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ndent and catalyst-free synthesis
of magnesium nanowires†

Haritha Vijayakumar Sheela, Vimal Madhusudhanan and Gopi Krishnan *

We report a catalyst free and substrate independent synthesis of magnesium nanowires using a simple

thermal evaporation method. The produced Mg nanowires have a size of 8–60 nm with a crystalline

MgO shell of �2–5 nm thickness. The synthesized nanowires grow along the [001] direction and

horizontal to the substrate. Moreover, from ex situ TEM investigation the various sequential stages

involved in the nanowire formation process were identified. The experimental outcome indicates the

sequential stages including (i) formation of Mg nanoparticles, (ii) coarsening of Mg nanoparticles to

microparticles via deposition diffusion aggregation (DDA) and the orientation attachment (OA) process,

and (iii) nucleation and growth of Mg nanowires. In depth analysis confirms two types of nanowires,

straight and serpentine-like, where the latter dominates as the holding duration/temperature of the

synthesis increases. The straight nanowires are formed by the direct attachment of nanodroplets from

the core to the surface and serpentine-like wires are formed on the surface of a microparticle which is

in a quasi-melted state. Moreover, nanowires were produced by confining the Mg vapour to the

substrate using a curved quartz bottle, thereby controlling the supersaturation in the absence of any

inert/reactive gas during the synthesis. Our synthesis method is cost effective and can be applied to

other low melting point elements for producing various nanostructures. Finally based on the

experimental results a possible growth mechanism is proposed.
Introduction

Magnesium (Mg), an environmentally friendly, low cost, light
and abundant element in the Earth's crust, is found to have
a wide variety of applications in areas like the automotive,
biomedical, aerospace industries, hydrogen storage and
batteries.1–9 Nanostructures of Mg are gaining a lot of interest in
the eld of energy storage10 and as nanoplasmonic materials.11

Synthesis of one-dimensional structures of Mg, including
columnar arrays of rods, blades and sea-urchin like structures,
was reported by adopting various PVD techniques like glancing
angle deposition, oblique angle deposition, vapour trans-
port,10,12,13 etc. Nevertheless, synthesis of Mg nanowires is least
explored to date. It is particularly very interesting for hydrogen
storage applications as reported both theoretically and experi-
mentally. Moreover a quantum chemical study on �1 nm thick
MgH2 nanowires has shown a reduction in desorption energy to
half of that of bulk MgH2, a lower desorption temperature of 287
K and an identical theoretical hydrogen storage capacity of 7.6
wt%.14,15 Interestingly, experimental investigations on thinner
Mg nanowires of size between 30 to 50 nm show a lower
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62
desorption energy and an improved absorption kinetics
compared to thicker nanowires of size varying from 150 to 170
nm, indicating the necessity for size reduction.16 However, size
reduction of Mg/MgH2 nanowires is considered as a great
challenge and not much research has been conducted yet. This
is clearly owing to Mg's high affinity towards oxygen, which can
lead to hollow MgO or MgO nanowire formation. On the other
hand, the direct synthesis of one dimensional MgH2 nano-
structures is possible; however, to create a possible interaction
of Mg (g) and H2 (g) generally a higher H2 pressure (�30 bar) is
required. Moreover such synthesis based on high pressure CVD
has resulted in the formation of MgH2 bres that show sizes in
the range of several hundreds of nanometres.17–19 Furthermore,
in the synthesis of Mg nanoparticles it was reported that
homogeneous nucleation of Mg is difficult and the presence of
trace impurities is necessary for the nucleation of Mg.20,21 All
these drawbacks make it difficult to synthesize the nano-
structures of Mg. Although there have been reports on the
synthesis of thicker Mg nanowires by PVD methods,22,23 there is
still a lack of complete understanding on the formation, growth,
control over the nanowire dimensions, effect of the substrate
and void formation during oxidation.

Mostly nanowires rely on growth mechanisms that are
assisted by a solid or a liquid catalyst, generally termed vapour
solid solid (VSS) and vapour liquid solid (VLS) growth mecha-
nisms.24 Though more focus has been placed on the nucleation
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Bright-field TEM images of Mg nanowires produced at an
evaporation temperature of 700 �C. (b) High magnification bright-field
TEM image of Mg nanowires. (c) HRTEM image of a single nanowire
showing the resolved (002) lattice; the inset shows the surface
reconstruction of the crystalline MgO shell under the electron beam.
(d) The SAED pattern of the sample.
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and growth of nanowires on a catalyst, there are plenty of
reports on other growth mechanisms which do not involve
a catalyst like the vapour-solid growth mechanism,25,26 where
the one-dimensional crystallization will be assisted by the
surface energy anisotropy of the crystal.27 Although there are
numerous reports on the synthesis of metal oxide nanowires by
the vapour solid mechanism, there are only a few reports on the
synthesis of metal nanowires by VS growth.28,29 Metal nano-
wires, having a great demand in areas like sensors, intercon-
nects, magnetic recording, catalysis, etc, mostly depend on
synthesis techniques like template assisted electrodeposition,
glancing angle deposition (GLAD) and chemical vapour depo-
sition (CVD) for the growth.30–32 There are some limitations or
shortcomings associated with these techniques, such as the
removal of templates, shadowing and contamination due to the
use of organometallic precursors. The use of a direct metal
powder as the source can prevent some of the issues; however,
conning metal vapor in the case of Mg (i.e., low melting point
elements) on to the substrate is a key limitation that has to be
overcome. Moreover, introducing the carrier gas during evapo-
ration of the metal powder is useful in controlling the super-
saturation but producing nanostructures of Mg that are
sensitive to oxygen will be challenging. Furthermore, this will
require an ultra-high vacuum based setup in order to prevent
the effect of impurities on nanowire formation, which will
increase the production cost. So, in this report we demonstrate
a simple and cost-effective thermal evaporation technique to
produce Mg nanowires via the vapour solid mechanism through
a catalyst free and substrate independent approach.33 Also, we
demonstrate a simple strategy by using a curved quartz bottle to
conne Mg vapour to control the supersaturation and deposi-
tion on to various substrates.

Results and discussion

Fig. 1(a) and (b) depict the bright-eld TEM images of Mg
nanowires that were produced at an evaporation temperature of
700 �C and deposited directly on a carbon coated copper TEM
grid. The deposited nanowires show a serpentine like appear-
ance as commonly observed for low melting elements, e.g. Zn
and Cd.28,34,35 Fig. 1(c) shows the HRTEM image of a Mg nano-
wire with a resolved interplanar distance (d) of 0.263 nm, which
matches with the (002) plane of Mg. Moreover, a crystalline MgO
shell of �3–4 nm thickness is observed in all the nanowires as
shown in Fig. 1(b) and the inset of Fig. 1(c) presents the
reconstruction of MgO, where the {220} plane of MgO trans-
forms into stable {200} planes in order to reduce its surface
energy under electron beam.36 The (200) plane of MgO has the
lowest surface energy compared to MgO (220). The formation of
the MgO shell occurs during its exposure to the outside atmo-
sphere and not during the synthesis as mentioned for gas phase
synthesized Mg nanoparticles.36 However the crystalline oxide
shell shows similarity to previously reported Mg nano-
particles.20,21,36 The formation of this self-limiting MgO shell
follows the oxidation mechanism that is well explained by the
widely accepted Cabrera–Mott theory for low temperature
oxidation.36–38 The selected area electron diffraction (SAED)
This journal is © The Royal Society of Chemistry 2019
pattern shown in Fig. 1(d) shows the characteristic reection of
HCP Mg and a faint MgO reection that are indexed to Mg
(JCPDS le 044-1288) and MgO (JCPDS le 019-0771). Mg
nanowires produced at 700 �C show a size range from 25 to 60
nm with an average diameter of 43 nm and a length of 1–2
micrometres. It is observed that nanowires align in-plane to the
substrate and grow in the [001] direction, as commonly
observed for the HCP crystal structure due to its anisotropy in
the C axis.35 Moreover; nanowires do not show any void
formation in the process of oxide shell formation.

Now in order to observe the effect of temperature and to
reduce the nanowire diameter and size distribution, we have
reduced the evaporation temperature to 600 �C. In contrast to
that observed in Fig. 1 this sample shows a uniform distribution
of short and straight Mg nanowires with an average diameter of
27 nm and a length less than 1 mm as shown in Fig. 2(a).
Moreover, it can be observed that the nanowires appear to be
free from void and hollow formation even when the size of the
nanowires has been reduced to less than 10 nm. Fig. 2(b) shows
a high magnication TEM image of a void-free Mg nanowire of
�8 nm diameter. This observation is in contrast to Mg nano-
particles that are prone to void and hollow formation as the size
of the particle decreases <10 nm.39 Furthermore, the HRTEM
image shown in Fig. 2(c) conrms the direction of growth along
[001] as the (002) basal plane of Mg was resolved. This also
conrms that the growth directions for both straight and
serpentine like nanowires produced at 700 �C and 600 �C are
similar. Moreover, the SAED pattern shown in Fig. 2(d) also
conrms the smaller size distribution of Mg nanowires from the
diffused nature of the pattern.
Nanoscale Adv., 2019, 1, 1754–1762 | 1755
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Fig. 2 (a) Bright-field TEM image of Mg nanowires produced at an
evaporation temperature of 600 �C. (b) Higher magnification image of
an �8 nm thick Mg wire. (c) HRTEM image of a single Mg nanowire
with the resolved (002) plane and (d) the SAED pattern of the sample.
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From Fig. 1 and 2 it can be observed that there is a consid-
erable effect of temperature on the synthesis of Mg nanowires;
more importantly, at 600 �C straight and short nanowires with
reduced diameters were observed. In order to understand this
difference in the formation of nanowires, we have performed ex
situ TEM analysis at the different sequential stages involved in
the synthesis of nanowires. When the holding time was reduced
to 1 minute at 600 �C, instead of Mg nanowires, Mg nano-
particles with sizes varying from 30 to 100 nm and with an
average size of 61.88 nmwere observed. These Mg nanoparticles
were also found to show a crystalline oxide shell of thickness
<�3 nm, similar to previously reported Mg nanoparticles.36

Fig. 3(a) shows the bright-eld TEM image of Mg nanoparticles
that were produced at 600 �C for 1 minute. It also shows that in
addition to nanoparticle formation there appears to be a coars-
ening of the nanoparticles to reduce the overall surface energy.
Moreover, due to the high mobility of Mg atoms a rapid coars-
ening of nanoparticles can easily occur at higher temperatures
(�100–150 �C). Fig. 3(b) and (c) shows the bright-eld TEM
images of Mg nanoparticle during coarsening/growth at other
regions of the grid. It can be observed that these smaller
particles are nally transforming into bigger Mg structures as
shown in Fig. 3(c). This difference in some regions of the grid is
due to the temperature difference that exists during the holding
duration on the substrate but most importantly it shows the
sequential transformation of Mg nanoparticles into micropar-
ticles before nanowire formation. Moreover, the coarsening of
nanoparticles clearly indicates that the oxide shell on these
particles is developing only when the samples are exposed to the
outside atmosphere. In contrast, if the oxidation of Mg was
initiated inside the furnace then the coarsening would have
stopped due to the presence of the oxide shell and microparti-
cles would not have formed. Subsequently from the images it
1756 | Nanoscale Adv., 2019, 1, 1754–1762
can be understood that once Mg vapour deposits on to the
substrate, the atoms nucleate on the substrate to form clusters
which further grow into small nanoparticles and nally trans-
form into a stable hexagonal prismatic shape as commonly
observed for Mg nanoparticles. The transformation of spherical
nanoparticles into hexagonal prismatic shaped particles is
governed by the HCP crystal structure of Mg as well as due to
surface energy minimization.40

This overall process can be understood by the deposition–
diffusion–aggregation (DDA) model for smaller particles,
orientation attachment (OA) for medium sized particles and
grain rotation coalescence (GRC) for bigger structures. Smaller
particles, once formed on the substrates or aer being depos-
ited directly on to the substrate from vapour, will try to aggre-
gate through the DDA process41 to form bigger nanoparticles.
Moreover, smaller nanoparticles (#5 nm) can easily diffuse on
the substrate to grow bigger as reported earlier for Mg at room
temperature.42 But in our case as the substrate temperature is
higher a high mobility of the particles can be expected. Also, the
growth of lower melting point elements (like Mg and Zn) on the
substrates is determined by the ratio of the substrate temper-
ature to the melting temperature, denoted as the homologous
temperature (Th). At an evaporation temperature of 600 �C and
a holding duration of 1 min, the homologous temperature is
calculated to be Th ¼ 373 K/923 K ¼ 0.40, which indicates that
the growth of Mg will come under the zone II in accordance with
the structural zone model and which in turn indicates a high
atomic mobility for the Mg atoms.13,43 Now once the particles
grow bigger, the diffusion of the particles on the substrate slows
down and the particles further grow by orientation attachment
(OA) as shown in Fig. S1 (ESI†), which clearly shows the orien-
tation attachment of two particles, and the HRTEM image
exhibits a mirror-like twin boundary that forms during particle
attachment in the (101) plane. This occurs by the coordinated
rotation of particles to attach in the particular orientation to
eliminate the particle interface and reduce the overall surface/
interface energy of the particles. Our observation shows
a certain similarity to previously reported coarsening of Mg
nanoparticles produced by the gas phase method at room
temperature;42 however, in our case the temperature is above
room temperature and formation of nanoparticles occurs on
the substrate.

To further investigate the effect of holding time on the
growth of particles into Mg nanowires, the holding duration is
increased from 1 minute to 2 minutes 30 seconds at the same
evaporation temperature of 600 �C. Once the holding duration
is increased to 2 minutes 30 seconds, the faceted Mg nano-
particles are completely absent and rather large Mg particles are
observed as shown in Fig. S2 (ESI†). Moreover, these Mg parti-
cles appear to be quasi melted or in the liquid state, which
could be due to a combined effect of (i) the increase in substrate
temperature, as a result of increased holding duration, and (ii)
the heat generated due to the reduction in surface energy/area
during the coarsening process. Moreover, from Fig. S2 (ESI†) it
can be noticed that there is also nucleation of nanoparticles on
the core/surface of the microparticles, indicating high degree of
supersaturation on the substrate for the nucleation of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a, b and c) The bright-field TEM images of Mg nanostructures in different regions of the TEM grid at an evaporation temperature of 600 �C
for a holding duration of 1 minute. (d, e and f) The different growth stages for straight Mg nanowires at an evaporation temperature of 600 �C for 5
minute holding duration. (g) The bright-field TEM image of Mg nanowires at an evaporation temperature of 600 �C with a holding duration of 15
minutes; the circles indicate the growth of straight and serpentine like nanowires. (h and i) The growth stages of serpentine-like Mg nanowires at
an evaporation temperature of 700 �C. The inset shows a particle in an earlier stage trying to transform into nanowires.
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nanoparticles. Furthermore, when the holding time is increased
to 5 minutes, growth of Mg nanowires is observed as shown in
Fig. 3(d)–(f).

From Fig. 3 it can be seen that the nanowires are formed
from the bulk of the microparticles and the complete trans-
formation of microparticles into nanowires is not yet nished;
moreover, a closer inspection of the TEM images conrms that
the wires have a diameter range from 8 to 20 nm. Although the
formation of straight Mg nanowires starts to appear at 5
minutes of deposition the serpentine like nanowires are still
absent. Now in order to observe this transition, we again
increased the holding duration to 15 minutes and as shown in
Fig. 3(g) serpentine like Mg nanowires were observed in addi-
tion to straight wires and they grew from the surface of the
particles unlike straight nanowires that grew from the core of
the particles. Furthermore, as the evaporation temperature was
increased to 700 �C, only the growth of serpentine like Mg
nanowires was observed and it was only dominant on the
surface of the microparticles as seen from Fig. 3(h) and (i).
Subsequently, the complete transformation of microparticles
into nanowires at 700 �C is reected in Fig. 1. Finally, these
observations indicate that the formation processes and growth
of these two types of nanowires are completely different.
This journal is © The Royal Society of Chemistry 2019
In order to understand this difference in growth, we have
evaporated Mg at 600 �C and deposited it for 3.5 minutes. From
Fig. 4 it can be seen that the straight nanowires are growing by
the attachment of nanoparticles. A closer look at the high
magnication HRTEM images shown in Fig. 4(b) and (c)
conrms that this is not similar to the orientation-attachment
of particles that is commonly observed for the growth of
nanowires. Moreover, the nanoparticles observed here are in
the liquid state, so called nanodroplets, and the growth of the
nanowires takes place by the attachment of the droplets on top
of each other. Furthermore, from Fig. 4 it can be observed that
these individual nanoparticles which are aligning to form
nanowires have an oxide shell. This provides an indirect
evidence that the droplets are attaching to form nanowires and
the droplets that are not completely merged into wires develops
an oxide shell during outside exposure. Other evidence that we
could nd in support of the above observation is that once the
substrate is moved 1 cm towards the hot zone of the furnace
from the current position the particles appeared to be
completely hollow as sublimation of the nanoparticles occurs.38

Besides this, during the formation of nanowires these particles
are trying to align in the direction of nanowire growth as shown
in Fig. 4(b), which also indicates that these particles are
Nanoscale Adv., 2019, 1, 1754–1762 | 1757
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Fig. 4 (a and b) The bright-field TEM images of Mg nanowires, showing particle attachment growth at an evaporation temperature of 600 �C. (c)
Corresponding HRTEM image showing the particle attachment.
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nanodroplets. Moreover, the nanodroplets aer attachment
grow into bigger droplets and try to get aligned in the one-
dimensional form to merge in the process of nanowire forma-
tion. However, in the case of serpentine-like nanowires, the
growth tends to occur from the surface and in comparison the
length also appears to be longer. A closer inspection of the TEM
images shown in Fig. 3(h) and (i) reveals that the whole
microparticles are transforming into nanowires and the particle
seems to be completely transformed into the liquid state.
Simultaneously the liquid Mg acts as a source for the growth of
Mg nanowires. Furthermore, with an increase in temperature
the mobility of Mg is also simultaneously increased, and the
nanowires appear to be serpentine-like and grow uniformly
throughout the sample.

Now in order to eliminate the effect of the substrate on the
nanowire formation and to show that this mechanism is of
substrate independent nature, we have deposited the nanowires
on stainless steel foil at an evaporation temperature of 700 �C.
Fig. 5 shows the SEM images of both types of nanowires, similar
to our previous observation on a carbon coated copper grid.
Moreover, this observation is contrary to previously reported
papers16,22,23 which state that nanowires could be only deposited
Fig. 5 (a) The SEM image of Mg nanowires deposited on stainless steel
shows a single particle that is in the process of transforming into nanow

1758 | Nanoscale Adv., 2019, 1, 1754–1762
on a stainless steel mesh and not even on stainless steel foil.
Also, it was mentioned that the deposition on any other
substrates was difficult and unsuccessful.23 However in our case
in addition to stainless steel foil we were able to produce
nanowires on a quartz substrate and Pd coated grids, indicating
that the growth of the nanowires is independent of the substrate
and the presence of rough surfaces/nanopits is not a prerequi-
site for the growth of Mg nanowires. More importantly we were
able to deposit Mg on various substrates by employing a curved
quartz bottle with a neck region that allowed us to conne and
control the vapor. Interestingly, on a occasions we also see the
growth of particles and a few nanowires on the copper edge of
the grid, where the rough surface of the copper acts as a nucle-
ation centre for the growth.

From Fig. 1–5 as illustrated earlier, the formation and
growth of nanowires appear to be dominated by homogeneous
nucleation and totally dependent on the high degree of super-
saturation conditions. However, the effect of heterogeneous
nucleation and impurities on the nucleation of nanowires
cannot be completely neglected. Moreover, Mg has a nucleation
issue and homogeneous nucleation is difficult; therefore,
mostly heterogeneous nucleation and impurities like oxygen,
foil and (b) high magnification SEM image of the nanowires. The inset
ires.

This journal is © The Royal Society of Chemistry 2019
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carbon and hydrogen that react to formMg-X species can favour
the nucleation process.20,21 In order to understand the stability
of Mg nanowires and to show the effect of impurities/vacuum
conditions on the growth and formation of the Mg nanowires,
we have reduced the pumping duration and thus increased the
pressure of the setup. More importantly the idea is to increase
the partial pressure of impurities inside the setup without the
introduction of carrier gases. Fig. 6 shows the TEM images of
nanowires of size between �8 and 15 nm grown at 700 �C and
10�3 mbar. It can be observed that growth of nanowires starts
from the surface of the particles and the length of the produced
nanowires is also longer. This observation is different from the
earlier discussed nanowires shown in Fig. 1–5 which were
produced at 10�6 mbar. Moreover, a more uniform nanowire
growth on the surface of the particles can be seen; however, in
addition the presence of voids can be observed as well, which is
due to (i) the increase in oxygen partial pressure under these
conditions or (ii) the size reduction of the produced nanowires,
where voids develop due to the oxidation assisted Kirkendall
effect during oxide shell formation. Interestingly the nanowires
formed at 10�6 mbar in a similar size regime do not show any
void formation, indicating the role of oxygen partial pressure at
10�3 mbar in the formation of voids. Nevertheless, under the
same conditions the number of nanowires formed and growth
have increased which can be attributed to the presence of
impurities that favour the nucleation of Mg at the surface. More
preferably it can be argued that it is the oxygen that favours the
formation of Mg nanoparticles due to its high reactivity with
Mg, which allows the formation of stable Mg–O dimers during
the nucleation process on the surface of the microparticles.20

Other impurities unless supplied continuously cannot favour
the complete nucleation of particles as mentioned in our earlier
articles.20,21 In spite of this difference in observation a more
detailed study using a controlled introduction of oxygen is
necessary in the future for a quantitative understanding of the
same.

In addition, the other difference to observe is that the
microparticle does not seem to be in the melted state as
Fig. 6 (a) Bright-field TEM image of Mg nanowires formed at a pressure
nanowire representing the void formation.

This journal is © The Royal Society of Chemistry 2019
observed at 600 �C and 700 �C at 10�6 mbar. This can be
understood by the fact that under low vacuum conditions (10�3

mbar) the melting of the microparticles does not occur, which
also restricts the formation and growth of the nanowires to the
surface alone and a complete transformation of microparticles
into nanowires is not possible. Since the partial pressure of
oxygen should be higher under low vacuum conditions, the
nuclei density on the surface of the particle increases naturally,
which in turn reduces the diameter of the nanowires formed on
the surface. Subsequently also, from Fig. S3 (ESI†) it can be
observed that the growth of nanowires is by the attachment of
smaller nanoparticles at the surface.

Furthermore, a complete understanding on the formation
and the growth of Mg nanowires can only lead to a complete
control over the nanowire dimensions. In our case, the absence
of a catalyst tip eliminates the conventional growth mecha-
nisms that are assisted by a liquid or a solid catalyst, like the
VLS and VSS growth mechanisms. In addition, the lack of
continuous supply of oxygen, absence of screw dislocations and
nature of the metal source also eliminate other growth mech-
anisms e.g. oxide assisted, screw dislocation assisted, solid
diffusion, etc.44,45 Our experimental investigations clearly elim-
inate the substrate dependency along with other growth
mechanisms and lead us to a substrate independent vapour
solid growth mechanism for the growth of Mg nanowires. From
Fig. 1–5 the formation process of Mg nanowires can be divided
into the following sequence: (i) sublimation and deposition of
Mg on to the substrate, (ii) nanoparticle formation on the
substrate, (iii) coarsening of nanoparticles, (iv) nucleation of
nanoparticles on microparticles, and (v) growth of nanowires.

In general, the growth of nanowires strongly depends on the
anisotropy properties of crystal facets and the crystal structure.
More importantly it is the supersaturation condition that allows
the formation of nanowires. A control over the supersaturation
ratio or degree of supersaturation can be achieved by altering
the synthesis conditions like evaporation temperature, heating
rate, substrate temperature, position, etc.46 Generally as the
supersaturation ratio exceeds unity (S > 1), the crystal growth
of 10�3 mbar and (b) high magnification bright-field TEM image of the
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will be far away from the thermal equilibrium condition and will
favour the anisotropic growth of nanostructures e.g. nanorods,
nanowires, nanobelts, etc. And a higher degree of supersatura-
tion ratio (S[ 1) will favour the formation of nanoparticles. In
the case of thermal evaporation in tube furnaces the degree of
supersaturation can be controlled depending on the tempera-
ture gradient between the evaporation (isothermal) and depo-
sition zones (supersaturation), vapour pressure and vapour
concentration on the substrates.46–48 Moreover, in our experi-
mental setup, an increment in the holding duration/an increase
in temperature can alter the temperature gradient between the
source and the deposition zone, as we use rapid thermal heating
and a single zone furnace for evaporation and deposition. Also,
in addition to the rapid heating rate, a simultaneous faster
cooling rate will allow quenching the formed structures rather
than normal cooling of the furnace. A more detailed study on
the rapid heating/cooling rates will be reported elsewhere. Now
with this background information if we try to understand the
formation process of nanowires, at 600 �C for 1 min, the Mg
vapour deposits on to the substrate and the aggregation of
atoms lead to the formation of Mg nanoparticles due to their
higher mobility, which eventually undergo the coarsening
process to reduce the surface energy by DDA and OA. Moreover,
it has to be taken into account that the Mg nanoparticles
synthesized by the gas phase method via thermal evaporation
showed particle coarsening on the TEM grid even at room
temperature as the deposition rate was simultaneously
increased.42 So, in our case at higher temperature we expect
higher mobility of Mg atoms and therefore a faster coarsening
of particles. Moreover, low melting point elements (Mg and Zn)
have a higher diffusion rate as reported in earlier articles.13,43

Later, once the particles transform into microparticles within 1
min duration, simultaneously the formation of Mg nano-
particles starts to appear on the surface of the microparticles.
This transformation is due to the increased holding duration
that eventually changes the temperature gradient between the
source and the substrate and achieves a higher supersaturation
condition that favours nanoparticle formation. Moreover, the
above step is completed within a holding duration of 2 minutes
30 s as shown in Fig. S3 (ESI†).

Further, in order to conrm this behaviour, we have placed
the substrate in a much cooler region (�150 �C), where the
temperature difference between the source and the substrate is
large and correspondingly a higher degree of supersaturation (S
[ 1) can be achieved. Fig. S4 (ESI†) shows that microparticles
are almost transformed into nanoparticles and no traces of
Table 1 The summary of the experimental conditions for the growth st

Evaporation
temperature Holding duration Substrate tem

600 �C 1 minute �100–150 �C
600 �C 2 minutes 30 seconds �150–200 �C
600 �C 5 minutes �200–250 �C
600 �C 15 minutes �250–300 �C
700 �C 15 minutes �300–350 �C

1760 | Nanoscale Adv., 2019, 1, 1754–1762
nanowires are observed. However, during the continuous
process, since the temperature of the substrate is still rising
(�200–250 �C) aer microparticle formation, due to the
increase in holding duration to 5 min, the degree of supersat-
uration decreases S > 1 near the substrate, which favours the
formation of nanowires/anisotropic growth. Importantly the
rise in temperature under this condition transforms the formed
nanoparticles (nuclei) into liquid state/Mg nanodroplets, due to
the reduction in melting point as the size of the particles is
decreased.38,39 This condition drives the already formed nano-
droplets from the microparticles to attach themselves in
a sequence and merge to form nanowires. The driving force for
the merging/coalescence of nanodroplets is to reduce the
interfacial energy as shown in Fig. 4. Subsequently once the
holding duration increases to 15 minutes, the surface of
microparticles will completely transform into the melted state
and the formation of serpentine like nanowires begins from the
surface as shown in Fig. 3(g). Also, as the surface of the particles
transforms into the liquid state, the localized area of higher
surface energy with imperfection, humps and bumps will act as
a nucleation centre for Mg nanowire growth. Moreover, the
interface between the Mg melt and the vapour becomes one of
the most energetically favoured places for the nucleation. And
nally, once the temperature is increased to 700 �C for the same
holding duration of 15 min, it leads only to the formation of
serpentine-like nanowires. This difference points out that as the
temperature of the substrate increases (300–350 �C) the prob-
ability of formation of serpentine like nanowire increases and it
dominates completely at higher evaporation temperatures
provided the supersaturation condition for nanowire formation
is satised. More details about the experimental conditions,
which result in the various growth stages of magnesium nano-
wires, are summarised in Table 1.

Moreover, we have strategically employed a curved quartz
bottle inside a tube furnace to control and conne the vapour on
to the substrate, as shown in Fig. 7(a). Importantly it allows the
deposition of Mg on to the substrate. In addition, at higher
substrate temperatures the growth of nanowires is very rapid, and
they grow from the microparticles that have transformed into
a completely melted/liquid state due to the rise in temperature. A
schematic representation of the formation and growth of both
straight as well as serpentine Mg nanowires is shown in Fig. 7(b).
The formation and growth of nanowires from liquid droplets,
similar to our observation, has been reported for metal oxide
nanowires synthesised through the Ostwald ripening/coalescence
of nanoliquid droplets at temperatures below the melting point of
ages of Mg nanowires

perature Observation

Mg nanoparticles
Quasi melted Mg microparticles
Straight Mg nanowires
Both straight and serpentine like Mg nanowires
Serpentine like Mg nanowires

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The schematic representation of (a) the experimental setup and (b) the process of Mg nanowire formation.
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the material.49,50 However these reports are for metal oxide
nanowires and it happens directly on the substrate by either
merging of the nanodroplets or growth from the bigger droplets.
Moreover, the choice of substrate has an effect on the wettability
of the droplets, thereby changing the morphology of the nal
structure. In contrast, we report the formation of Mg nanowires
from microparticles without any effect of the substrate.
Conclusion

Mg nanowires of size between 8 and 60 nm with a protective
crystalline MgO shell of thickness less than 5 nm were success-
fully synthesised by a vacuumbased thermal evaporationmethod.
The temperature and holding duration play a signicant role in
the synthesis of straight and serpentine-like Mg nanowires that
are morphologically different. Moreover, higher temperature
leads to the formation of serpentine-like nanowires and low
temperature leads to the formation of straight wires. The forma-
tion/growth process is also different in both kinds of wires;
straight wires were found to show a nanodroplet attachment
growth, whereas the serpentine-like nanowires directly transform
from completely melted Mg microparticles. Note that only
temperature has a crucial role in the formation and growth of Mg
nanowires, and a higher partial pressure of oxygen has also fav-
oured heterogeneous nucleation and has resulted in the forma-
tion of longer and thinner Mg nanowires that are prone to
oxidation and void formation compared to wires grown at low
partial pressure. Furthermore, with the use of an inner quartz
bottle we were able to strategically control and conne the vapour
deposition on the substrate. Our experimental investigations
propose a substrate-independent vapor solid mechanism for the
growth of nanowires. Finally the producedMg nanowires can have
profound applications in hydrogen storage, Mg/air batteries,
plasmonics, etc.
This journal is © The Royal Society of Chemistry 2019
Experimental procedure
Synthesis of nanowires

Fig. 7(b) demonstrates the schematic diagram of the vacuum
based thermal evaporation setup. Commercially available Mg
powder of purity >99% was purchased from Alfa Aesar. 50 mg
of Mg powder is packed in a molybdenum boat and is placed
inside a quartz bottle with an outer body diameter of 50 mm
and a curvature of size 20 mm. The quartz bottle containing
the Mg powder is placed inside a tubular RTP furnace and the
whole setup is evacuated to a base pressure of 10�5 to 10�6

mbar. As it is similar to the thermal evaporation method, we
do not do any ushing with inert gases before the evacuation
process. Then the Mg powder was evaporated at different
evaporation temperatures like 600 �C and 700 �C with
a constant heating rate of 300 �C min�1 at different holding
durations ranging from 1 min to 15 min. Mg vapour was
collected in the cooler regions and both stainless steel foil as
well as carbon coated TEM grids were used as the substrates,
which are at a distance of 15 cm from the Mg powder. Aer the
deposition, a blank run will be performed for the whole setup
at a temperature of 800 �C for cleaning the setup.
TEM analysis

TEM analysis of Mg nanowires was performed using an FEI
Technai-F20 operating at 200 kV. Nanowires deposited on the
carbon coated copper grid were directly used for TEM
analysis.
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B. J. Kooi and G. Palasantzas, Nanoscale, 2017, 9, 8149–8156.

21 G. Krishnan, S. de Graaf, G. H. ten Brink, M. A. Verheijen and
B. J. Kooi, Nanoscale, 2017, 10, 1297–1307.

22 H. Wang, X. Song, L. You and B. Zhang, J. Cryst. Growth,
2015, 432, 78–82.

23 H. Wang, X. Song, L. You and B. Zhang, Scr. Mater., 2015,
108, 68–71.
1762 | Nanoscale Adv., 2019, 1, 1754–1762
24 Z. Zhang, Y. Wang, H. Li, W. Yuan, X. Zhang, C. Sun and
Z. Zhang, ACS Nano, 2016, 10, 763–769.

25 K. Chen, Z. Huang, J. Huang, M. Fang, Y. Liu, H. Ji and
L. Yin, Ceram. Int., 2013, 39, 1957–1962.

26 S. Sakrani, N. Jamaludin, R. Muhammad, Y. Wahab,
A. K. Ismail, S. Suhaimi and Y. H. Mohammed, AIP Conf.
Proc., 2016, 1733, 1–6.

27 M. Kast, P. Schroeder, Y. J. Hyun, P. Pongratz and H. Brückl,
Nano Lett., 2007, 7, 2540–2544.

28 Y. J. Chen, B. Chi, H. Z. Zhang, H. Chen and Y. Chen, Mater.
Lett., 2007, 61, 144–147.

29 Y. Hsu and S. Lu, J. Phys. Chem. B, 2005, 109, 4398–4403.
30 M. Tian, J. Wang, J. Kurtz, T. E. Mallouk and M. H. W. Chan,

Nano Lett., 2003, 3, 919–923.
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