-ranging inves-
tigation of the influence of a host of synthesis parameters in-
cluding the chemical nature of magnesium precursors with
different counter-ions (MgCl, and Mg(NOs),), the chemical
nature of the basic precipitating agent (NaOH, NH,OH) and
the variation in reaction temperature. The ambient pressure
precipitation process was also compared to hydrothermal
syntheses.’® It was reported that the use of sodium hydroxide
results in the preparation of “cauliflower-like” agglomerates,
whilst the use of aqueous ammonia leads to the formation of
hexagonal platelets. This contrast was attributed to the influ-
ences of pH and cation structure in solution. Also, as one
might expect, the temperature has a strong effect, affecting
the degree of agglomeration of the precipitated nano-
particles. Notably, particles tend to intergrow (agglomerate)
at 60 °C and above, whereas at lower temperature, single,
pseudo-circular platelets are obtained. A comparatively mild
(180 °C; 14 h) hydrothermal treatment results in an increased
mean particle size and decreased specific surface area.

In 2007, Zou et al. reported the synthesis of lamellar MH
nanostructures obtained from the oxidation of magnesium
metal in a mixture of formamide and water.”* The proposed
one-step synthesis produces densely packed layers of agglom-
erated Mg(OH), particles as a result of simply immersing
magnesium ribbons in a 6% formamide/water mixture at 80
°C for 12 h. Further, as shown in Fig. 10, the growth of the la-
mellar structures could be moderated as a function of reac-
tion time when using a 4% formamide/water mixture at 80
°C. Initial Mg oxidation was very slow, limiting the Mg con-
centration and inducing heterogeneous nucleation preferen-
tially on the metal substrate. As the reaction time increased,
Mg species originating from the thermal decomposition of

Table 3 Effect of experimental parameters on MH products in selected examples of aqueous (co-)precipitation syntheses

Mg source Additives pH T/K Morphology Dimensions Ref.
MgO NaOH/NH;, TEA 10.2-13.0 393-413 Lamellar Ave. diameter: 1.5-3.4 um° 49
MgCl,/Mg(NO3), NaOH/NH,OH ca. 10-13 283-313 “Cauliflower” Sphere diameter: ca. 300 nm;° plate diameter ca. 50
agglomerates 200-450 nm’
/lamellar®
Mg(NO;),-6H,0 NaOH, urea/EtOH b 333 Lamellar Diameter: 50-200 nm’ 52
MgSO, NaOH, MgSA, CuSO, 273-353 Lamellar/rod-like® Plate diameter: ~50-100 nm; rod length: 54
-5H,0 ~100-300 nm, rod diameter: ~10-30 nm’
MgCl,-6H,0 NaOH, ODP b b Lamellar Diameter: ~100 nm; thickness: ~35 nm’ 55
Mg(NO;),-6H,0 NaOH, SDS, MAP b 358 Lamellar Diameter: ~100 nm’ 56
MgCl,-6H,0 NH,OH, PEG 400 b 323 Lamellar Diameter: ~100 nm; thickness: 10-20 nm’ 12
MgCl,-6H,0O NH,4OH, PEG 12000 b 293-353 Needle-like/lamellar Needle length: ~1 pum; plate diameter: ~200 nm/ 57
MgSO, NaOH, PEG 200/PEG  ° 353 Lamellar Diameter: ~30 nm-5 pm®/ 58
8000/PEG 20000
MgSO, NaOH, OA, PMMA b 343 Lamellar Diameter: ~100 nm’ 60

“ Aggregates of spherical particles from NaOH, lamellae from NH,OH. ? Not reported. ¢ Rods formed on addition of CuSO,-5H,0. ¢ Dispersed

best with PEG 200. ¢ Agglomerated. Dispersed.
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Fig. 10 Time-dependent evolution of magnesium hydroxide particle
crystal morphology at different stages for Mg metal immersed in a 4%
formamide/water solution at 80 °C: (A) 1 h, (B) 2 h, (C) 3 h, (D) 6 h,
respectively. Reprinted from Materials Research Bulletin, 42, G. Zou, R.
Liu, W. Chen, Z. Xu, Preparation and characterization of lamellar-like
Mg(OH)2 nanostructures via natural oxidation of Mg metal in formam-
ide/water mixture, 1153-1158, copyright 2017, with permission of
Elsevier.>

Mg-formamide complexes were continuously supplied for
subsequent crystal growth on heterogeneous nuclei.
Fig. 10(a) shows that at 1 h rod-like nuclei grow on the sub-
strate from heterogeneous nucleation of MH. At 2 h, the nu-
clei start to branch on the surface, gradually forming the be-
ginnings of a 3D porous skeleton for further growth
(Fig. 10(b)). By 6 h into the nucleation and growth process,
the lamellar MH structures develop into a continuous porous
network (Fig. 10(d)).

An alternative surfactant-free precipitation route to lamel-
lar MH nanoparticles is possible via reaction of aqueous solu-
tions of magnesium chloride hexahydrate and sodium hy-
droxide in the presence/absence of urea and/or ethanol.’>
Addition of ethanol apparently produced more regular hexag-
onal lamellae. Although no surfactants were employed, urea
evidently prevented agglomeration presumably by coordinat-
ing to Mg>" in solution. Moreover, chloride impurities were
reduced on urea addition. In fact, an earlier study showed
similar nanostructured MH lamellae could be obtained from
lower concentrations of the same reactants without the use
of urea (or other structure directing additives).'®

Although surfactant-free syntheses are environmentally
favourable, there is no doubt that a very high level of control
over size and morphology of nanomaterials can be achieved
when employing surfactants, dispersants and surface modi-
fiers in precipitation processes. Over a decade ago, Lv et al.
were able to produce MH nanoparticles with three different
morphologies exploiting the precipitation process of a mag-
nesium precursor species (MgCl,-6H,0) in the presence of
different complex dispersants and surfactants.’® In their
comprehensive study, they also studied the influence of syn-
thesis parameters such as temperature, concentration and
type of precipitating reagent (NH,OH, NaOH). A multitude of
additives were investigated; gelatin, lauryl sodium sulfate,
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polyvinylpirrolidone, polyglycol ether, polysorbate 80, polyvi-
nyl alcohol, sodium polymethacrylate and polyacrylamide. By
tuning the various reaction conditions, it was possible to ob-
tain needle-, lamellar- and rod-like nanoparticles selectively.
Although the selection of complex dispersant/surfactant was
instrumental in checking growth and controlling size distri-
bution, the alkali solution concentration appeared to be more
important in controlling morphology. The use of lower con-
centration aqueous ammonia (5 wt%) promoted the forma-
tion of 1D structures, whereas a higher concentration (25
wt%) promoted the formation of lamellae. It was proposed
that the polymer dispersants exert more structural control at
the lower NH;(aq) concentration, anisotropically limiting the
growth of crystal nuclei resulting in needle-like particles
which became rods when ammonia was added at a much
slower rate. At the higher NH;(aq) concentration, the struc-
ture directing effect of the dispersants was less significant
and crystal nuclei agglomerate and form lamellar-like
particles.

Morphological selectivity was also achieved in the pres-
ence of magnesium stereate (MgSA) as a surfactant, although
as in the example above, the two different observed morphol-
ogies of MH (lamellar and rod-like particles) were more likely
determined by other factors.>® Magnesium(n) sulfate and
NaOH solution were used to coprecipitate MH in the pres-
ence of MgSA. Notably, it was only possible to move from
growth of MH lamellae to rod-like MH crystals when
copper(n) salts were added. The premise was presented that
similarly sized Cu** could partly replace Mg>" within individ-
ual octahedra in the MH structure during crystallization. It
was proposed that adding Cu** (0.4 mol%) into magnesium
salt solution moderates growth in specific directions to form
rod-like nuclei, which evolve into rod-like crystals. NaOH con-
centration, reaction time and temperature were also deemed
significant (by increasing the temperature from close to 0 °C
through 50 °C to 80 °C, the morphology switched from lamel-
lae to rods back to lamellae) mediating the kinetics of Cu**
diffusion. Ultimately, the role of Cu(u) salts in the growth
mechanism is unresolved and whether Cu** is included in
the MH crystal structure, for example, is unclear.

Octadecyl dihydrogen phosphate (ODP) was proposed to
check crystal growth by surface modification.>® In a simple
one-step wet precipitation process, Mg(OH), nanoparticles
were prepared from magnesium chloride hexahydrate, so-
dium hydroxide and ODP. ODP was proposed to engender hy-
drophobic (001) surfaces and thus restrict the crystal growth
in the ¢ direction. Lamellar nano-Mg(OH), plates synthesised
in the presence of ODP grew with an average lateral dimen-
sion of 60 nm and an average thickness of ca. 35 nm whereas
an average lateral dimension of 130 nm and an average thick-
ness of ca. 20 nm predominated when no surface modifier
was employed. Similarly sodium dodecyl sulfate (SDS) and
monoalcohol ether phosphate (MAP) (2:1 by weight) were ap-
plied as surface-modifiers in an MH co-precipitation starting
from magnesium nitrate hexahydrate and NaOH.>® Addition
of SDS/MAP in different amounts from 0.0 to 1.0 wt% had
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positive effects on the MH dispersion properties in liquid
paraffin with an optimal suspension volume obtained for 0.2
wt% of SDS/MAP. All Mg(OH), particles formed hexagonal
plates, but the surface-modified nanocrystals were notably
smaller in lateral dimensions (across the face of each plate).
Polymeric surfactants might be expected to have an even
more pronounced effect on constraining crystal growth. PEG
is a widely-used surfactant with properties that can be tuned
via the molecular weight of the polymer. Wang et al. utilised
PEG 400 in the synthesis of MH nanoplates (to be used as a
precursor to nanostructured MgO). MgCl,-6H,0 was com-
bined with ammonium hydroxide as a precipitating agent
and PEG 400 as a non-ionic surfactant.'” Plates of 10-20 nm
in thickness could be produced but were found to agglomer-
ate in large clusters and it was postulated that this was due
to the relatively low molecular weight of the PEG, which was
not very effective in capping the MH particles. A later study
explored the effect of using higher molecular weight PEG
12000 in the synthesis of MH nanoparticles (also using magne-
sium chloride hexahydrate as the magnesium precursor and
aqueous ammonia as the precipitating agent).”” It was found
that unlike PEG 400 in the earlier study, PEG 12000 influ-
ences both the size and morphology of the synthesised nano-
crystals. Close to room temperature (20 °C, 40 °C) needle-like
MH nanocrystallites are formed whereas once the reaction
temperature is raised to 60 °C or 80 °C, lamellae form selec-
tively. It was postulated that the binding of the PEG 12000 to
the MH particles changes with temperature favouring either
1D or 2D growth depending on to what crystal surfaces the
polymer preferentially adsorbs. In 2013, Pilarska et al. further
investigated the effect of PEG molecular weight on the syn-
thesis of nano-MH (from MgSO, and NaOH), comparing PEG
200, 8000 and 20000 respectively at concentrations of 1, 2
and 5 wt% each.”® Modification of the PEG molecular weight
and concentration had no obvious effect on the shape of the
crystallites; platelets were obtained in all cases. Modifying
the surfactant concentration did affect the dispersity how-
ever, and an optimum concentration of 2% wt of PEG 200
produced hydrophobic nano-MH plates 28-79 nm across with
a BET surface area of 131 m> g™". The degree of coverage of
the MH surface with PEG was suggested to decrease with in-
creasing PEG molecular weight. However, it is worth noting
that all the syntheses in this study were performed at 80 °C
and so consistent with previous work,">*” if PEG is adsorbed
on (001) faces then Mg(OH), nanoplates are preferentially
formed. Intriguingly, the use of PEG-1000 was also argued as
a means to obtain Mg(OH), nanotubes from magnesium
chloride hexahydrate and ammonium hydroxide.”® In the ab-
sence of HRTEM images and further characterisation, the
MH nanotubes (with an estimated inner diameter of 6-34
nm and lengths of 63-200 nm) are difficult to discern, but
were synthesised only when 2.5 wt% of PEG 1000 was used in
the liquid phase reaction system. Lower concentrations of
PEG 1000 led to lamellae (2 wt%) whereas needles were
obtained at much higher concentration (3.5 and 4 wt%).
Overall, there appears to be a fine balance between 2D and
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1D growth with the use of PEG and the preferred morphology
is likely very sensitive to PEG molecular weight and reaction
temperature (which could, in turn, fragment PEG when in-
creased significantly above ambient).

In a variation on the above methodology, polymers have
been successfully employed post-synthesis to improve
dispersiblilty of nano-MH still further.®® Magnesium hydrox-
ide nanoparticles with a mean particle size of 100 nm were
first obtained from MgSO, and NaOH using oleic acid (OA)
as a structural modifier and to make the MH surface
lipophillic. Polymethyl metacrylate (PMMA) (prepared in situ
using poly(N-vinyl-2-pyrrolidone) (PVP) and monomeric
methyl metacrylate (MMA) with azoisobutyronitrile (AIBN) as
an initiator) was grafted onto the OA-rich surface of the nano-
plates to form hydrophobic nano-MH lamellae. Hence in this
two-step process, initially -OH groups on the MH surface are
replaced by the acidic COO- functionality of OA and subse-
quently the alkyl chains from the affixed OA is incorporated
into the PMMA backbone. The MH dispersibility in water is
improved considerably as a result; untreated MH phase-
separated instantly while PMMA-grafted MH remained dis-
persed in water for 30 days.

Other synthetic routes

Aside from solvothermal and precipitation methods, a num-
ber of other synthetic techniques have been explored for pro-
ducing nanostructured magnesium hydroxide of controlled
size and morphology. Although some of these techniques
might lack the simplicity of the above solution-based
methods, in many cases experiments have led to unexpected
and intriguing outcomes and can provide further insight into
nano-MH growth mechanisms. Among these alternative ap-
proaches are electrodeposition, liquid-solid arc discharge
and pulsed-laser ablation. Progress has also been made in
demonstrating how solution-based flow processes can be
scaled up towards commercial production of nano-MH.
Deposition of metal hydroxides such as Ni(OH), and
Mg(OH), by cathodic reduction of chlorides, for example (in
the hydrogen evolution reaction; HER) has been known for
some time.®"*> Micron-thick coatings of Mg(OH),, for exam-
ple, can be deposited on stainless steel electrodes under ba-
sic conditions from reduction of aqueous Mg(NO;),.** The
films become thicker with increasing deposition time, cur-
rent density and nitrate concentration and consist of charac-
teristic MH nanoplates (ca. 13 nm thick) that grow with their
hexagonal faces approximately perpendicular to the stainless-
steel substrate. Following a very similar method, porous films
composed of MH nanoplates could also be deposited on to
indium tin oxide (ITO)/glass cathodic substrates.®® Interest-
ingly and perhaps counter-intuitively, if a structure-directing
agent (chelating species; sodium acetate) is added to the
electrochemical system, deposition of clusters of “hierarchi-
cal” structures are formed.®® These flower-like objects are
formed from the agglomeration of individual MH nanoplates
and grow on layers of existing deposited - more aligned -
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MH films. The number of these clusters increases with depo-
sition time. For a fixed time, increasing the acetate concen-
tration also encourages cluster growth and leads to less uni-
form films.

Fascinatingly liquid-solid arc discharge produces 1D MH
nanostructures, yielding nanorods with a diameter of ca. 10
nm and lengths up to 250 nm.*® The method is based on the
discharge between two magnesium metal strips, immersed in
a NaCl solution, to which a voltage between 50 and 200 V
was applied for set periods of time. The heat generated in the
process melts the magnesium strip such that the MH product
is distributed throughout the NaCl solution. The proposed re-
action pathway involves the formation of a colloidal Mg solu-
tion from the metal, followed by oxidation to Mg>" cations
and finally the growth of magnesium hydroxide nanorods. Al-
though the length of the rods (and therefore the aspect ratio),
can be increased by extending the discharge time, the under-
pinning 1D morphology of the synthesised Mg(OH), nano-
rods does not change. This would suggest that the MH mor-
phology is determined in the very early stages of the reaction
(and is quite possibly stimulated by the structure of the rap-
idly solidifying Mg colloidal particles).

In a similar vein, Liang et al. took magnesium metal plate
immersed in distilled water (with or without the presence of
SDS as a surfactant) as the basis of a synthesis configuration,
but in this case pulsed-laser ablated the plate.®” By varying
the reaction conditions and amount of surfactant, it proved
feasible to obtain wormhole-, tube-, rod- or platelet-like nano-
particles selectively. Further, the authors proposed a multi-
step mechanism of crystal growth which starts with the for-
mation of Mg species induced by the laser (initially as a
plasma plume above the surface of the metal), followed by
their almost instantaneous reaction with water to form
Mg(OH),. The growth of the nanostructured crystals is then
principally directed by the surfactant and the selective forma-
tion of 1D vs. 2D structures is extremely sensitive to the con-
centration of SDS; low concentration favours growth of nano-
rods while increasing the proportion of SDS leads to
nanoplates.

Finally, Li et al. demonstrated how a series of flow reac-
tors can be designed to produce hexagonal nanoplates of
nano magnesium hydroxide using cheap raw materials.®®
Crude calcined magnesia (MgO) was reacted with nitrogen
fertiliser ((NH,),SO,) in the presence of two different surfac-
tants, gelatin and polyvinyl alcohol. The surfactants were
added primarily to avoid aggregation of the nanoparticles in
micrometric clusters. The reaction proceeds in 2 steps
whereby ultimately gaseous ammonia is bubbled through an
aqueous solution of magnesium sulfate (eqn (5) and (6)):

MgO + (NH4)ZSO4 e MgSO4 + 2NH; + H,0 (5)
MgSO, + 2NH; + 2H,0 — Mg(OH), + (NH,4),SO, (6)
Both pH and the surfactant concentration had an impact

on the morphology of the synthesised MH: surfactant-free re-
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actions at high pH resulted in the formation of flower-like
clusters, whilst at lower pH and in the presence of surfactant,
discrete hexagonal platelets were obtained. It was highlighted
that aside from the direct influence of the surfactant, the pH
is extremely important in the process; by exceeding the iso-
electric point of Mg(OH), in water (pH 12) it was possible to
positively charge the surface of the nano-MH, facilitating the
adsorption of the negatively charged surfactant and thus
preventing aggregation.

Applications of nanostructured
Mg(OH),

The alkalinity, hydrophilicity, thermal stability and low toxic-
ity of magnesium hydroxide has facilitated its application in
numerous fields. Traditionally, MH has been widely applied
as a non-toxic flame retardant, as an acidic waste neutraliser,
as a pharmaceutical excipient and as a precursor to magne-
sium oxide, MgO, which is widely used in catalysis and as an
adsorbent.®'*'>'* A comprehensive review of the properties
of magnesium hydroxide has been published recently and
the reader is directed to this text for a more complete de-
scription of the many applications of the bulk material.*® As
has been discussed in previous sections, advances in the con-
trolled synthesis of nanostructured magnesium hydroxide
and in the techniques required to characterise them offer
new possibilities in terms of applications, particularly when
one considers the range of available nanoscale morphologies
(from platelets through needles, rods and tubes to hierarchi-
cal structures and films). In this section, we focus both on
how specific nano-morphologies can enhance the “tradi-
tional” properties of MH and on how such nanomaterials can
be exploited in new directions.

The low flammability, non-toxicity, low cost and high
abundance of MH have long been qualities that have assured
its dominance as a flame-retardant filler. In a nanostructured
form, the material becomes even more attractive given the
potential of enhanced surface area and excellent dispersion.
One of the first examples of using nano-MH in composites as
a flame retardant was reported in 2003.”° Needle-like and la-
mellar nanostructures were synthesised via a surfactant-
mediated solution method (using PVP as a surfactant) and
blended with ethylene-vinyl acetate (EVA) copolymer by mill-
ing and hot pressing as 3 mm-thick sheets. The replacement
of micrometric (2-5 pm) inorganic material in an MH/EVA
composite with nanometric MH (as needle-like nanoparticles
with 3-6 nm in diameter and 50-100 nm in length) showed a
significant improvement in the flame-retardant properties as
evinced by measuring the limiting oxygen index (LOI; a value
of 38.3 for the nano-MH/EVA as opposed to 24 for the com-
posite containing micron-sized MH). This enhancement was
attributed to the high dispersion of MH nanoparticles in EVA
matrix, leading to a more compact char after burning, which
could block the flow of gas molecules during combustion. A
similar example of compact char formation was observed
when lamellar MH nanoparticles (ca. 350 nm in diameter

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ce01570d

Open Access Article. Published on 03 Oktoba 2017. Downloaded on 22/10/2025 00:05:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

and ca. 50 nm in thickness) were embedded in an EVA matrix
(and to which small concentrations of microcapsulated red
phosphorus were also added).”* Composites with MH nano-
particles again demonstrated considerably better LOI values
than micrometer size MH for all loading levels. Moreover, the
tensile strength of the nano-MH/EVA composite was also
improved.

More complex, flame-retardant ternary nano-
composites in which nano-MH was combined with various
polymers (EVA or polyamide 6; PA) and crosslinked rubbers
(acrylonitrile butadiene latex or carboxyl acrylonitrile butadi-
ene latex) were investigated by Gui et al. in 2007.”> The flame
retardancy was measured in terms of the heat release rate
(HRR) and the time to ignition (TTI) and the new ternary
composites outperformed composites without nano-MH in
terms of HRR, TTI and thermal stability. As with bulk
Mg(OH),, it was postulated that the nano-MH restricts the
combustion of the polymers (normally generating highly
flammable decomposition products) due to its endothermic
decomposition (cooling the condensed phase) and the con-
current release of water. The disperse distribution of nano-
MH within the ternary composite expedites this process. It
was also proposed that the resulting MgO crust that forms af-
ter combustion can protect the underlying polymer from ex-
ternal heat.

By a slight extrapolation, nano-MH particles can also be
embedded in an epoxy matrix and there are several examples
of the flame-retardant performance of these types of compos-
ites and how they compare to equivalents using micro parti-
cles of MH. One such example involves the preparation of a
composite containing epoxy resin (a diglycidyl ether of
bisphenol-A) and nano-MH that had been surface-modified
post-synthesis with y-aminopropyltrietoxysilane (y-APS) to im-
part hydrophobicity.”® Both heat release rates and the total
heat released were improved compared to composites formed
with micro-MH, as also were the mechanical properties. Simi-
lar flame-retardant nanocomposites can be produced using
surface-modified MH nanorods synthesised in a supercritical
hydrothermal flow process, for example.*’

In an environmental context, magnesium oxide, magne-
sium hydroxide and various magnesium salts have been used
for many years as acidic waste neutralisers, particularly for
the removal of liquid pollutants and as adsorbents for water
purification. Among recent examples, MH has been used with
kaolin as a coagulant agent to remove reactive dyes from
wastewater, as an adsorbent supported on granular activated
carbon (GAC) to remove cadmium(u) ions from aqueous solu-
tion, with bentonite as an adsorbent to remove phosphate
ions and as a supported adsorbent for defluoridation of
groundwater.”*””” The addition of MH to the clays above, for
example, appears to increase the specific surface area and
incorporating Mg(OH), in GAC is an improvement over GAC
alone in terms of Cd(u) removal from aqueous solution. How-
ever, the effect of nanostructured MH in comparison to
micron-scale or bulk MH particles for water purification has
not been studied in detail. Indeed, in some cases, such the

novel
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defluoridation example above, MgO appears to outperform
MH.

Development of new chemical sensors is an important
area of current research and MH nanosheets have recently
been proposed for the fabrication of highly efficient chemical
sensors for ethanol."*’® MH nanosheets were deposited as a
slurry (with butyl carbitol acetate) on a glassy carbon
electrode and used in a 2-electrode system with Pd wire as a
counter electrode, 0.1 M phosphate buffer solution and 0.1
UM to 1.0 M concentrations of ethanol. The fabricated sensor
is proposed to function in a similar way to a semiconducting
device such as a nanocrystalline Sm-doped Co;0,-coated sil-
ver electrode reported previously.”® Oxygen atoms adsorbed
on the nano-MH surface are proposed to transiently convert
into anions (0®>” and O7) after extracting electrons from the
surface (while also generating holes which participate in the
ethanol sensing mechanism). Initially, this process leads to a
decrease in the conductivity of the MH nanodiscs and a re-
duced current. Subsequently, however, ethanol present in so-
lution is converted to CO, and H,O in the presence of the
adsorbed O™ species with the generation of electrons. These
electrons, it is suggested, enter the empty conduction band
of the Mg(OH),, increasing the conductivity of the electrode
and increasing the current. Given the dependence of the con-
duction mechanism on the adsorbed species, the surface area
and dispersity of the deposited Mg(OH), is likely to be influ-
ential. Although the validity of the mechanism for Mg(OH),
requires some further corroboration, measurements indicate
that a sensor based on MH nanosheets has a superior sensi-
tivity (6.89 + 0.01 uA cm > uM ") to equivalent devices fabri-
cated from ceria, copper(u) oxide or Ni-doped SnO, and a
competitive lower detection limit (73 nM).

One emerging application that very much relies on the
properties of magnesium hydroxide at the nanoscale is its
use as a non-toxic antibacterial agent. MH nanoparticles were
found to be effective against Escherichia coli (E. coli) and
Burkholderia phytofirmans in suspension.®* However, neither
the OH™ nor the Mg”" ions in the MH-water suspension were
found to be directly responsible for killing the bacteria. Two
possible mechanisms were proposed: in the first it was
claimed that direct penetration of MH nanoparticles into the
cell wall occurred, destroying the structure of proteins and
leading to membrane damage and consequent cell death. In
the second proposed mechanism, it was contended that ad-
sorption of moisture occurred on the surface of the MH
nanoparticles, forming a meniscus around the particles due
to capillary condensation. The pH of this thin water menis-
cus could be much higher than its equilibrium solution and
once in contact with the bacteria, this meniscus could dam-
age the membrane leading to the death of the cells. In 2013,
Pan et al. studied the antibacterial action of specific MH
nanostructures on E. coli.'® Three slurries were obtained
using different magnesium precursors: MgCl, was
coprecipitated with NaOH under ambient conditions; MgSO,
was reacted with ammonia at room temperature; while MgO
was reacted with water at 600 °C for 2 h, quenched and aged
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for 24 hours while stirring. The SEM images of the samples
show clear differences in the resulting morphology that are
dependent on the magnesium precursor (Fig. 11). Although
all each hydroxide sample was composed of crystalline plates,
their size and distribution was synthesis-route dependent.
The coprecipitation using MgCl, with NaOH led to ag-
glomerated nano-flakes, while ammonia treatment of MgSO,
produced flower-like clusters of platelets and hydrothermal
synthesis with MgO created larger hexagonal nanoplates re-
spectively. The antibacterial mechanism of nano-MH was pro-
posed to comprise 2 steps: 1) positive charged nano-MH par-
ticles adsorb on the negative charged bacterial surface by
charge attraction; 2) the adsorbed MH nanoparticles destroy
the integrity of cell walls, resulting in the subsequent death
of the bacteria. One of the most interesting conclusions from
this study concerned the morphology-dependence of the
nano-MH antibacterial activity (Fig. 12). SEM and zeta poten-
tial analysis revealed that the highest adherence ability was
observed for MH synthesised from MgCl, (“Mg(OH),_wgci2”)
with a morphology characterised by clusters of nano-flakes,
each <100 nm across and with positive surface charges. Con-
versely, MH synthesised by hydrothermal treatment of MgO
(“Mg(OH),_mg07), which formed as discrete hexagonal nano-
plates several hundred nm across with a negatively charged
surface, did not demonstrate any antibacterial efficacy since
only very limited adsorption on the bacterial surface was pos-
sible. Intermediate between these two extremes, MH
synthesised from MgSO, (“Mg(OH),_wmgsos”) Which existed as
flower-like clusters of plates with positively charged surfaces,
demonstrated some limited ability to adsorb at the E. coli cell
surface and to damage the bacterial cell membrane. In 2014,
the antibacterial behaviour of MH nanoparticles against E.
coli was revisited and a novel possible antibacterial mecha-
nism of MH nanoparticles was suggested by Dong et al®
They proposed that MH nanoparticles would directly enter
into the cell through endocytosis and accumulate in vivo

XRD pattern SEM image

azs "‘““‘
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Fig. 11 PXD patterns and SEM images for nano-MH synthesised from:
(@) MgCl, (b) MgSO4 and (c) MgO precursors respectively. Reprinted
with permission from X. Pan, Y. Wang, Z. Chen, D. Pan, Y. Cheng, Z.
Liu, Z. Lin and X. Guan, ACS Applied Materials and Interfaces, 2013, 5,
1137-1142. Copyright 2013 American Chemical Society.*®
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Fig. 12 Schematic depicting how the varying size and morphology of
nano-MH materials affects their interactions with bacterial cells.
Reprinted with permission from X. Pan, Y. Wang, Z. Chen, D. Pan, Y.
Cheng, Z. Liu, Z. Lin and X. Guan, ACS Applied Materials and Interfaces,
2013, 5, 1137-1142. Copyright 2013 American Chemical Society.'®

upon contact with a bacterial cell. Then, the MH nano-
particles would unavoidably dissolve in the water content in-
side the cell (70%) leading to OH™ release until an equilib-
rium is reached (pH of 10). Thus, the intracellular high pH
would lead to cell death.

Related also to its alkalinity, MH has found application
in paper conservation since its nanoparticles were found ef-
fective in the deacidification treatment and protection
against cellulose aging.'> The performance of MH nano-
particles synthesised from magnesium salts by precipitation
was compared with established deacidification methods
(such as the Wei t'O method based on the use of alkoxides
which are hydrolysed in situ and in a second step react with
CO, to form protective carbonate). MH nanoparticles
reported in this study were prepared simply by heating an
aqueous solution of Mg salt (either chloride, nitrate, sulfate
or perchlorate) with NaOH and the counter-anion of the re-
spective salts was discovered to be significant in governing
the size of the nanoplates so-produced. In fact, it was
commented by the authors that the particle sizes obtained
from the respective anions appear to evoke the Hofmeister
series; sulfate < chloride < nitrate < perchlorate, where
perchlorate increases the solubility of the solid (Mg(OH), in
this case) by weakening the hydrophobic effect and leads to
the largest particles. Although the mechanism for growth
control was not investigated in detail, parameters such as
the surface charge of the particles and the ionic adsorption
on the particle surface were thought to play a crucial role.
Numerous advantages were observed for the use of MH
nanoparticles over previous paper deacidification ap-
proaches; most significantly, impregnation of nano-MH in
paper results in a higher efficacy in the deacidification
treatment, which follows from a higher reactivity. The nano-
MH method is also evaluated to be easier, more economic

This journal is © The Royal Society of Chemistry 2017
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and less aggressive than the Wei t'O process and leads to
paper with a higher tensile strength.

As alluded to previously, one of the main applications of
MH is in its use as precursor to MgO which itself is used for
a wide variety of purposes due to its catalytic activity, flame
resistance, mechanical strength and dielectric resistance.
Nanostructured MgO presents a range of improved properties
compared to that of the bulk."””"®%"% Nanostructured MgO
has been used in optical materials and phase plasma display
technologies,®*® heterogeneous catalysis,*® environmental
remediation’”®” and medical products as bactericide.®® A
clear advantage in using nano-MH as a precursor for the syn-
thesis of nanostructured MgO is the pseudomorphic nature
of the reaction since the oxide retains the nanostructure of
the MH after dehydration.®

Among the most exciting applications of nano-MH are
those that have emerged directly from the nanostructuring of
the hydroxide and relate to its use in the production of ad-
vanced materials with enhanced properties. One example is
MH applied to polyurethane foams for sound absorption pur-
poses, where the MH particles are orders of magnitude
smaller than the majority of the foam pores.*” In fact, the
nano-MH was proposed to improve the sound absorption co-
efficient relative to the unfilled foam as a result of the crea-
tion of partially open pores and due to “synergistic mecha-
nisms of wave damping by fillers and wave collisions through
various pores”. Another example is the use of nano-MH as a
filler in combination with starch as a matrix to form poly-
meric bionanocomposites applicable as non-toxic and
environmentally-friendly food packing materials.”® The use of
the nano-MH filler could considerably improve the tensile
strength and elastic modulus of the matrix as well as also im-
proving the thermal stability. Related is the rise of nano-MH
in biomedical applications such as biodegradable implants.”*
The biodegradable and biocompatible nature of MH is an ob-
vious advantage in such applications and with surface modi-
fication of MH by oligolactide (OLA), it is possible to prepare
extremely effective biocomposites in combination with poly(r-
lactide) (PLLA). The MH-OLA-PLLA composite carries two
main advantages: First it can nullify the body's inflammatory
response to PLLA by neutralising the acids generated from
the hydrolysis of ester bonds and second it can improve the
mechanical properties of the proposed implant. Polymeric
composites have also proved important for water purification.
Given a superior chemical and oxidation resistance coupled
with good mechanical and thermal stability, poly(vinylidene
fluoride) (PVDF) has been widely exploited as a membrane
for various types of filtration. PVDF, however, is hydrophobic
and susceptible to membrane fouling, which can result in
considerable flux losses. Inorganic additives have shown the
ability to counter these fouling effects and nanostructured
Mg(OH), was demonstrated to reduce fouling without a re-
duction in flux, principally by changing the membrane from
hydrophobic to hydrophilic.”> The porosity of the membrane
could be maintained as long as the MH filler was effectively
dispersed and surfactants (such as PEG) were found to be im-
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portant in ensuring a good level of dispersion. Finally and
looking forward to future possibilities, as can be seen from
the above, most existing applications of nano-MH rely on its
structural or chemical properties. Its functional (e.g.
electronic) properties remain essentially under-explored and
unexploited. One new computational study suggests that if
one could develop synthetic methods to make particles of
MH small enough, then it should be possible to isolate me-
chanically stable nanoclusters (with shear moduli similar to
the bulk) with reduced interlayer binding energies and band
gaps approximately 3 eV smaller than the bulk material.”

Conclusions and final remarks

In summary, a vast range of synthetic approaches for yielding
nanostructured magnesium hydroxide have been reported
based on a much smaller number of dominant underpinning
reaction procedures (which can be summarised as hydrother-
mal/solvothermal treatments, microwave heating and precipi-
tation methods). Mg(OH), (brucite) crystals tend to form as
large, hexagonal plates by default. However, the size and
morphology of the crystalline material from 2D nanostruc-
tures such as hexagonal platelets and sheets to 1D configura-
tions such as rods, needles and hollow tubes can be modified
by accessing and selecting an array of experimental variables
including the source of magnesium, solvent, temperature,
pressure, use of templating agents/surface modifiers, aging
conditions and pH. To some extent, the relative importance
of these variables depends on the synthesis technique
employed, but there are nonetheless some underlying princi-
ples that are likely to influence the nano-MH growth mecha-
nism more generally.

In the case of hydrothermal/solvothermal methods, the
solvent/solution itself unsurprisingly plays a major role in the
determination of the nature of the crystalline products. By
employing solvents/templating agents such as en, en-H,O,
diaminohexane, pyridine or hydrazine hydrate, the crystal nu-
cleation and growth are governed by the ability of these mole-
cules to act as ligands and form complexes with the Mg** cat-
ions supplied by the starting material. The type of
morphology obtained should therefore depend on the coordi-
nation behaviour of the respective ligands as well as the mag-
nesium salt/source employed (and indeed the morphology of
the source). However, the morphology of the product is often
dominated by the relatively harsh physical conditions of the
hydro/solvothermal process (temperature, reaction time, pH
of the solution) and when adding bases such as aqueous am-
monia, anisotropic growth-dissolution-reorganization pro-
cesses can be observed during solvothermal synthesis. Surfac-
tants undoubtedly have a major influence on the
solvothermal crystallisation process (discussed further below
for precipitation methods). Most commonly they dictate size
and dispersity rather than morphology, but in addition to
inhibiting the intergrowth of the particles they can also in-
hibit growth of individual particles selectively by adsorbing
to specific crystal planes. MW-assisted syntheses are typically
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variants of the conventional solvothermal approach, although
the different (dielectric) heating mechanism evoked in the
presence of polar solvents can drastically reduce reaction
times when compared to conventional solvothermal ap-
proaches. The mechanism of crystal growth proposed for
MW-assisted solvothermal synthesis follows a characteristic
dissolution-precipitation pathway followed by crystallite
growth. Principally, the use of MWs leads to much higher
rates of both heating and cooling. Magnesium hydroxide
nanoparticles are believed to form via intermediate Mg(OH)"
species.

In the case of solution-based precipitation and co-
precipitation methods performed at or close to room temper-
ature, the single most important factor in steering
crystallisation away from the “default brucite process” (to
hexagonal plates) is the employment of surfactants or other
surface modifiers/templates. In all cases, the morphology of
the (nano-)MH is extremely sensitive to subtle changes in sur-
factant/precipitation agent concentration. Other factors such
as temperature and reaction time can in turn influence
growth probably as a result of the effects of these physical
variables on the structure directing agent. From the body of
evidence, it would appear that at low concentrations, surfac-
tant preferentially adsorbs to the edges of a hexagonal MH
nucleus (seed). The ensuing growth is therefore one dimen-
sional (parallel to the longer crystallographic c-axis of the
hexagonal crystal structure) resulting in rods and needles, for
example. At higher concentrations (and/or in the presence of
polymeric surfactants with higher MW), surfactant predomi-
nantly adsorbs to the hexagonal faces (the ab plane of the
hexagonal MH structure) giving rise to 2D growth and plate-
lets that can exhibit large lateral dimensions, but that are of-
ten thinner than those grown at lower surfactant concentra-
tion (since growth along the c-axis in the <001> direction is
now inhibited).

The last two decades has seen considerable advances in
the study of the properties of magnesium hydroxide and the
implementation of the material for new applications. The
ability to modify MH at the nanoscale has been instrumental
in this renaissance. Control of particle size and dispersity has
had wide implications for performance in applications as di-
verse as flame retardants and antibacterial activity. That MH
is non-toxic, abundant and inexpensive is a major advantage
in terms of the commercial viability of materials. Ensuring
that production methods are economic while also being
energy-efficient and environmentally sustainable are funda-
mental to the adoption of nano-MH based products. If con-
tinuing momentum can be maintained in terms of reducing
MH particle size and prescribing precise MH morphology,
then even more opportunities await, not least in developing a
generation of new (multi)functional hydroxide materials.
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