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ABSTRACT: Among the elements in the periodic table,
gadolinium (Gd) has the highest number of unpaired
electrons. However, the potential of this rare-earth metal has
not yet been fully realized due to challenges in its chemical
synthesis, namely, its high reduction potential, leading to the
formation of oxides with suboptimal properties. This problem
is also prevalent with other lanthanides, severely limiting their
uses in industry. Herein, a fabrication approach along with a
reduction process and appropriate capping have been
developed to produce oxide-free, stable gadolinium nanoparticles. We demonstrate broad tunability of the particle size while maintaining remarkably narrow size distributions (<5%). The
nanoconstructs displayed the highest magnetization measured to date for Gd, 206 emu/g Gd at 2 K along with a record high per
particle nuclear magnetic resonance (NMR) transverse relaxivity (r2) of 2.7 × 108 mM−1 s−1, which corresponds to the highest
per-particle r2 relaxivity reported for any T2 contrast agents to date. Unlike traditional approaches, this process can be extended
to produce oxide-free nanoconstructs of other lanthanides, making them accessible for technological or biomedical applications.

1. INTRODUCTION
Lanthanides exhibit unique magnetic and optical properties that
are useful in modern technological applications. Through their
unpaired 4f spins, six lanthanides (Z = 64−69) exhibit larger
magnetic moments per atom than iron.1 Nanoparticles of
gadolinium (Gd), the most abundant member of the rare-earth
metals, are of particular interest for applications to biomedical
imaging,2−11 neutron-capture therapy,12−16 theranostics,17
temperature-sensing,18 and magnetic refrigeration.19−22 In the
latter case, heat is removed from a medium by exposing it to a
changing magnetic ﬁeld. The best performance has been
achieved with Gd and its alloys, because of a high Curie
temperature23 and magnetic moment.22
The production of nanoparticles with optimal properties is
challenging due to the tendency of Gd to oxidize rapidly.
Chemical synthetic routes lead to the formation of Gd oxides,
because of the high reduction potential and aggressively
reactive nature of Gd. The oxide forms inherit magnetic
properties that are suboptimal compared to pure Gd, in
particular, a substantially reduced magnetization.24 Other
lanthanides also present the same issue of oxide formation,
severely limiting their uses in industry and implying that the
potential of rare-earth metals has not yet been fully realized.
Synthetic approaches have included the use of multilayer
precursors, alkalide reduction, gas-phase, and arc-discharge
methods.25−31 In spite of these eﬀorts, there exists only one
report describing the synthesis of stable Gd nanoparticles,
namely, a core−shell Gd@Au structure.32 Good size control
© 2015 American Chemical Society

and uniformity across a wide range of particle sizes has not yet
been demonstrated. Even a glovebox environment fails to
completely prevent oxidation of the Gd core.
Herein, we report on the production of Gd nanoparticles that
are completely oxide-free and stable and whose size can be well
controlled. Gadolinium was selected for this work due to its
prevalent use as a building block for magnetic resonance
imaging (MRI) contrast agents. Chelated Gd3+ ions, which are
already FDA-approved for use in clinical MRI, act as T1
contrast agents due to the rapid exchange of water protons in
the vicinity of the paramagnetic ion. Gadolinium-based oxide
nanoparticles, which have been the subject of recent studies2−11
as potential MRI contrast agents, act as T2 agents due to the
dominant contribution from the static magnetic moment.
There have been no reports on the MRI properties of pure (i.e.,
oxide-free) Gd nanoparticles, presumably because of the
diﬃculty of synthesizing such particles.
The approach we developed is based on nanofabrication.
Nanofabrication is an alternative to chemical synthesis that is
largely ignored for biomedical applications because the yields
are low, the nanopatterning steps are costly, and the wafers are
often not reusable, thereby limiting scalability.33 For example,
the growth of nanoparticles on nanopillar arrays involves
etching of the silicon wafer to the point where the same costly
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substrate can no longer be reused.34 We instead describe the
use of nanosphere lithography,35,36 which enables indeﬁnite
recyclability with proper wet cleaning of the substrate surface.
When combined with a hydrogen reduction technique, the end
product is a core−shell Gd nanocrystal (Gd@SiO2) that is
oxide-free, surfactant-free, stable, monodisperse, and sizetunable. We have chosen silica for the shell layer for
biocompatibility; the nontoxicity of silica nanoparticles is well
documented.37−39 We demonstrate broad tunability of the
particle size while maintaining a remarkably narrow size
distribution (<5%). The nanoconstructs displayed the highest
magnetization measured to date for Gd nanoparticles,
approximately 30% higher than the highest magnetization
reported previously. 32 With biomedical applications in
mind,2−11 nuclear magnetic resonance (NMR) relaxivity
measurements were performed to evaluate the performance
of the nanoparticles as potential contrast agents for MRI. An
unexpectedly high transverse proton relaxivity was measured,
which is the highest value reported for any MRI contrast agent
to date; this makes it the most promising T2-based MRI
contrast agent.

nucleation sites on nanospheres of diﬀerent sizes. In both cases, the
nanofabrication process produces a black powder. No change in the
color of the product was observed upon exposure to ambient air over a
time period exceeding a month or keeping the particles in ethanol
solution and drying back again, which indicates that the particles are
chemically stable. In contrast, bare Gd nanoparticles without a
protective shell layer rapidly react with ambient air, forming a white
Gd2O3 powder, which in turn reacts with water, losing stability and
shape. When combined with glancing angle deposition, the monolayer
templates generate high-quality, bowl-shaped nanoparticles. The bowl
shape results in the sealing of the magnetic core layer (Gd) as,
otherwise, ambient oxygen can diﬀuse into the core layer through the
edges, oxidizing Gd to Gd2O3. The morphology of the nanostructures
was characterized by scanning electron microscopy (SEM, JEOL JSM
7500F) and transmission electron microscopy (TEM, FEI CM120).
Further detailed characterization of the core/shell nanoparticles was
performed by high-resolution TEM (HRTEM) using a FEI Titan S/
TEM (300 kV) instrument. Quantitative elemental EDX (energy
dispersion X-ray) analysis of the nanoparticles was performed using
spatially resolved EDX spectroscopy.

3. RESULTS AND DISCUSSION
The TEM image of the obtained nanoconstructs (Figure 2a)
shows that the product consists of highly uniform, bowl-shaped

2. EXPERIMENTAL SECTION
The nanolithography fabrication process utilizes monolayers of
polystyrene nanospheres as the template for metal deposition. Silicon
wafer pieces were spin-coated with a monolayer of polystyrene
nanobeads of 300 nm diameter (PS300NM Magsphere Inc., CA). The
diameters of the polystyrene nanospheres were adjusted by O2 reactive
ion etching (RIE) to the desired size. Layers of 10 nm of SiO2, 10 nm
of Gd, and 20 nm of SiO2 were electron-beam evaporated onto the 15°
tilted substrates to create Gd@SiO2 nanobowl-shaped structures
(Figure 1). The structures were released by sonication of substrates in
a toluene suspension. The toluene etches away the polystyrene
nanobeads, leaving the deposited structures freely suspended in
solution. The nanobowls are collected by centrifugation and
suspended in ethanol for future use.
There are two ways to adjust the particle size. The ﬁrst approach is
to adjust the etching parameters whereas the second approach is to use

Figure 2. TEM micrograph of (a) nanobowl-shaped Gd@SiO2
particles, (b) 225 nm diameter nanoparticles, (c) 120 nm diameter
nanoparticles, and (d) 80 nm diameter nanoparticles. (e) HRTEM of
core−shell layers. Amorphous SiO2 and polycrystalline Gd layers are
observed. (f) HRTEM of silica and gadolinium layers. The measured
crystal direction matches with the d-spacing of (111) plane of fcc cubic
Gd. (g) Histogram of Gd@SiO2 nanoparticles (N = 258 particles,
largest dimension was measured by TEM).

particles. The SEM image (Figure 3a) also reveals similar
characteristics. The core−shell structure is depicted in Figure
2b−d where the light gray layer corresponds to the capping
SiO2 layer whereas the darker shades represent the Gd layer
located in the core of the nanoconstruct (middle layer). The
darker contrast is a consequence of the higher atomic number
of Gd compared to SiO2. The nanoconstructs of Figures 2b and
3b have a diameter of 225 nm. We demonstrate size tunability
with smaller nanoparticles with a diameter of 120 nm (Figures
2c and 3c) and 80 nm (Figure 2d) with a total layer thickness
of 40 nm (in order: 10 nm of SiO2, 10 nm of Gd, 20 nm of
SiO2) for both cases. The shape, size uniformity, and structural
stability of these smaller nanoparticles are found to be similar to
those of the larger nanoparticles, as seen in Figure 2b−d. To
conﬁrm the nature of the core−shell structures, we have cross-

Figure 1. Schematic of the nanofabrication process. (a) Monolayers of
polystyrene nanospheres are formed on silicon wafer pieces used as
sacriﬁcial templates. (b) Spacings have been generated between the
nanospheres by using oxygen reactive ion etching to etch the
polystyrene. (c) Layers of 10 nm of SiO2, 10 nm of Gd, and 20 nm of
SiO2 were sequentially electron-beam evaporated onto the substrate.
(d−f) 2-D view of the process ﬂow described in (a−c). (g) Silicon
wafer pieces with the patterned structures are immersed into a glass
tube containing toluene and placed in an ultrasonication bath for 4 h.
The toluene etches away the polystyrene, leaving the nanobowls
suspended in solution. (h) The solution is rinsed by centrifugation 3
times, and the nanobowls are transferred to an ethanol (ETOH)
solution for future use and characterization.
5372

DOI: 10.1021/acs.chemmater.5b01995
Chem. Mater. 2015, 27, 5371−5376

Article

Chemistry of Materials

implying that the product is highly monodisperse (<5%
variability). This remarkably uniform size distribution is a
clear advantage of the nanofabrication process compared to
chemical synthesis, which leads to higher size variability,
especially for large particles.40
Powder X-ray diﬀraction (PXRD, Bruker D8 Discover)
analysis of the nanocrystals revealed that the structure is mostly
composed of cubic Gd domains with cell parameter α = 0.540
nm (Figure 4a). A few small peaks were also observed which
correspond to cubic Gd2O3 (JCPDS: 88-2165). The presence
of oxide elements could originate from Gd regions that oxidize
during the metal deposition step in spite of the 10−6 mtorr
vacuum conditions. Gd is known to be extremely reactive to
oxygen, even in the presence of trace amounts of oxygen. Thus,
even under high vacuum conditions, oxide formation is still
prevalent. Nonetheless, we note that the observed Gd2O3 peaks
are weak compared to the amount of oxide that would be
obtained by chemical synthetic approaches.32
To create a more stable particle with a stronger magnetic
phase, the oxide must be completely removed. To achieve
complete reduction of the gadolinium oxide regions, we
modiﬁed a previously developed hydrogen reduction technique41 in which hydrogen gas was used to reduce iron oxide to
iron. In our case, the particles were subjected to a ﬂowing gas
mixture of H2 and N2 (9:1) at 600 °C for 5 h. This process
capitalizes on the high permeability of SiO2 layers to H2 gas,
which permits diﬀusion of the hydrogen gas through silicon
dioxide layers. Once inside the layer, the H2 gas can reduce the
Gd oxide core and promote the formation of face-centered
cubic (fcc) Gd nanocrystals. Although the formation of fcc
cubic structure is promoted, what we observe in experiments is
a polycrystalline Gd core (see PXRD pattern, Figure 3b). No
peaks attributable to Gd2O3 were observed, implying that the
core layer was entirely reduced. The observed d-spacing of
0.308 nm (Figure 2f) corresponds to the (111) plane of the fcc
Gd structure where d = 0.311 nm (JCPDS: 65-8099). The
complete reduction of oxidized regions can also be observed in
the HRTEM EDX spectra (Figure S1, Supporting Information)
of the core layer, which failed to reveal any oxygen peaks.
The magnetic properties of the Gd@SiO2 nanoconstructs
were investigated by SQUID magnetometry (MPMS V XL
Quantum Design) using external ﬁelds up to 5 T and
temperatures in the range of 2−298 K (Figure 5). M−H
curves displayed a hysteresis eﬀect at 2 K with a small coercive
ﬁeld of 20 Oe, indicative of a soft ferromagnetic state. In these
nanoparticles, saturation is not reached at 5 T, likely because of
the polycrystalline nature of the nanocrystals (see TEM images
of Figure 2) leading to a distribution of easy axis orientations.
In the discussion below, we therefore use the term “peak
magnetization” instead of saturation magnetization. The peak
magnetization of the 225 nm diameter Gd@SiO2 particles at 2
K was 206 emu/g Gd, which is the highest value reported to
date for any gadolinium nanoparticles. This value is signiﬁcantly
larger than the previously reported highest value of 156 emu/
g.32 This higher peak magnetization observed is attributable to
our fabrication technique, which produces nanocrystals that are
completely free of oxide. Oxidation of the gadolinium
dramatically reduces the magnetic moment, as seen in the
data before hydrogen reduction (Figure 5, blue triangles, ▲),
which results in a much lower peak magnetization value of 126
emu/g Gd. Magnetization measurements at 2 K for 120 and 80
nm diameter particles yielded peak magnetizations of 188 and
183 emu/g, respectively. This decrease is attributable to the

Figure 3. (a) SEM of randomly distributed Gd@SiO2 nanoparticles.
(b) SEM of 225 nm nanoparticle. (c) SEM of 120 nm nanoparticles.
(d) SEM of 225 and 120 nm particles shown together in the same
image for size comparison purposes.

sectioned the nanoconstructs using focused ion beam (FIB)
milling followed by HRTEM imaging and elemental analysis.
To prevent the oxidation of the core layer after the FIB process,
the samples were kept in a vacuum box.
The results, which reveal the exact composition of each layer
by elemental analysis (Figure S1, Supporting Information),
conﬁrm the SiO2−Gd@SiO2 core−shell structure. The realspace HRTEM micrograph of Figure 1d following the FIB
process conﬁrms via electron-beam attenuation the nature of
the core−shell structure, which consists of a Gd layer
sandwiched between two amorphous SiO2 layers. The
polycrystalline character of the Gd layer is conﬁrmed by realspace HRTEM (Figure S2, Supporting Information), X-ray
diﬀraction (Figure 4b), and diﬀraction-mode HRTEM (Figure
2e).
To determine the particle size distribution, the diameters of
258 particles were individually measured from HRTEM digital
images. The resulting histogram is shown in Figure 2g. For the
particles we have been referring to as “225 nm diameter
particles”, the average size was found to be 224 ± 6 nm,

Figure 4. (a) Powder XRD of the product before hydrogen reduction
where mainly a gadolinium crystal pattern has been observed along
with small peaks corresponding to gadolinium oxide. (b) Powder XRD
of the ﬁnal product (after hydrogen reduction), conﬁrming the fcc
cubic Gd polycrystalline structure. The spectrum does not display any
peaks attributable to Gd2O3, meaning that the core layer is entirely
reduced to polycrystalline Gd metal after the H2 reduction process.
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Figure 6. T1 and T2 NMR relaxation times as a function of
nanoparticle concentration in aqueous solution. The concentrations
are stated on a per Gd atom basis. The slopes of these graphs give
relaxivity values: (a) r1 is 1.01 ± 0.02 mM−1 s−1 and (b) r2 is 232 ± 7
mM−1 s−1.
Figure 5. Magnetization measurements (M−H curve) for Gd@SiO2
nanoparticles at 2 K after hydrogen reduction (squares: red, orange,
and green), at 2 K before hydrogen reduction (triangles, blue), and at
298 K after hydrogen reduction (circles, purple). Increasing particle
size from 80 nm (red ■) to 225 nm (green ■) yielded higher peak
magnetization values. We also note the improved magnetic properties
after hydrogen reduction (red ■ vs blue ▲). Inset: Magnetic
hysteresis after hydrogen reduction.

per-particle relaxivity (r2 = 2.9 × 108 mM−1 s−1) stands as the
highest per-particle r2 relaxivity reported for any T2 contrast
agents to date. Previously, the highest per-particle r2 relaxivity
was reported in ref 34 for Au-capped Co nanoparticles. The fact
that our Gd nanoparticles act as T2 rather than T1 contrast
agents is explained by static moment contributions that arise
from particle size eﬀects. The high-frequency (400 MHz)
components of ﬂuctuating magnetic ﬁelds that mediate T1
relaxation processes are ineﬀective.

diﬀerent contributions of surface and core electron magnetic
moments to the total magnetization. The contribution from
surface magnetism is weaker than that from core electrons. As
the particle size decreases, the ratio of surface electrons to core
electrons per particle increases. Consequently, the core
electrons’ contribution to the total magnetization is lower,
which in turn, leads to a decrease in the peak magnetization. At
room temperature, we observe a paramagnetic state with no
detectable hysteresis. Our room-temperature peak magnetization value (5 T), 9 emu/g, also stands as the highest room
temperature value reported to date.
Next, we investigated the potential role of the 80 nm
diameter nanoconstructs as MRI contrast agents by measuring
the proton NMR relaxivities in aqueous solution. The 1H NMR
relaxation rates are proportional to the square of the magnetic
moment of the particles and reﬂect static and dynamical aspects
of particles in solution. The NMR instrument (Varian 400
MHz equipped with microimaging capabilities and VNMRJ
software version 4.0) used an external ﬁeld of 9.4 T. To reduce
the eﬀects of radiation damping in our 1H NMR experiments,
the water resonance in D2O solvent (99.8% purity) was probed
instead of pure water. The proton T1 and T2 values, as
measured using inversion−recovery and Carr-Purcell Meiboom-Gill sequences, were 14.7 and 3.5 s, respectively. The
results are shown in Figure 6. From the slopes of these plots,
we found the r1 and r2 relaxivities to be 1.01 and 232.06 mM−1
s−1 per Gd atom, respectively. The corresponding per-particle
r1 relaxivity was found to be 1.17 × 107 mM−1 s−1, which is
comparable to previously reported per-particle r1 relaxivities42,43 where Gd3+ ions are loaded in nanocontainers. The
r2 value per Gd atom is more than two times higher than that of
the FDA-approved, state-of-the-art T2 MRI contrast agent,
Feridex, which has an r2 of 110 mM−1 s−1. Compared to the
newer gadolinium oxide T2 contrast agents (for example, the
Gd2O3 nanoparticles in ref 11 have an r2 value of 10.5 mM−1
s−1 per Gd atom), our r2 values per Gd atom are more than 20
times higher. This is likely due to the larger magnetic moment.
Thus, our particles are excellent T2 contrast agents whether r2 is
measured on a per Gd atom basis or on a per-particle basis. The

4. CONCLUSIONS
In conclusion, we developed a novel nanofabrication approach
based on nanosphere lithography and metal reduction process
to produce oxide-free, stable gadolinium nanocrystals with
unprecedented large magnetic moments. Various sizes of
nanocrystals have been realized to illustrate the ﬂexibility of
the fabrication method. For all sizes, highly monodisperse
(<5%) behavior was observed. The nanocrystals were
polycrystalline within the Gd core and amorphous within the
silica shell. The highest magnetization to date was obtained for
Gd, 206 emu/g Gd at 2 K. We also tested the potential use of
these nanocrystals for magnetic resonance imaging by
measuring NMR relaxivities and found a per particle transverse
relaxivity value (r2) of 2.7 × 108 mM−1 s−1, which is the highest
per-particle r2 relaxivity reported for any T2 contrast agent to
date. This high relaxivity value could be a result of the sharp
features in the particles’ shape. By altering the particle size and
shape, higher relaxivity values may be possible. Unlike
traditional approaches, this process can further be modiﬁed
to produce oxide-free nanoconstructs of other lanthanides,
making them accessible for related applications.
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Petitclerc, É.; Fortin, M.-A. Ultra-small Gadolinium Oxide Nanoparticles to Image Brain Cancer Cells in Vivo with MRI. Contrast
Media Mol. Imaging 2011, 6, 209−218.
(6) Rahman, A. T. M. A.; Majewski, P.; Vasilev, K. Gd 2O3
Nanoparticles: Size-dependent Nuclear Magnetic Resonance. Contrast
Media Mol. Imaging 2013, 8, 92−95.
(7) Zhou, L.; Gu, Z.; Liu, X.; Yin, W.; Tian, G.; Yan, L.; Jin, S.; Ren,
W.; Xing, G.; Li, W.; Chang, X.; Hu, Z.; Zhao, Y. Size-tunable
Synthesis of Lanthanide-doped Gd2O3 Nanoparticles and Their
Applications for Optical and Magnetic Resonance Imaging. J. Mater.
Chem. 2012, 22, 966−974.
(8) Di Corato, R.; Gazeau, F.; Le Visage, C.; Fayol, D.; Levitz, P.;
Lux, F.; Letourneur, D.; Luciani, N.; Tillement, O.; Wilhelm, C. HighResolution Cellular MRI: Gadolinium and Iron Oxide Nanoparticles
for in-Depth Dual-Cell Imaging of Engineered Tissue Constructs. ACS
Nano 2013, 7, 7500−7512.
(9) Faucher, L.; Tremblay, M.; Lagueux, J.; Gossuin, Y.; Fortin, M.-A.
Rapid Synthesis of PEGylated Ultrasmall Gadolinium Oxide Nanoparticles for Cell Labeling and Tracking with MRI. ACS Appl. Mater.
Interfaces 2012, 4, 4506−4515.
5375

DOI: 10.1021/acs.chemmater.5b01995
Chem. Mater. 2015, 27, 5371−5376

Article

Chemistry of Materials
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