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cale effects enables ultra-low
temperature to produce porous silicon†

Maximilian Yan and Siddharth V. Patwardhan *

The magnesiothermic reduction (MgTR) of silica has been recently shown to produce porous silicon which

can be used in applications such as photocatalysis and energy storage. MgTR typically requires $650 �C to

achievemeaningful conversions. However, high temperatures are detrimental to the highly desired porosity

of silicon, while also raising doubts over the sustainability of the process. In this work we show for the first

time that the onset temperature of the MgTR is dependent on the particle size of the feedstock silica. Using

both in-house synthesised and commercial silica, we have shown that only particles #20 nm are able to

trigger the reaction at temperatures as low as 380 �C, well below a previously reported cut-off

temperature of 500 �C, producing porous, crystalline silicon. The decrease in temperature requirement

from $650 �C to 380 �C achieved with little modification to the overall process, without any additional

downstream processing, presents significant implications for sustainable and economical manufacturing

of porous silicon.
Porous silicon is a material which is heavily studied due to its
structural and electronic properties, and lends itself well to
applications such as photocatalytic water splitting,1 photo-
luminescence,2 and energy storage.3 However, for this material
to become commercially accessible, a method of sustainably
producing high quality silicon on a large scale is needed. It has
recently been shown that the magnesiothermic reduction
(MgTR) as a bulk method of producing porous silicon has great
potential for scaling up, especially when compared to the car-
bothermal4 and electrochemical etchingmethods.5 TheMgTR is
a reaction in which powdered Mg, the reducing agent, is mixed
with powdered silica and heated in a furnace under argon
atmosphere. The reaction mixture is typically heated to 650 �C,
and proceeds as shown in eqn (1):

2Mg(s) + SiO2(s) / 2MgO(s) + Si(s), DH ¼ �291.62 kJ mol�1 (1)

The mixture, once removed from the furnace, is then
immersed in HCl to remove any magnesium species. It was
shown that higher reduction temperatures ($650 �C) favour
reaction completion,6 however higher temperatures are detri-
mental for the desired porosity due to sintering of nanocrystals.
Below 650 �C, the yield begins to drop, until a cut-off temper-
ature of 500 �C is reached, below which the reaction cannot
proceed. Eutectic mixtures containing magnesium and
aluminium have been shown to trigger the MgTR as low as
ineering, Green Nanomaterials Research
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450 �C to produce a yield of silicon of 64 mol%.7 The drawback
is that to form the eutectic, the metals have to be heated to
660 �C initially, which is the melting point of aluminium.
Alternatively, a two-step reduction method has been demon-
strated whereby the MgTR can progress at 300 �C, however this
method requires the reactants to be heated initially to 650 �C to
trigger the reaction.8

In addition to the need for carrying out MgTR at lower
temperatures to maintain porosity, from scalability and
sustainability perspectives, being able to lower the temperature
requirement without sacricing the porosity and most impor-
tantly, yield, would have positive implications to this process.
Herein, for the rst time, we demonstrate amethod of achieving
the MgTR reaction at low temperatures (<450 �C) without the
use of eutectics or prior need of heating to 650 �C, to produce
porous silicon with yields comparable to silicon made at
temperatures above 650 �C. Through a systematic study, we
demonstrate the importance and the effects of particle size of
the silica feedstock on MgTR temperature.

It is well known that nanoparticles exhibit enhanced reac-
tivity compared to their bulk counterparts due to an increase in
surface energy from their high surface to volume ratio. It is thus
possible to exploit this nanoscale effect by using silica nano-
particles in order to activate the MgTR reaction at low temper-
atures. However, the effects of silica particle sizes onMgTR have
not been investigated yet. In this study, silica nanoparticles of
sizes 500, 75 and 20 nm were synthesised using the Stöber
method (see ESI†).9 These samples, referred to as S500, S75 and
S20 respectively, were characterised using electron microscopy
and N2 adsorption (Fig. 1 and Table S1†). As expected, the
particles showed well-dened spherical morphology with a tight
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electron microscopy images of (A) S500, (B) S75 and (C) S20.
Scale bars of (A), (B) and (C) are 2 mm, 500 nm and 20 nm respectively.
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View Article Online
particle size distribution and they did not possess any internal
porosity.

The samples of silica were mixed with magnesium and
reduced in a furnace at a range of temperatures between 450
and 750 �C. The reduction products were then washed with acid
to remove Mg-containing species before characterising with
Fig. 2 (A) Diffraction patterns of products obtained from reducing
S500 at different temperatures, along with a polycrystalline silicon
standard (Si, NIST Standard 640d). SEM images of 500 nm silica
particles reduced at (B) 450 �C, (C) 550 �C, (D) 650 �C, and (E) 750 �C
after washing in HCl are shown. Scale bars for SEM images are 1 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
SEM to study the morphology and XRD to detect the presence of
crystalline silicon. When 500 nm silica (S500) were used, the
absence of diffraction peaks for MgTR performed at 450 �C
indicated that no crystalline product was formed at this
temperature, consistent with the literature (Fig. 2A). MgTR
temperature $550 �C was required to produce crystalline
silicon as evident from peaks at 28, 47, 56, 68 and 76�, corre-
sponding to 111, 220, 311, 400 and 331 crystal planes of Si,
which matched the polycrystalline silicon standard. There were
no peaks that correspond to MgO or unreacted Mg in any of the
samples, thus conrming the effectiveness of the post-reaction
acid washing.

The SEM images of S500 upon MgTR at 450 �C showed a lack
of any change in the morphology, conrming that the particles
have not undergone reduction. For temperatures of 550 �C,
specks on the surface of the silica particles can be observed in
the SEM images (Fig. 2B–D), which are consistent with the
Fig. 3 (A) Diffractograms of the reduction products of 20 nm silica
particles. (B) TEM image of MgTR products obtained from S20 at
450 �C (scale bar is 10 nm). Arrows indicate the crystallites formed.
Lattice fringes for (111) in a selected example is also shown.
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Fig. 4 (A) The change in yield with MgTR temperature for different
silica particle sizes. (B) Yields as a function of MgTR temperature for
7 nm silica. (C) Temperature brackets for the onset of MgTR with
respect to the silica particle sizes.
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formation of silicon crystals reported in the literature.10 At
650 �C and 750 �C the spherical morphology was less obvious
due to breakage of silica particles from extensive reduction and
from the sintering of the newly formed crystalline silicon
nanoparticles, again consistent with the literature.10 These
silicon samples were porous in nature, e.g. S500 reduced at
650 �C was mesoporous with some microporosity and had
a specic surface area of 179 m2 g�1 (see Fig. S2 and Table S2†).
MgTR using 75 nm silica particles (S75) followed a similar
trend, where crystalline silicon was produced at all reduction
temperatures except 450 �C as shown in Fig. S1† (also see
Fig. S3†).

In contrast to S500 and S75, when the 20 nm silica particles
(S20) were used as the silica precursor for MgTR, crystalline
silicon was produced at 450 �C as veried by characteristic
sharp peaks in the XRD shown in Fig. 3A. The silicon produced
had specic surface area of 184 m2 g�1, similar to the silicon
obtained from reducing S500 at 650 �C. The formation of crys-
talline silica was further conrmed by TEM analysis shown in
Fig. 3B. The lattice planes are shown by arrows in Fig. 3B to
highlight the crystallites. Further analysis of the lattice planes
observed in the TEM image was performed by calculating Fast
Fourier Transform (FFT) to identify all possible d-spacings (see
Fig. S4†). In total, four distinct d-spacings were found (tabulated
in Table S3†) corresponding to (111), (220), (311) and (331)
Miller indices. For brevity, only (111) is shown in Fig. 3B as an
example. The strong corroboration between the XRD results and
the TEM analysis further conrms the formation of crystalline
silicon as the only crystalline phase. In order to determine
whether the larger silica samples had produced amorphous Si,
we quantied the yields by oxidising the MgTR products and
any associated change in weight was measured using thermal
gravimetric analysis (TGA). This method allows for quantica-
tion of both crystalline and amorphous silicon present in the
bulk sample and hence it is preferred over surface analysis
using techniques such as XPS.10

When the MgTR was carried out at temperatures $550 �C,
the yields of silicon obtained from different particle sizes were
similar, irrespective of silica particle size (differences are within
the measurement errors, see Fig. 4A). However, prominent
differences were seen at 450 �C and below. 20 nm particles gave
a yield of silicon of around 35 and 40 mol% for MgTR temper-
atures of 400 �C and 450 �C respectively, while at the same
MgTR temperatures (<550 �C), S500 and S75 did not produced
any detectable silicon. These results are in strong agreement
with the results from XRD, where only 20 nm particles produced
crystalline silicon at such low temperatures. Further lowering
the MgTR temperature to 395 �C resulted in no detectable
amount of silicon for any of the silica particles used (data not
shown). This is the rst evidence of MgTR of silica occurring at
temperatures as low as 400 �C. These results also show for the
rst time that for MgTR reaction to occur at low temperatures,
there is a particle size threshold: only the particles below this
threshold will be able to initiate the MgTR reaction at sub-
450 �C temperatures.

This particle size threshold for lowering the activation
temperature of MgTR is of particular interest. It is likely that
35184 | RSC Adv., 2021, 11, 35182–35186
using even smaller particles can lower the onset of MgTR
further. In order to explore this possibility, 7 nm diameter
fumed silica (purchased from Sigma, referred to as F7) was used
© 2021 The Author(s). Published by the Royal Society of Chemistry
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to probe MgTR at low temperatures.11 F7 was able to produce
silicon at 450 �C with a specic surface area of 177m2 g�1 (again
similar to that found for S500 at 650 �C). Interestingly, F7
produced silicon at temperatures as low as 380 �C (Fig. 4B) as
conrmed with XRD (Fig. S5†). It is also worth noting that using
this commercial silica further demonstrates that the activation
of MgTR at lower temperatures exploiting the nanoscale effects
is not limited to one type or source of silica particles. When
MgTR was performed at 375 �C, silicon formation was not
detected (data not shown). It was also observed that the yield of
silicon from F7 at its onset temperature of 380 �C (�60 mol%)
was far higher than the yield recorded from S20 at its respective
onset temperature of 400 �C (35 mol%). The yield of silicon
from F7 declined from 390 �C as the temperature was raised to
450 �C (a decrease from 65 mol% to 32 mol%). It is likely that
side reactions which consume the freshly formed silicon (e.g.
the formation of magnesium silicide) are favoured at different
temperatures.

These results show that the temperature needed to activate
the MgTR reaction is dependent on the particle size of the
feedstock silica. The smaller the particles, the lower the onset
temperature (Fig. 4C). However, above a certain size ($75 nm),
the onset temperature did not reduce. We have therefore shown
the rst evidence of silica being converted to silicon via the
MgTR reaction at a temperature as low as 380 �C, using only
magnesium as the reducing agent (see Fig. 5). It is well known
that nanoparticles exhibit enhanced reactivity compared to
their bulk counterparts arising.12,13 This well-known nanoscale
effect is likely to reduce the activation barrier for initiating
MgTR reaction, and hence the energy input required to initiate
the reaction is lower.14 This explains our ndings where only the
smaller silica nanoparticles (#20 nm) react at temperatures
#450 �C.

In conclusion, we have shown for the rst time that the
particle size of the feedstock silica affects the temperature
Fig. 5 A schematic representation of the reduction of silica particles
(shown in white with black edges) of sizes 500 nm (A) and <20 nm (B) in
the presence of magnesium (shown in grey). Note that Mg particles
used (10 s of mm) were significantly larger than silica particles. Only
when small silica particles are used (B), reduction occurs at temper-
atures less than 550 �C, resulting in silicon and magnesia.

© 2021 The Author(s). Published by the Royal Society of Chemistry
requirement of MgTR reaction due to the nanoscale phenom-
enon. The MgTR has an onset temperature which is dependent
on particle size. Stöber particles$75 nm have a reduction onset
temperature of $550 �C. For particles #20 nm, the onset
temperature decreases with particle size, where 20 nm particles
were able to reduce at 400 �C while 7 nm particles are able to
reduce at 380 �C. This study shows that it is possible to produce
silicon at lower temperatures with minimal compromise to
yield. Further studies are required to understand and manipu-
late the mechanisms of this low temperature process. The
ndings in this paper paves the way for the development of
a sustainable and scalable MgTR reaction strategy to produce
porous silicon for photocatalysis, energy storage and other
applications.

Experimental methods
Materials and reagents

Magnesium powder (99.98%) of �325 mesh grade and ethanol
(absolute) were purchased from VWR. Ammonium hydroxide
solution (28%), tetraethyl orthosilicate (TEOS 99.9%) and
hydrochloric acid (HCl) were purchased from Sigma-Aldrich.
Fumed silica was also purchased and used as received from
Sigma-Aldrich.

Stöber silica synthesis

Silica nanospheres of various sizes were made via the Stöber
method.9 Ethanol (Absolute, VWR) and TEOS (Sigma-Aldrich)
were added to volumetric ask and mixed with a Teon
coated magnetic stirring bar. Aer 10 minutes of mixing,
deionised water was added, and following 10 more minutes of
mixing, 28% ammonium hydroxide solution was added drop-
wise to the solution. The amounts of ethanol and ammonium
hydroxide were varied to achieve the desired concentration of
ammonium hydroxide. The solution was stirred for a further 24
hours at 20 �C, followed by centrifugation at 5000 rpm for 15
minutes to separate the particles from the solution. The parti-
cles were rinsed with deionised water to remove excess ethanol,
ammonium hydroxide and TEOS, then centrifuged once more
at 5000 rpm for 15 minutes, before being dried overnight at
80 �C. Smaller particles (#20 nm) were separated using a dial-
ysis membrane with a 14 kDa molecular weight cut-off,
immersed in a deionised water bath. The conductivity (inverse
resistance) of the water bath was measured at 4-hour intervals
using a multimeter on 2 MU resistance setting, and when two
consecutive readings were the same, the water in the bath was
removed and replenished with fresh de-ionised water to intro-
duce a new diffusion gradient. This was repeated several times
until the conductivity was unchanging, then the particles within
the dialysis membrane were separated by drying on an evapo-
rating dish.

Silicon synthesis

The preparation of the precursors for MgTR was according to
our previously reported method6 using magnesium powder (325
mesh, 99.8%, Alfa Aesar) and the synthesised Stöber silica
RSC Adv., 2021, 11, 35182–35186 | 35185
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nanospheres a weight ratio of 1 : 1, giving the stoichiometric
mole ratio of 2.5 : 1. In every reduction, 0.5 g of magnesium and
0.5 g of silica were used. Inmixed size silica precursors, the total
mass of silica used in each reaction remained the same. A ramp
rate of 1 �C min�1 was used for all reductions. Samples were
heated at maximum temperatures for a duration of 6 hours then
cooled naturally to room temperature.

Analytical techniques

Scanning electron microscopy (SEM) images of the as synthesised
and reduced Stöber particles were taken using FEI Inspect F
electron microscope. Samples were prepared by dispersing dry
silica powder in ethanol and drop casted onto carbon coated
aluminium sheets, then gold coated using a sputter coater.
Transmission electron microscopy (TEM) imaging was performed
on a Jeol R005 80–300 kV transmission electron microscope.
Samples were dispersed in ethanol by ultrasonication then
drop-casted onto 400 mesh copper TEM grids coated with lacey
carbon lms (Agar Scientic). TEM images were analysed using
ImageJ soware to identify crystal cell parameters by calculating
FFT to provide d-spacings. Powder X-ray diffraction (XRD) tech-
nique was performed using the Stoe Stadi P (CuIP) diffractom-
eter, with copper Ka1 radiation of wavelength 1.5406 Å. 5
diffractograms were collected for each sample within the 2q
range of 1 and 120�, each taking 6 minutes. The diffractograms
were combined to reduce background noise, then analysed
using WinXPow soware. Thermal gravimetric analysis was per-
formed using a PerkinElmer TGA 4000, under continuous ow
of oxygen. To ensure complete oxidation of the silicon present,
samples were heated from 20 �C to 950 �C at a rate of
40 �C min�1, holding at maximum temperature for 24 hours,
before cooling at 40 �Cmin�1 to room temperature. Surface area
and pore size measurements were performed using a Micro-
meritics Tristar 3000. Samples were degassed under vacuum at
120 �C for 24 hours, then their weights were recorded. Warm
and cold free space measurements were taken using He before
and aer immersing in liquid nitrogen, respectively. Adsorption
and desorption isotherms were then collected within the range
of 0.001 and 0.999 P/P0 using N2 as the adsorbent whilst
samples were immersed in a liquid nitrogen-lled dewar.
Specic surface area was deduced from the isotherms by tting
with the BET model. Pore volumes and average pore diameters
were deduced using the BJH model on the desorption branch.

Conflicts of interest

There are no conicts to declare.
35186 | RSC Adv., 2021, 11, 35182–35186
Acknowledgements

The authors thank EPSRC for funding this research (EP/
L016818/1, EP/P006892/1 and EP/R025983/1). Dr Carlos Bram-
bila is thanked for the help with FFT analysis of TEM results. Dr
Jake Entwistle (University of Sheffield) and Professor Marc
Knecht (University of Miami) are thanked for helpful
discussions.
References

1 I. S. Curtis, R. J. Wills and M. Dasog, Nanoscale, 2021, 13.4,
2685–2692.

2 A. G. Cullis, L. T. Canham and P. D. J. Calcott, J. Appl. Phys.,
1997, 82, 909–965.

3 M. N. Obrovac, L. Christensen, D. B. Le and J. R. Dahn, J.
Electrochem. Soc., 2007, 154, A849.

4 N. V. Nemchinova, V. A. Bychinskii, S. S. Bel'skii and
V. E. Klets, Russ. J. Non-Ferrous Metals, 2008, 49, 269–276.

5 Z. Bao, M. R. Weatherspoon, S. Shian, Y. Cai, P. D. Graham,
S. M. Allan, G. Ahmad, M. B. Dickerson, B. C. Church,
Z. Kang, H. W. Abernathy, C. J. Summers, M. Liu and
K. H. Sandhage, Nature, 2007, 446, 172–175.

6 J. E. Entwistle, G. Beaucage and S. V. Patwardhan, J. Mater.
Chem. A, 2020, 8, 4938–4949.

7 Y. Lai, J. R. Thompson andM. Dasog, Chem.–Eur. J., 2018, 24,
7913–7920.

8 S. A. Martell, Y. Lai, E. Traver, J. MacInnis, D. D. Richards,
S. MacQuarrie and M. Dasog, ACS Appl. Nano Mater., 2019,
2, 5713–5719.
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