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ABSTRACT: Nanoparticles of plasmonic materials can sustain
oscillations of their free electron density, called localized surface
plasmon resonances (LSPRs), giving them a broad range of
potential applications. Mg is an earth-abundant plasmonic material
attracting growing attention owing to its ability to sustain LSPRs
across the ultraviolet, visible, and near-infrared wavelength range.
Tuning the LSPR frequency of plasmonic nanoparticles requires
precise control over their size and shape; for Mg, this control has
previously been achieved using top-down fabrication or gas-phase
methods, but these are slow and expensive. Here, we systematically
probe the eﬀects of reaction parameters on the nucleation and
growth of Mg nanoparticles using a facile and inexpensive colloidal
synthesis. Small NPs of 80 nm were synthesized using a low
reaction time of 1 min and ∼100 nm NPs were synthesized by decreasing the overall reaction concentration, replacing the
naphthalene electron carrier with biphenyl or using metal salt additives of FeCl3 or NiCl2 at longer reaction times of 17 h.
Intermediate sizes up to 400 nm were further selected via the overall reaction concentration or using other metal salt additives with
diﬀerent reduction potentials. Signiﬁcantly larger particles of over a micrometer were produced by reducing the reaction temperature
and, thus, the nucleation rate. We showed that increasing the solvent coordination reduced Mg NP sizes, while scaling up the
reaction reduced the mixing eﬃciency and produced larger NPs. Surprisingly, varying the relative amounts of Mg precursor and
electron carrier had little impact on the ﬁnal NP sizes. These results pave the way for the large-scale use of Mg as a low-cost and
sustainable plasmonic material.

■

INTRODUCTION
Nanomaterials, including nanoparticles (NPs), have attracted
growing interest owing to their vastly diﬀerent properties
compared to bulk materials. The ability of plasmonic NPs to
sustain oscillations of their free electron density, called
localized surface plasmon resonances (LSPRs), gives them
broad applicability in areas including chemical and biological
sensing,1,2 surface-enhanced spectroscopies,3−5 photothermal
cancer therapy,6 and photocatalysis.7,8 Recently, Mg has
attracted growing interest as a plasmonic material due to its
excellent plasmonic properties across the ultraviolet, visible,
and near-infrared (UV−vis−NIR) wavelengths, as well as
earth-abundance and low cost compared to the common
plasmonic materials Au and Ag.9−11
The resonant LSP frequencies of plasmonic NPs are highly
dependent on size and shape. Mg’s plasmonic properties have
been conﬁrmed by far-ﬁeld optical scattering, electron energy
loss spectroscopy measurements, and numerical results.9,12
Speciﬁcally, changing Mg NP size maneuvers the position of
the dipole resonance across the UV−vis−NIR wavelengths
since the dielectric function of Mg enables resonances across
© 2021 The Authors. Published by
American Chemical Society

this entire range, unlike most other plasmonic metals. Thus,
synthetic control over size and shape is vital, yet largely
unexplored for Mg.
Recent studies of plasmonic Mg nanostructures have relied
on top-down fabrication methods such as electron-beam
lithography,13−16 hole-mask lithography,15 ion-beam milling,17
or mechanical milling.18 These methods are often expensive,
time consuming, and can result in poor crystallinity that
degrades the plasmonic response. Alternatively, gas-phase
methods provide good size and shape control19−22 but with
low yields and extensive aggregation.23 In contrast, colloidal
NP syntheses are inexpensive, facile, scalable, and have the
potential for substantial size and shape control, as has been
demonstrated extensively for Au and Ag.24−29
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weighed into a separate dried ﬂask under Ar and 5.75 mL of
THF added. The ﬂask was sonicated for 1 h to dissolve the salt,
and the resultant solution was injected into the LiNapht
simultaneously with MgBu2 in place of the second THF
injection.
The reaction was stirred for 17 h at room temperature (20
°C) before quenching LiNapht and byproducts by addition of
6.25 mL of anhydrous IPA, leaving a gray solution. The solid
gray product was recovered by centrifugation and then residual
Li, naphthalene, and organic byproducts removed by repeated
centrifugation and redispersion steps in anhydrous THF twice
and anhydrous IPA twice, before redispersing in anhydrous
IPA.
The synthesis was modiﬁed as described in the text: by
changing the reaction time before quenching, reaction scale
(increasing all quantities proportionally with the increase in
ﬂask size), amounts of all reagents at constant reaction volume,
reaction temperature, electron carrier (replacing naphthalene
with equal moles of biphenyl, phenanthrene, or anthracene),
the addition of metal salt additives (1:20 molar ratio with
MgBu2), changing the solvent (replacing THF with glyme or
diglyme), concentration of MgBu2 (changing the volume of
MgBu2 injected), or concentration of naphthalene (changing
the amount of naphthalene added to the ﬂask).
Characterization. Samples were drop-cast onto Si wafers
for SEM imaging, performed on a Quanta-650F ﬁeld emission
gun SEM, operated at 5 kV, and equipped with an Everhart−
Thornley detector for secondary electron imaging. HAADFSTEM images, STEM-EDS line scans, and STEM-EELS were
acquired at 200 kV on a FEI Osiris STEM equipped with a
Bruker Super-X quadruple EDS detector and a Gatan Enﬁnium
ER 977 electron spectrometer, for NPs drop-cast on a Cusupported lacey ultrathin carbon membrane. For each
synthesis, at least 50 hexagonal platelets and 50 rods with
clearly visible edges were measured separately. NPs were
classiﬁed as hexagonal platelets if they had six sides of
approximately equal length and rod shaped if one dimension
was elongated. The size of hexagonal platelets was deﬁned as
the distance between opposite corners; for rods, as the longest
length. Although samples often appeared aggregated, NPs
could be seen suﬃciently clearly (with ﬁve or more corners
visible) to make measurements. Few NPs lay ﬂat on the
support, potentially skewing the size distribution to smaller
sizes; however, as the degree of aggregation in each sample was
very similar, we expect that this will not aﬀect the trends seen.
To assess NP size variation, Welch’s t-test and Welch’s
ANOVA test followed by Games-Howell pairwise comparisons
post hoc tests were performed using IBM SPSS Statistics
software for pairs and sets of samples, respectively, using a 95%
conﬁdence interval. The tests assume that the distributions are
normal (appropriate for sample size N > 30), that the data
were obtained from a random sample, and that the individual
observations are independent (true when the sample size N <
10% of the population).
XRD data were collected using a Bruker D8 Advanced
diﬀractometer equipped with a Cu Kα X-ray tube and a Vantec
position-sensitive detector in Bragg−Brentano geometry over a
20−80° range with a resolution of 0.2°/step. Sample
suspensions were spread on top of a silicon low background
sample holder and left to dry. Silicon powder was sprinkled on
top of the dry specimen as an internal standard. A LaB6 660b
NIST standard38 was used to model the instrumental
contribution to peak broadening using fundamental parameters

Mg NPs can be synthesized via the inert atmosphere
reduction of an organometallic precursor such as di-nbutylmagnesium with an electron donor, for instance, lithium
naphthalenide (LiNapht), as in the work of Rieke et al., Biggins
et al., and recent syntheses in hydrogen storage research.10−12,30−37 Using this method, we previously reported
the production of ∼300 nm Mg NPs with a variety of shapes,
including hexagonal platelets and folded rods, dictated by Mg’s
hexagonal close-packed crystal structure and twinning on
various crystal planes.10,12 These NPs form a self-limiting oxide
layer of less than 10−20 nm that protects the metallic Mg core,
rendering the NP stable when dispersed in organic solvents
such as ethanol and isopropanol (IPA) or dried in air.9,10,12
Here, we report a systematic study into the eﬀects of
colloidal synthesis parameters on the resulting Mg NP sizes. By
controlling the nucleation and growth rates, Mg NP sizes
between 80 nm and over a micrometer were obtained
selectively. Small NPs of ∼100 nm were obtained at reaction
times of several minutes; beyond this time, NPs continued to
grow to a ﬁnal size 400 nm. The ﬁnal NP sizes after 17 h of
reaction were reduced to 100 nm by decreasing the overall
reaction concentration, by replacing the naphthalene electron
carrier with biphenyl or using metal salt additives of FeCl3 or
NiCl2, which form nuclei onto which Mg NPs grow.
Intermediate sizes were further selected via the overall reaction
concentration or using other metal salt additives with diﬀerent
reduction potentials, changing the concentration of nuclei
formed. Final NP sizes were also signiﬁcantly increased by
reducing the reaction temperature to 0 °C and varying the
overall concentration, in this case, by tuning the nucleation
rate. We further show that increasing the solvent coordination
leads to smaller NPs, while scaling up the reaction (increasing
reaction volume and ﬂask size) produces larger NPs due to the
reduced mixing eﬃciency. Surprisingly, varying the relative
amounts of Mg precursor and electron carrier had little impact
on the ﬁnal NP sizes. This synthetic control over Mg NP size
lays the foundation for facile and inexpensive production of Mg
NPs with tuneable plasmonic properties.

■

METHODS
Materials. Lithium pellets (99%), naphthalene, biphenyl,
phenanthrene, anthracene, 1.0 M di-n-butylmagnesium
(MgBu2) in heptane, anhydrous tetrahydrofuran (THF), 1,2dimethoxyethane (glyme), 2-methoxyethyl ether (diglyme),
1,4-dioxane, dibutyl ether, FeCl3 (99.9%), NiCl2·6H2O
(99.9%), FeCl2 (98%), VCl2 (85%), AlCl3 (98.5%), and
anhydrous isopropanol (IPA) were purchased from SigmaAldrich and used as supplied. All glassware was washed with
aqua regia (1:3 HNO3/HCl) and ﬂame-dried under vacuum
before use. (Caution: aqua regia solutions are dangerous and
should be used with extreme care; these solutions should never
be stored in closed containers.)
Synthesis. Mg NPs were synthesized by the reduction of an
organometallic precursor, as previously reported.10,12 For a
standard reaction, 0.028 g of lithium (4.05 mmol), 0.530 g of
naphthalene (4.05 mmol), and 5 mL of anhydrous THF were
added to a 25 mL Schlenk ﬂask under an Ar atmosphere and
sonicated for 1 h, producing a dark green lithium
naphthalenide (LiNapht) solution. Under stirring, 5.75 mL
of THF was injected followed by 1.75 mL of MgBu2 in heptane
(1.0 M, 1.75 mmol). When an additive was used, 0.09 mmol of
metal chloride salt (14.3 mg of FeCl3, 20.9 mg of NiCl2·6H2O,
11.2 mg of FeCl2, 12.6 mg of VCl2, or 11.7 mg of AlCl3) was
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approach39 with software Topas Academic V6.40 Lattice
parameters, scaling factors, and no other structural parameters
were reﬁned for each phase in the Rietveld reﬁnements of the
data presented here. A Chebyshev function with ﬁve
parameters was used to ﬁt the background. Si internal standard
lattice parameter was used to correct for sample displacement.
The sample contribution to peak broadening was assumed to
be isotropic and related to crystallite size (CS) only, related to
the Lorentzian full width at half-maximum (FWHM) ΓL as in
the Scherrer eqs 1 and 240
L (nm) =

ΓL =

K sλ
(cos θ) × 10 × τ

57.32 × λ
cos θ × CS
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RESULTS AND DISCUSSION
Colloidal Mg NPs were synthesized by the room-temperature
reduction of an organometallic precursor, di-n-butylmagnesium
(MgBu2), by an aromatic electron carrier anion, naphthalenide
(Figure 1a). First, the reducing agent, a radical anion salt

(1)

(2)

where L is the mean size of the ordered (crystalline) domains,
Ks is a shape factor constant in the range (typically 0.9), λ is
the X-ray wavelength, and τ is the peak width in radians at
FWHM. Estimated standard deviations from Rietveld calculations have no bearing on the precision or accuracy, being
merely related to the mathematical ﬁt of the model.41 For a
typical laboratory X-ray diﬀraction instrument, the Scherrer
analysis provides sensitivity to CS in the 1−100 nm range,42
the upper limit being set by the instrumental broadening. The
smaller the crystal size, the less the Scherrer CS size value is
aﬀected by how the instrumental broadening is deﬁned.
Inductively coupled plasma mass spectrometry (ICP-MS)
was performed using a PerkinElmer NexION 2000-S mass
spectrometer. Samples were digested in an aqueous matrix with
10% v/v of ultrapure nitric acid (max 10 ppt metal traces) for
at least 10 min before analysis. Extinction spectra were
measured using a Thermo Scientiﬁc Evolution 220 spectrophotometer. Fourier transform infrared (FT-IR) spectra of
dried Mg NP samples were taken on a Nicolet iS5 FT-IR
spectrometer.
Dark-ﬁeld optical scattering spectra were obtained on Mg
NPs drop-cast onto a glass coverslip and left to dry in air.
Scattering spectra were obtained on an optical microscope
equipped with a halogen lamp, dark-ﬁeld condenser (numerical
aperture, NA, 0.85−0.95), 100× oil immersion objective
(variable NA set to <0.8), Princeton Instruments Isoplane
spectrometer (50 grooves/mm grating), and ProEM 1024 ×
1024 pixels electron multiplied charge-coupled device
(EMCCD) described elsewhere.43 The exposure time was set
to 1 s with four frames accumulated per position. Color videos
were recorded using a Thorlabs Kiralux 5.0 MP Monochrome
CMOS camera, model number CS505CU. NP tracking
analysis (NTA) was performed at 403 nm on a Malvern
NanoSight NS300.
Numerical Methods. Extinction spectra of hexagonal
platelets were calculated using the discrete dipole approximation in DDSCAT,44,45 using the frequency-dependent
refractive index of metallic Mg from Palik,46 and a surrounding
environment of a refractive index of 1.3776 corresponding to
IPA.47 Shapes were generated using the open-source Crystal
Creator software,48 and the aspect ratio of the hexagonal
platelet was kept constant with thickness 0.1 times the tip-totip distance. All interdipole distances were 2.0 nm making the
number of dipoles between ∼40 000 (for tip-to-tip length 190
nm) and 320 000 (for tip-to-tip length 370 nm).

Figure 1. Synthesis of Mg NPs. (a) Reaction scheme for Mg NP
synthesis: formation of LiNapht from the reaction of Li and
naphthalene, followed by injection of MgBu2 resulting in Mg NP
formation. (b) Reaction mixture before (left) and after (right)
quenching with IPA.

lithium naphthalenide (LiNapht), was generated by reducing
the electron carrier naphthalene with metallic Li, by sonicating
for 1 h in tetrahydrofuran (THF), after which it was assumed
that LiNapht formation was complete. Then, the organometallic precursor, MgBu2, was injected into the solution under
magnetic stirring. As the reduction of MgBu2 to Mg0 requires
two electrons, a molar ratio of 2.3:2.3:1 Li/naphthalene/
MgBu2 was typically used.
The reaction between the organic radical anion and the
organometallic precursor produces Mg0, after which NP
formation proceeds via a nucleation and growth mechanism.
The reaction is then quenched with IPA to deactivate the
pyrophoric LiNapht and BuLi (Figure 1b). After puriﬁcation
by centrifugation and redispersion steps in anhydrous THF
twice and anhydrous IPA twice, NPs were characterized by
scanning electron microscopy (SEM) or high-angle annular
dark-ﬁeld scanning transmission electron microscopy
(HAADF-STEM). NPs were conﬁrmed to be metallic Mg by
X-ray diﬀraction (XRD, Figure S1) and STEM electron energy
loss spectroscopy (STEM-EELS, Figure S2). No stabilizing
ligands were seen in the Fourier transform infrared (FT-IR)
spectra of dried NPs (Figure S3); the broad peak below 850
cm−1 corresponds to the stretching vibration of the surface
Mg−O−Mg and the reduced transmittance below 1500 cm−1
may be attributed to surface oxide or adsorbed naphthalene.49
The peaks observed around 3000 cm−1 for both MgO and
naphthalene likely arise from surface hydroxyl groups that are
not, or less, present on Mg NPs. Although the absence of
ligands means that NPs are not colloidally stable, they can be
easily redispersed by sonication (Figure S4); the resulting
dispersion contains single NPs, as shown by NP tracking
analysis (NTA, Figure S5), which measures comparable NP
sizes to those of single NPs measured by SEM. When the
dispersion is drop-cast onto a glass slide, a signiﬁcant fraction
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https://doi.org/10.1021/acs.jpcc.1c07544
J. Phys. Chem. C 2022, 126, 563−577

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Figure 2. Eﬀect of MgBu2 concentration on the Mg NP size for reactions with [LiNapht] = 0.32 M at room temperature. (a) Sizes of hexagonal
platelet and rod-shaped Mg NPs after MgBu2 precursor injection (illustrated by a syringe symbol) and quenching at varying times (depicted by the
gray bar): reactions with the injection of (i) 0.8 mL of MgBu2 quenched after 2 min; (ii) 0.8 mL of MgBu2 quenched after 4 min; (iii) 1.6 mL of
MgBu2 quenched after 2 min; (iv) 1.6 mL of MgBu2 quenched after 4 min; and (v) 0.8 mL of MgBu2 followed by further injection of 0.8 mL of
MgBu2 after 2 min and quenched after a further 2 min. (b) Corresponding size distributions of hexagonal platelet and rod-shaped NPs from
measuring N NPs from SEM images.

of the aggregates seen are created upon drying (see the
Supporting Video).
The reaction yield, measured by inductively coupled plasma
mass spectrometry (ICP-MS) after sample puriﬁcation (during
which some sample is inevitably lost), was typically between 10
and 50% (Figure S6). The shapes of NPs for all of the
performed reactions consist of a mixture of single-crystal
hexagonal platelets and several singly twinned rodlike shapes as
previously reported.12 The rod shapes include tents, chairs,
tacos, and kite shapes arising from twinning on the (101̅1),
(101̅2), (101̅3), and (112̅1) planes, respectively. In all
reported syntheses, these shapes were produced in approximately constant proportions of around 45% hexagonal
platelets and 55% rodlike shapes as measured by SEM or
HAADF-STEM.
The sizes of hexagonal platelets (NPs with six approximately
equal angles and side lengths) and rods (NPs with one
elongated dimension) were compared separately for each
synthesis. Mean NP sizes and standard deviations are reported

in the SI for each reaction. The reproducibility of NP sizes was
conﬁrmed by repeating a synthesis at a concentration of
MgBu2 ([MgBu2]) of 0.14 M, with reagent ratios Li/Napht/
MgBu2 = 2.3:2.3:1 and with a reaction volume of 12.5 mL in a
25 mL ﬂask at room temperature four times: the mean sizes
were statistically similar at the 95% conﬁdence level as
measured by Welch’s ANOVA test followed by Games-Howell
pairwise comparison (mean sizes, standard deviations, and pvalues reported in Figures S7 and S8, and Tables S1 and S2).
Similarly, the average aspect ratios of rods (length/width) were
constant at the 95% conﬁdence level, being between 1.7 and
2.4 (Figure S9, Table S3).
The nucleation and growth mechanism was conﬁrmed
experimentally using sequential additions of MgBu2 within the
ﬁrst 4 min of the synthesis (mean sizes, standard deviations,
and p-values reported in Figures 2 and S10, and Tables S4 and
S5). When 0.8 mL of MgBu2 was injected to give [MgBu2] =
0.065 M in the reaction, increasing the reaction time from 2
min (i) to 4 min (ii) led to larger NPs, with a broader size
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distribution, suggesting that the nucleation and growth steps
overlap. The same result was observed for an initial MgBu2
injection of 1.6 mL ([MgBu2] = 0.122 M, (iii) and (iv)). The
nucleation and growth rates increased with increasing MgBu2
concentration, leading to larger NPs. Finally, two sequential
additions of 0.8 mL of MgBu2 initially and after 2 min of
reaction, to give a total [MgBu2] = 0.122 M (v), led to slightly
larger NPs than a single addition with half concentration (ii)
but smaller NPs than a single injection with the same ﬁnal
[MgBu2] (iv). The narrower, unimodal distribution suggests
that heterogeneous nucleation on the surface of already formed
nuclei is favored against homogeneous nucleation.
For all syntheses reported in this paper, the size
polydispersities of both hexagonal platelets and rods measured
separately varied between 20 and 50% with no obvious trends.
The polydispersity arises mainly due to nucleation occurring
over an extended period of time that overlaps with NP growth
as mentioned above; decoupling of Mg NP nucleation and
growth is expected to narrow the size distribution considerably
as previously shown in other colloidal syntheses;29,50 however,
complete decoupling of both stages has not yet been achieved
for Mg NP colloidal synthesis.
The broad polydispersity obscures potential diﬀerences in
the extinction spectra of samples with diﬀerent sizes since the
LSPRs of NPs display multiple modes and even small size
variations can lead to large LSPR shifts. As a result, while
individual NP spectra show a large shift in LSPR frequencies
with NP size (as observed in the dark-ﬁeld scattering spectra of
single Mg hexagonal platelets, Figures S11 and S12), the
experimental extinction spectra show no diagnostic diﬀerence
between samples with diﬀerent mean sizes (Figures 3a and
S13). The broadness of the spectra is consistent with
numerical results: a weighted average of seven extinction
spectra modelled using the discrete dipole approximation for
hexagonal platelets with representative sizes and constant
aspect ratio produced a broad spectrum comparable to those
seen experimentally (Figure 3b). Additional broadening is
caused by the variety of NP shapes present and some
aggregation in the sample (since stabilizing ligands are not
used). The surface oxide layer, which has previously been
shown to be less than 10−20 nm, is expected to cause little
broadening of the spectra of individual NPs (modelled in
Figure S14) but to introduce further polydispersity in the size
of the Mg core for NPs of the same measured size and
diﬀerences in the dielectric environment. Extinction spectra,
nevertheless, are acutely dependent on NP size, as shown for
the mean NP sizes reported in this paper (Figure 3c). For
these calculations, shapes were generated using the Crystal
Creator software,48 the frequency-dependent refractive index
of metallic Mg was taken from Palik,46 and the surrounding
environment refractive index was 1.3776, corresponding to
IPA.47 The interdipole distance was held constant at 0.8 nm
for sizes 80−250 nm, 2 nm for sizes of 250−420 nm, and 5 nm
for sizes of 700 and 1300 nm; the results are the same using an
interdipole distance of 0.8 and 2 nm for a 250 nm NP and
using 2 and 5 nm for a 550 nm NP (Figure S15). These results
demonstrate the tunability of the Mg plasmon with size, for
instance, the dipole resonance moves from 580 nm for 80 nm
NPs to over 1100 nm above NP sizes of 300 nm. Furthermore,
higher-order modes populate the visible region for all sizes.
Reaction Time. Quenching identical reactions after
diﬀerent reaction times showed that after only 1 min, 80 ±
50 nm hexagonal platelets had already formed. NPs continued

Article

Figure 3. Optical behavior of Mg NPs. (a) Experimental extinction
spectrum of Mg NPs from a synthesis with [MgBu2] = 0.14 M, with
reagent ratios Li/Napht/MgBu2 = 2.3:2.3:1, and with a reaction
volume of 12.5 mL in a 25 mL ﬂask, dispersed in IPA (average NP
size = 300 ± 60 nm). (b) Numerical (discrete dipole approximation
in DDSCAT)44,45 extinction spectra of hexagonal platelets of sizes
found in the synthesis in (a), with platelet thicknesses ∼0.1 times the
tip-to-tip length. The black dashed line shows a weighted average
using the proportions of each size from the experimental size
distribution (Figure S7 reaction 1). (c) Numerical extinction spectra
of hexagonal platelets with each of the mean NP sizes reported in this
paper.

to grow rapidly for an hour to form 340 ± 120 nm hexagonal
platelets, after which the growth rate decreased. The change in
hexagonal platelet size was statistically signiﬁcant up to 3 h,
after which they were 370 ± 120 nm (Figure 4; Tables S6 and
S7); after a total reaction time of 20 h, hexagonal platelets
reached 420 ± 140 nm. The sizes of rod-shaped NPs follow
the same trend, being 90 ± 50 nm after 1 min, 370 ± 120 nm
after 1 h, 430 ± 130 nm after 3 h, and 490 ± 170 nm after 20
567
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Figure 4. Eﬀect of reaction time on Mg NP synthesis, with Li/naphthalene/MgBu2 constant at 2.3:2.3:1 and [MgBu2] = 0.14 M at room
temperature. (a−g) Representative SEM images and size distributions from reactions quenched after 1 min, 5 min, 15 min, 1 h, 3 h, 6 h, and 20 h.
The scale bar is the same for (b−g). (h) Eﬀect of reaction time on the mean sizes of (left) hexagonal platelet and (right) rod-shaped NPs; error
bars report standard deviation.
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Figure 5. Eﬀect of overall reaction concentrations, keeping the same molar ratio of Li/naphthalene/MgBu2 of 2.3:2.3:1 at room temperature. (a)
Representative HAADF-STEM images and size distribution from a reaction at [MgBu2] = 0.014 M with reaction volume 50 mL. Representative
SEM images and size distributions from reactions with volume 12.5 mL at [MgBu2] = (b) 0.035 M, (c) 0.070 M, (d) 0.105 M, (e) 0.140 M, (f)
0.280 M, and (g) 0.350 M. The scale bars are the same for (b−g). (h) Eﬀect of reaction concentration quantiﬁed by [MgBu2] with reaction volume
= 12.5 mL in black and 50 mL in blue, on the mean sizes of (left) hexagonal platelet and (right) rod-shaped NPs; error bars report standard
deviation and the dashed line marks the standard reaction concentration (0.14 M MgBu2).
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Figure 6. Mg NPs and particles synthesized at diﬀerent overall reaction concentrations, keeping the same reagent ratios of 2.3:2.3:1 Li/electron
carrier/MgBu2, at 0 °C. Representative SEM images, on the same scale, and size distributions from reactions at [MgBu2] = (a) 0.035 M, (b) 0.070
M, (c) 0.105 M and (d) 0.140 M. (e) Eﬀect of overall reaction concentration quantiﬁed by [MgBu2] at both room temperature (gray) and 0 °C
(blue) on the mean sizes of (left) hexagonal platelets and (right) rod-shaped particles; error bars report standard deviation.

h. The aspect ratios of rods remained constant at the 95%
conﬁdence level, being between 1.9 and 2.0 after 1 min (Figure
S16 and Table S8).
While STEM energy-dispersive spectroscopy (STEM-EDS)
and the extinction spectrum (Figure S13a) of NPs formed after
1 min showed evidence of signiﬁcant oxidation of NPs, the
morphologies were as expected for metallic Mg, implying that
metallic Mg NPs formed before oxidizing. Thus, NP sizes
could still be measured. The syntheses discussed hereafter were
quenched after 17 h, allowing the ﬁnal sizes of each system to
be reached and compared. As a result, the eﬀects of growth rate
are not important, and the overall growth is considered instead,
which is determined by the amount of precursors available and
coordination of other species to the NP surfaces.
Reaction Scale-Up. Scaling up the reaction volume in a
larger ﬂask decreases the mixing eﬃciency of magnetic stirring,
resulting in localized concentration proﬁles in the reaction ﬂask
after MgBu2 injection. As a result, the rate of nucleation
decreases, forming fewer nuclei. As NP growth was allowed to

occur over 17 h, scaling up the reaction resulted in larger NPs
as more Mg precursor was available for growth. Increasing the
reaction volume from 12.5 mL (in a 25 mL ﬂask) to 25 mL (in
a 50 mL ﬂask) and 50 mL (in a 100 mL ﬂask) with precursor
concentrations remaining constant led to an increase in both
hexagonal platelet sizes, which were 280 ± 70, 340 ± 110, and
440 ± 100 nm, respectively, and rod-shaped NP sizes, which
were 340 ± 110, 400 ± 200, and 490 ± 120 nm (Figures S17
and S18; Tables S9 and S10). The standard deviations showed
no trend, being 25, 33, and 22% for 12.5, 25, and 50 mL
reactions, respectively.
Overall Reaction Concentration. To understand the
eﬀect of the overall concentration of all precursors in the
reaction, we modiﬁed the amounts of all reagents, keeping
their ratios and the reaction volume constant. Increasing the
reaction concentration increases the rate of nucleation,
producing more nuclei while simultaneously increasing the
amount of Mg available to grow the nuclei.
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Figure 7. Eﬀect of diﬀerent electron carriers with varying reduction potentials on Mg NP size. Representative HAADF-STEM images and size
distributions from reactions using (a) biphenyl, (b) naphthalene, and (c) phenanthrene, with Li/electron carrier/MgBu2 constant at 2.3:2.3:1,
[MgBu2] = 0.14 M at room temperature. (d) Eﬀect of the reduction potential of the electron carrier on the mean sizes of (left) hexagonal platelets
and (right) rod-shaped NPs; error bars report standard deviation.

We found that the eﬀects on the NP growth, which occurs
over an extended time and so is not limited by rate, were
greater than eﬀects on the nucleation rate, leading to larger
NPs. Increasing the overall reaction concentration by varying
[MgBu2], [Li] and [naphthalene] in constant proportions
(1:2.3:2.3 in 12.5 mL of reaction volume) produced an
increase in Mg NP size from 90 ± 40 nm for hexagonal
platelets and 100 ± 40 nm for rods in the most dilute reaction
(0.014 M MgBu2) to 380 ± 70 nm hexagonal platelets and 410
± 120 nm rods at 0.1 M MgBu2 (Figure 5). Above this
concentration, the trend plateaued and NP sizes became
statistically the same (Tables S11 and S12). NP thickness
followed the same trend, being 24 ± 9 nm for the smallest NPs
and increasing to 73 ± 18 nm at 0.1 M MgBu2 before
remaining roughly constant (Figure S19a), giving an essentially
constant hexagonal platelet aspect ratio of 4.2 ± 0.7 as
expected for similar growth conditions.
As the amount of all precursors (overall concentration)
increases, overall growth increases, thereby forming NPs with
larger sizes. However, at concentrations above ∼0.1 M MgBu2,
the resulting NP size plateaued at ∼400 nm, likely because
nucleation takes place over a longer period of time. It is
important to highlight that larger NP sizes are achieved at
lower temperatures and, therefore, the size is not thermodynamically limited to ∼400 nm. The increased growth is then

oﬀset by the increased number of nuclei, causing the plateau in
NP size observed. This explanation is supported by the
concentration of nuclei formed in the reaction (Figure S19b),
which was estimated using the reaction yield (measured by
ICP-MS, Figure S6b) and the average hexagonal platelet size
(Figures 5 and S19a); NP concentration remained approximately constant initially and then increased for the highest
concentrations.
At the extremes of reaction concentration, experimental
challenges arose. In very dilute reactions, minuscule amounts
of product were formed, so the most dilute reaction in Figure
5a (MgBu2 = [0.014 M]) was performed in a larger (50 mL)
reaction volume and compared with a standard concentration
reaction ([MgBu2] = 0.14 M) at the same volume (Figure 5h).
NPs from an equivalent reaction with a 12.5 mL of volume are
expected to be smaller than those produced in the 50 mL
reaction, in line with the trends already reported with less
eﬃcient mixing when scaling up the reaction volume. As the
concentration increased above 0.3 M MgBu2, quenching the
reaction produced signiﬁcant heat and formed a gel-like
byproduct, likely THF decomposed by BuLi, from which Mg
NPs could eventually be removed; above 0.35 M MgBu2, the
gel was too thick to recover any NPs.
Temperature. Temperature aﬀects reaction rates exponentially and, therefore, NP nucleation and growth rates.51−54
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Figure 8. Mg NP size control with metal salt additives of diﬀerent reduction potentials. Representative HAADF-STEM images and size
distributions from reactions with Li/naphthalene/MgBu2/metal salt additive constant at 2.3:2.3:1:0.05, [MgBu2] = 0.14 M at room temperature in
the presence of (a) FeCl3, (b) NiCl2, (c) FeCl2, (d) VCl2, and (e) AlCl3. (f) Eﬀect of additive reduction potential on the mean sizes of (left)
hexagonal platelets and (right) rod-shaped NPs; error bars report standard deviation.

appearing. Intertwinning, as found in minerals like quartz,55
was also frequently observed.
Combining temperature-driven control with the eﬀects of
overall reaction concentration increased the range of
obtainable NP sizes (Figure 6; Tables S13 and S14). The
temperature eﬀect is most pronounced for concentrated
reactions; in the most dilute reactions, the reduction of
nucleation rate is less pronounced since nucleation is already
slow, producing 250 ± 70 nm hexagonal platelets compared
with 170 ± 40 nm at the same concentration at room
temperature and 350 ± 100 nm rods compared with 200 ± 50

Decreasing the reaction temperature decreases the reduction
rate, reducing the nucleation rate and, therefore, producing
fewer nuclei. Although the growth rate also decreased, the
reaction was again run for long enough for the particles to
complete their growth with the remaining Mg0, resulting in
larger particle sizes. In reactions performed at 0 °C, particles
reached the signiﬁcantly larger sizes of 1300 ± 500 nm for
hexagonal platelets and 1300 ± 600 nm for rod-shaped
particles at standard reaction concentration ([MgBu2] = 0.140
M, Figure 6d). The particles were thicker than those from
room temperature syntheses, with additional {101̅1} facets
572

https://doi.org/10.1021/acs.jpcc.1c07544
J. Phys. Chem. C 2022, 126, 563−577

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Mg NP size. We investigated the eﬀects of chloride salts of
FeIII, NiII, FeII, VII, and AlIII (Ered = 0.771, −0.257, −0.44,
−1.13, and −1.676 V, respectively)47 in a 1:20 molar ratio with
Mg and found that the size of Mg NPs decreased as the
reduction potential of the additive metal ion increased (Figure
8; Tables S25−S27). Small hexagonal platelet Mg NPs of 100
± 40 nm and rods of 120 ± 50 nm were formed in the
presence of FeCl3 (the additive with the most positive
reduction potential), while with AlCl3, the additive with the
most negative reduction potential, large NPs with 370 ± 160
nm hexagonal platelets and 390 ± 160 nm rods were produced,
similar to those from an equivalent synthesis in the absence of
additives (350 ± 110 nm hexagonal platelets and 400 ± 140
nm rods). With NiII, FeII, and VII (Ered = −0.257, −0.44, and
−1.13 V, respectively), intermediate NP sizes were produced,
of 110 ± 30, 170 ± 90, and 340 ± 120 nm for hexagonal
platelets, respectively, and 160 ± 50, 200 ± 100, and 380 ±
150 nm for rods.
While control over NP formation using additives is typically
attributed to a reduced NP growth rate via additive metal
adsorption on the NP surface, reduction retardation60,66−69 or
a reduction in nucleation density, a diﬀerent mechanism is at
play here: the metal salts aﬀect the nucleation of Mg NPs
rather than their growth. Injecting the FeCl3 or AlCl3 additives
5 min after MgBu2 injection, i.e., after nucleation but while
NPs are still growing, produced no signiﬁcant change in NP
size compared to Mg NP syntheses without additives (Figure
S27), ruling out eﬀects on growth. Furthermore, there is no
trend between the yield of Mg NPs and the metal additive
reduction potential (Figure S6e), implying that the diﬀerence
in size is not due to diﬀerences in the amount of growth that
has occurred by the time of quenching.
Furthermore, although the reduction of additive salts is a
competing reaction to the reduction of MgBu2, using some of
the reducing agents, we show in the next section that the
amount of reducing agent present does not aﬀect Mg NP sizes,
so this parallel reduction does not explain the trend. Further,
the amount of metal additive salt is only 1/20th of that of
MgBu2. Instead, we hypothesize that metal salts with more
positive reduction potentials than Mg are preferentially
reduced by LiNapht, creating small seeds early in the reaction.
These seeds provide sites for heterogeneous nucleation of Mg
that, due to the lattice mismatch, grows on the side of the seed
and do not form an encapsulated, core−shell structure.
Subsequent quenching and puriﬁcation oxidizes and/or
removes small seeds; the resultant Mg NPs showed no
evidence of other metals, their oxides, or Mg alloys in XRD
(Figure S28) signatures or STEM-EDS (Figures S29 and S30).
Elemental analysis using ICP-MS revealed that the Fe and Al
contents were the same or less than in samples produced
without additives. However, in the cases of FeIII and NiII, a few
isolated oxidized Fe or Ni NPs were observed by HAADFSTEM.
The trend in Mg NP sizes produced using additives
generally agrees with the sizes reported by Liu et al.62−65
However, we observe none of the homogeneous decoration
claimed by these authors (Figures S28−S30), and a closer look
at the data shown in refs 62−65 reveals, consistent with our
ﬁndings, no peaks other than from metallic Mg in the XRD
results, nor strong signal in the STEM-EDS for other metals.
Metal Precursor/Reducing Agent Ratio. Although many
NP syntheses can be controlled by the ratio of the metal
precursor to the reducing agent,51,53,70 we, somewhat

nm. However, further increases in NP sizes were not possible.
At 0.14 M MgBu2, signiﬁcantly less product was obtained
(Figure S1c), and above this concentration, a gel, likely THF
decomposed by BuLi, formed upon quenching the reaction
from which NPs could not be recovered.
Surprisingly, increasing the reaction temperature to 40 °C
had little eﬀect on NP size, at both 0.140 M (Figures S20 and
S21; Tables S15 and S16) and 0.035 M MgBu2 (Figures S20
and S22; Tables S17 and S18) with LiNapht/MgBu2 constant
at 2.3:1. Further increases in temperature are limited by THF’s
boiling point of 65 °C.47
Electron Carrier. The reduction potential of the
naphthalenide anion (Ered = −2.51 V)56,57 is, and must be,
more negative than that of Mg2+ (Ered = −2.37 V);47 however,
other electron carriers meeting this criterion can be used.
Changing the electron carrier signiﬁcantly alters the reduction
potential, resulting in large changes in NP size. The reduction
potential of organic radical anions depends on their energy
levels. Here, we investigated the eﬀects of replacing
naphthalene as an electron carrier (with Ered = −2.51 V for
its radical anion in THF) with biphenyl (Ered = −2.60 V),
phenanthrene (Ered = −2.46 V), and anthracene (Ered = −1.96
V).56,57 As the reduction potential becomes more negative, the
nucleation rate increases, producing more nuclei that grow
with the remaining Mg (over an extended time period) to
smaller NPs. Using biphenyl produced signiﬁcantly smaller
hexagonal platelets of 110 ± 40 nm and rods of 140 ± 50 nm,
while phenanthrene produced similarly sized hexagonal
platelets of 260 ± 110 nm and rods of 400 ± 200 nm,
compared with naphthalene (280 ± 70 nm hexagonal platelets
and 340 ± 110 nm rods) (Figure 7; Tables S19 and S20). The
trend in NP sizes is in agreement with Norberg et al., who
produced Mg NPs by the reduction of magnesocene (MgCp2)
with biphenyl, naphthalene, and phenanthrene, although they
varied the concentration of MgCp2 simultaneously.34 We
further note that the reduction potential of anthracene is more
positive than that of Mg2+ so faceted Mg NPs did not form,
although Mg-containing nanostructures, not necessarily
metallic, were observed by SEM.
Although Mg NP sizes were controllable via the reaction
temperature and overall concentration when using naphthalene, these parameters did not aﬀect NP size when using
biphenyl as the electron carrier (Figures S23−S26; Tables
S11−S24). The large negative reduction potential of the
biphenyl anion causes a rapid reduction of MgBu2 that is
impacted less by further, smaller changes to the nucleation and
growth rates. Indeed, in other metal NP syntheses, seedmediated approaches have been shown to control size using
weaker reducing agents for the growth stage after seed (i.e.,
nuclei) formation, to avoid secondary nucleation.58,59
Additives. Salt additives are frequently used to control
metal NP size and morphology through a variety of
mechanisms. For example, in the syntheses of Pd NPs, the
addition of FeIII introduces a competing redox reaction. FeIII is
reduced to FeII while Pd0 is oxidized back to PdII, thus
reducing the overall reduction rate of PdII, leading to a
decrease in both nucleation density and growth rate.60
Furthermore, ionic additives may preferentially bind to certain
facets of the growing crystal, slowing growth on these facets
and allowing control over morphology.61 In addition, metal salt
additives have been shown to aﬀect NP size in Mg
syntheses.62−65 Therefore, it was hypothesized that the
reduction potential of metal ion additives would aﬀect ﬁnal
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suﬃciently from the surface of NPs by further centrifugation
steps using THF, IPA, or ethanol to observe distinct NPs by
SEM.
Solvent mixtures can also lead to size control by producing
intermediate capping interactions. For Mg, solvent mixtures of
glyme or diglyme with THF allowed further size tuning. A
50:50 glyme/THF mixture produced NP sizes between those
with only THF or glyme (270 ± 70 nm hexagonal platelets and
310 ± 90 nm rods; Figures S41 and S42; Tables S36 and S37).
Using a 50:50 diglyme/THF mixture, solvent removal became
easier than with diglyme alone, and signiﬁcantly smaller NPs
were formed (140 ± 70 nm hexagonal platelets and 160 ± 70
nm rods, Figures S41 and S42; Tables S36 and S37). We
expect that other mixture ratios will allow continuous size
tuning according to this trend, with, as observed, a higher
proportion of solvent containing multiple ether groups
producing smaller NPs.

surprisingly, found that the reagent ratios had little eﬀect on
Mg NP size, as shown from the results obtained when varying
only [MgBu2] or only [naphthalene] (Figures S31−S40). We
hypothesize that the eﬀects on the nucleation rate and overall
growth cancel each other out within the concentration ranges
studied, resulting in no signiﬁcant change in NP size both high
and low reaction concentrations (Tables S28−S35).
Increasing [MgBu2] at constant [LiNapht] increases the
nucleation rate, producing more nuclei. The increase in MgBu2
oﬀsets both the increased number of NPs to grow, as more
nuclei indeed require more precursors to reach an equivalent
size, and the increased consumption of Mg0 by the increased
nucleation. As a result, NP size remained unchanged overall
(Figures S31−S34; Tables S28−S31). The range over which
varying [MgBu2] could be tested was also limited: when
[MgBu2] was too high (above MgBu2/LiNapht = 0.7 at
[LiNapht] = 0.32 M and above MgBu2/LiNapht = 1.0 at
[LiNapht] = 0.08 M), quenching the reaction yielded a gel
from which NPs could not be extracted, and when [MgBu2]
was too low (below MgBu2/LiNapht = 0.03 at [LiNapht] =
0.32 M and below MgBu2/LiNapht = 0.2 at [LiNapht] = 0.08
M), insuﬃcient product was formed to be recovered.
The reducing agent, i.e., the naphthalenide anion, must be
formed by reducing naphthalene with Li. When [Li] <
[naphthalene], the amount of reducing agent formed is limited
by the Li available, leaving LiNapht/MgBu2 constant at 2.3:1
and having no impact on the rates of nucleation or growth.
The excess naphthalene remains in solution and binds to NP
surfaces, rendering NP puriﬁcation challenging.
When [naphthalene] < [Li], decreasing [naphthalene]
decreases the amount of reducing agent formed. The reduction
rate decreased, forming fewer nuclei, but less MgBu2 could be
reduced, resulting in less overall growth. As a result, NP sizes
remained approximately constant both at high and low overall
concentrations of [MgBu2] = 0.140 and 0.035 M (Figures
S35−S40; Tables S32−S35). The observation is in agreement
with Locatelli et al., who report no change in Mg NP formation
with varying [naphthalene].35
Solvent. Solvents can coordinate to surfaces and aﬀect size
for NPs including those of Au and Al.71−73 For Mg NP
synthesis, the solvent must be aprotic and low polarity to avoid
unwanted reactions with the reducing agent: protic or highly
polar solvents react with LiNapht, whereas nonpolar solvents
cannot stabilize the complex by binding to the alkali metal
cation. These requirements leave a limited choice of solvents
including low-polarity ether solvents such as THF. We
replaced THF with 1,2-dimethoxyethane (glyme), 2-methoxyethyl ether (diglyme), 1,4-dioxane, and dibutyl ether. When
the solvent polarity was too low, as in the case of 1,4-dioxane
and dibutyl ether, LiNapht could not be stabilized by the
solvent and did not form.
With polar enough solvents, increasing the number of
oxygen atoms in the solvent molecule increases the
coordination with the NP surface. The rates of nucleation
and growth are not expected to change. Using glyme, which
has two ether groups, produced slighter smaller Mg NPs (210
± 60 nm hexagonal platelets and 260 ± 70 nm rods) compared
to THF (280 ± 70 nm hexagonal platelets and 340 ± 110 nm
rods), which has one ether group (Figures S41 and S42; Tables
S36 and S37). However, the increased solvent coordination
makes NP puriﬁcation challenging, so this route is not
recommended for Mg NP size control. In fact, diglyme,
which has three ether groups, could not be removed

■

CONCLUSIONS
Mg NPs, an earth-abundant and biocompatible alternative to
the more expensive plasmonic metals Au and Ag, were
synthesized using a facile, one-pot colloidal synthesis in which
MgBu2 was reduced by an organic electron carrier anion
formed by reduction with Li. The reaction was shown to follow
a nucleation and growth mechanism, and mean NP sizes were
successfully tuned between 80 and 1300 nm by varying the
reaction time, overall reaction concentration, temperature,
electron carrier, and using metal salt additives to control the
NPs’ nucleation and growth. However, the approaches
reported here do not allow the separation of the nucleation
and growth stages (as is done for seeded growth); thus, the
size polydispersities remained broad. The observation of many
single nanoparticles as well as the analysis of aggregation
patterns, including the observation of rather open aggregates
(Figures 7, 8, S39, and S43, for instance) and the lack of
systematic orientation relationships within the aggregates, is
consistent with single-particle nucleation and growth followed
by aggregation in solution or during drying. Some heterogeneous nucleation on already formed particles cannot be ruled
out, yet we do not believe that it is a dominant mechanism.
Small NPs of 80 nm were formed by quenching the reaction
1 min after MgBu2 injection. If left to react, the NPs continued
to grow over 3 h to form 400 nm NPs. Final NP sizes were
reduced to ∼100 nm by decreasing the overall reaction
concentration, by replacing the naphthalene electron carrier
with biphenyl or using the metal salt additives of FeCl3 or
NiCl2. The overall reaction concentration was further used to
select particle sizes between 90 and 400 nm at room
temperature or between 250 and 1300 nm for reactions at 0
°C. Metal salt additives of FeCl2, VCl2, and AlCl3 also allowed
the selection of Mg NP sizes between 170 and 390 nm.
Although the molar ratio between the metal precursor and
the reducing agent is commonly used to control metal NP
sizes, it surprisingly had no eﬀect on our Mg NP syntheses.
Changing the ether used as a reaction solvent to increase
coordination with the NP surfaces decreased the NP sizes;
however, this method caused diﬃculties in purifying NPs and
is not recommended. The reaction mixing eﬃciency was
decreased by increasing the reaction scale, resulting in slower
nucleation rates that produced larger NPs. Future scale-up of
this synthesis will, therefore, require careful consideration of
reagent mixing.
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(2) Sepúlveda, B.; Angelomé, P. C.; Lechuga, L. M.; Liz-Marzán, L.
M. LSPR-Based Nanobiosensors. Nano Today 2009, 4, 244−251.
(3) Fort, E.; Grésillon, S. Surface Enhanced Fluorescence. J. Phys. D:
Appl. Phys. 2008, 41, No. 013001.
(4) Stiles, P. L.; Dieringer, J. A.; Shah, N. C.; Van Duyne, R. P.
Surface-Enhanced Raman Spectroscopy. Annu. Rev. Anal. Chem. 2008,
1, 601−626.
(5) Langer, J.; de Aberasturi, D. J.; Aizpurua, J.; Alvarez-Puebla, R.
A.; Auguié, B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.; Boisen, A.;
Brolo, A. G.; et al. Present and Future of Surface-Enhanced Raman
Scattering. ACS Nano 2020, 14, 28−117.
(6) Loo, C.; Lin, A.; West, J.; Lee, M.-H.; Hirsch, L.; Drezek, R.;
Halas, N.; Barton, J. Nanoshell-Enabled Photonics-Based Imaging and
Therapy of Cancer. Technol. Cancer Res. Treat. 2004, 3, 33−40.
(7) Swearer, D. F.; Zhao, H.; Zhou, L.; Zhang, C.; Robatjazi, H.;
Martirez, J. M. P.; Krauter, C. M.; Yazdi, S.; McClain, M. J.; Ringe, E.;
et al. Heterometallic Antenna−reactor Complexes for Photocatalysis.
Proc. Natl. Acad. Sci. U.S.A. 2016, 113, 8916−8920.
(8) Baffou, G.; Quidant, R. Nanoplasmonics for Chemistry. Chem.
Soc. Rev. 2014, 43, 3898−3907.
(9) Ringe, E. Shapes, Plasmonic Properties, and Reactivity of
Magnesium Nanoparticles. J. Phys. Chem. C 2020, 124, 15665−15679.
(10) Biggins, J. S.; Yazdi, S.; Ringe, E. Magnesium Nanoparticle
Plasmonics. Nano Lett. 2018, 18, 3752−3758.
(11) Martin, R. C.; Locatelli, E.; Li, Y.; Matteini, P.; Monaco, I.; Cui,
G.; Li, S.; Banchelli, M.; Pini, R.; Comes Franchini, M. One-Pot
Synthesis of Magnesium Nanoparticles Embedded in a Chitosan
Microparticle Matrix: A Highly Biocompatible Tool for in Vivo
Cancer Treatment. J. Mater. Chem. B 2016, 4, 207−211.
(12) Asselin, J.; Boukouvala, C.; Hopper, E. R.; Ramasse, Q. M.;
Biggins, J. S.; Ringe, E. Tents, Chairs, Tacos, Kites, and Rods: Shapes
and Plasmonic Properties of Singly Twinned Magnesium Nanoparticles. ACS Nano 2020, 14, 5968−5980.
(13) Duan, X.; Kamin, S.; Liu, N. Dynamic Plasmonic Colour
Display. Nat. Commun. 2017, 8, No. 14606.
(14) Duan, X.; Liu, N. Magnesium for Dynamic Nanoplasmonics.
Acc. Chem. Res. 2019, 52, 1979−1989.
(15) Sterl, F.; Strohfeldt, N.; Walter, R.; Griessen, R.; Tittl, A.;
Giessen, H. Magnesium as Novel Material for Active Plasmonics in
the Visible Wavelength Range. Nano Lett. 2015, 15, 7949−7955.
(16) Li, J.; Kamin, S.; Zheng, G.; Neubrech, F.; Zhang, S.; Liu, N.
Addressable Metasurfaces for Dynamic Holography and Optical
Information Encryption. Sci. Adv. 2018, 4, No. eaar6768.
(17) Wang, Y.; Peterson, E. M.; Harris, J. M.; Appusamy, K.;
Guruswamy, S.; Blair, S. Magnesium as a Novel UV Plasmonic
Material for Fluorescence Decay Rate Engineering in Free Solution. J.
Phys. Chem. C 2017, 121, 11650−11657.

AUTHOR INFORMATION

Corresponding Author

Emilie Ringe − Department of Materials Science and
Metallurgy, University of Cambridge, Cambridge CB3 0FS,
United Kingdom; Department of Earth Sciences, University of
Cambridge, Cambridge CB2 3EQ, United Kingdom;
orcid.org/0000-0003-3743-9204; Phone: +44 (0)1223
334330; Email: er407@cam.ac.uk
Authors

Elizabeth R. Hopper − Department of Materials Science and
Metallurgy, University of Cambridge, Cambridge CB3 0FS,
United Kingdom; Department of Earth Sciences, University of
Cambridge, Cambridge CB2 3EQ, United Kingdom;
Department of Chemical Engineering and Biotechnology,
University of Cambridge, Cambridge CB3 0AS, United
Kingdom
Thomas M. R. Wayman − Department of Materials Science
and Metallurgy, University of Cambridge, Cambridge CB3
0FS, United Kingdom; Department of Earth Sciences,
University of Cambridge, Cambridge CB2 3EQ, United
Kingdom
Jérémie Asselin − Department of Materials Science and
Metallurgy, University of Cambridge, Cambridge CB3 0FS,
United Kingdom; Department of Earth Sciences, University of
Cambridge, Cambridge CB2 3EQ, United Kingdom;
orcid.org/0000-0002-6220-6739
Bruno Pinho − Department of Chemical Engineering and
Biotechnology, University of Cambridge, Cambridge CB3
0AS, United Kingdom; orcid.org/0000-0002-1318-4836
Christina Boukouvala − Department of Materials Science and
Metallurgy, University of Cambridge, Cambridge CB3 0FS,
United Kingdom; Department of Earth Sciences, University of
Cambridge, Cambridge CB2 3EQ, United Kingdom
Laura Torrente-Murciano − Department of Chemical
Engineering and Biotechnology, University of Cambridge,
Cambridge CB3 0AS, United Kingdom; orcid.org/00000002-7938-2587
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c07544
Notes

The authors declare no competing ﬁnancial interest.
575

https://doi.org/10.1021/acs.jpcc.1c07544
J. Phys. Chem. C 2022, 126, 563−577

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(18) Sun, Y.; Shen, C.; Lai, Q.; Liu, W.; Wang, D. W.; Aguey-Zinsou,
K. F. Tailoring Magnesium Based Materials for Hydrogen Storage
through Synthesis: Current State of the Art. Energy Storage Mater.
2018, 10, 168−198.
(19) Li, W.; Li, C.; Zhou, C.; Ma, H.; Chen, J. Metallic Magnesium
Nano/Mesoscale Structures: Their Shape-Controlled Preparation and
Mg/Air Battery Applications. Angew. Chem., Int. Ed. 2006, 45, 6009−
6012.
(20) Haritha, V. S.; Balan, M.; Hosson, J. T. M. D.; Krishnan, G.
Vapour Confinement as a Strategy to Fabricate Metal and Bimetallic
Nanostructures. Nanoscale Adv. 2020, 2, 4251−4260.
(21) Haritha, V. S.; Madhusudhanan, V.; Krishnan, G. SubstrateIndependent and Catalyst-Free Synthesis of Magnesium Nanowires.
Nanoscale Adv. 2019, 1, 1754−1762.
(22) Tao, Z.; Li, C.; Chen, J. Mg Micro/Nanoscale Materials with
Sphere-like Morphologies: Size-Controlled Synthesis and Characterization. Sci. China, Ser. G: Phys., Mech. Astron. 2009, 52, 35−39.
(23) Aguey-Zinsou, K. F.; Ares-Fernández, J. R. Hydrogen in
Magnesium: New Perspectives toward Functional Stores. Energy
Environ. Sci. 2010, 3, 526−543.
(24) Zhao, P.; Li, N.; Astruc, D. State of the Art in Gold
Nanoparticle Synthesis. Coord. Chem. Rev. 2013, 257, 638−665.
(25) Grzelczak, M.; Pérez-Juste, J.; Mulvaney, P.; Liz-Marzán, L. M.
Shape Control in Gold Nanoparticle Synthesis. Chem. Soc. Rev. 2008,
37, 1783−1791.
(26) Wiley, B.; Sun, Y.; Mayers, B.; Xia, Y. Shape-Controlled
Synthesis of Metal Nanostructures: The Case of Silver. Chem. - Eur. J.
2005, 11, 454−463.
(27) Pinho, B.; Torrente-Murciano, L. Dial-A-Particle: Precise
Manufacturing of Plasmonic Nanoparticles Based on Early Growth
Information - Redefining Automation for Slow Material Synthesis.
Adv. Energy Mater. 2021, No. 2100918.
(28) Wu, K. J.; Gao, Y.; Torrente-Murciano, L. Continuous
Synthesis of Hollow Silver-Palladium Nanoparticles for Catalytic
Applications. Faraday Discuss. 2018, 208, 427−441.
(29) Pinho, B.; Torrente-Murciano, L. Continuous Manufacturing of
Silver Nanoparticles between 5 and 80 Nm with Rapid Online Optical
Size and Shape Evaluation. React. Chem. Eng. 2020, 5, 342−355.
(30) Rieke, R. D.; Hudnall, P. M. Activated Metals. I. Preparation of
Highly Reactive Magnesium Metal. J. Am. Chem. Soc. 1972, 94, 7178−
7179.
(31) Song, M. R.; Chen, M.; Zhang, Z. J. Preparation and
Characterization of Mg Nanoparticles. Mater. Charact. 2008, 59,
514−518.
(32) Liu, W.; Aguey-Zinsou, K. F. Size Effects and Hydrogen
Storage Properties of Mg Nanoparticles Synthesised by an Electroless
Reduction Method. J. Mater. Chem. A 2014, 2, 9718−9726.
(33) Viyannalage, L.; Lee, V.; Dennis, R. V.; Kapoor, D.; Haines, C.
D.; Banerjee, S. From Grignard’s Reagents to Well-Defined Mg
Nanostructures: Distinctive Electrochemical and Solution Reduction
Routes. Chem. Commun. 2012, 48, 5169−5171.
(34) Norberg, N. S.; Arthur, T. S.; Fredrick, S. J.; Prieto, A. L. SizeDependent Hydrogen Storage Properties of Mg Nanocrystals
Prepared from Solution. J. Am. Chem. Soc. 2011, 133, 10679−10681.
(35) Locatelli, E.; Matteini, P.; Sasdelli, F.; Pucci, A.; Chiariello, M.;
Molinari, V.; Pini, R.; Comes Franchini, M. Surface Chemistry and
Entrapment of Magnesium Nanoparticles into Polymeric Micelles: A
Highly Biocompatible Tool for Photothermal Therapy. Chem.
Commun. 2014, 50, 7783−7786.
(36) Asselin, J.; Boukouvala, C.; Wu, Y.; Hopper, E. R.; Collins, S.
M.; Biggins, J. S.; Ringe, E. Decoration of Plasmonic Mg
Nanoparticles by Partial Galvanic Replacement. J. Chem. Phys.
2019, 151, No. 244708.
(37) Jeon, K. J.; Moon, H. R.; Ruminski, A. M.; Jiang, B.;
Kisielowski, C.; Bardhan, R.; Urban, J. J. Air-Stable Magnesium
Nanocomposites Provide Rapid and High-Capacity Hydrogen Storage
without Using Heavy-Metal Catalysts. Nat. Mater. 2011, 10, 286−
290.

Article

(38) Black, D.; Windover, D.; Henins, A.; Filliben, J.; Cline, J.
Certification of Standard Reference Material 660b. Powder Diffr.
2011, 155−158.
(39) Cheary, R. W.; Coelho, A. A.; Cline, J. P. Fundamental
Parameters Line Profile Fitting in Laboratory Diffractometers. J. Res.
Natl. Inst. Stand. Technol. 2004, 109, 1−25.
(40) Coelho, A. A. TOPAS Academic Version 6; Coelho Software:
Brisbane, 2016.
(41) Madsen, I. C.; Scarlett, N. V. Y. Chapter 11 Quantitative Phase
Analysis. In Powder Diﬀraction: Theory and Practice; The Royal
Society of Chemistry, 2008; pp 298−331.
(42) Payzant, E. A. Other Topics. In Principles and Applications of
Powder Diﬀraction; Clearﬁeld, A.; Reibenspies, J. H.; Bhuvanesh, N.,
Eds.; Wiley Online Books, 2009; pp 365−380.
(43) Kumar, A.; Villarreal, E.; Zhang, X.; Ringe, E. Micro-Extinction
Spectroscopy (MExS): A Versatile Optical Characterization Technique. Adv. Struct. Chem. Imaging 2018, 4, No. 8.
(44) Draine, B. T.; Flatau, P. J. Discrete-Dipole Approximation for
Scattering Calculations. J. Opt. Soc. Am. A 1994, 11, No. 1491.
(45) Flatau, P. J.; Draine, B. T. Fast near Field Calculations in the
Discrete Dipole Approximation for Regular Rectilinear Grids. Opt.
Express 2012, 20, No. 1247.
(46) Palik, E. D. Handbook of Optical Constants of Solids III;
Academic Press: New York, 1998.
(47) Lide, D. R. CRC Handbook of Chemistry and Physics, 80th ed.;
CRC Press: New York, 2000.
(48) Boukouvala, C.; Ringe, E. Wulff-Based Approach to Modeling
the Plasmonic Response of Single Crystal, Twinned, and Core-Shell
Nanoparticles. J. Phys. Chem. C 2019, 123, 25501−25508.
(49) Balakrishnan, G.; Velavan, R.; Mujasam Batoo, K.; Raslan, E. H.
Microstructure, Optical and Photocatalytic Properties of MgO
Nanoparticles. Results Phys. 2020, 16, No. 103013.
(50) Wu, K. J.; De Varine Bohan, G. M.; Torrente-Murciano, L.
Synthesis of Narrow Sized Silver Nanoparticles in the Absence of
Capping Ligands in Helical Microreactors. React. Chem. Eng. 2017, 2,
116−128.
(51) Tran, M.; Depenning, R.; Turner, M.; Padalkar, S. Effect of
Citrate Ratio and Temperature on Gold Nanoparticle Size and
Morphology. Mater. Res. Express 2016, 3, No. 105027.
(52) Sardar, R.; Shumaker-Parry, J. S. Spectroscopic and Microscopic Investigation of Gold Nanoparticle Formation: Ligand and
Temperature Effects on Rate and Particle Size. J. Am. Chem. Soc.
2011, 133, 8179−8190.
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