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ABSTRACT: Colloidal multi-metal oxide nanocrystals that
contain the element vanadium are attractive materials for enabling
diverse technologies. Few nanocrystal systems are synthetically
well developed, however, which is attributable to a scarcity of
molecular precursors that enable facile incorporation of vanadium.
Here, we demonstrate the viability of polyoxovanadates as
precursors for colloidal nanocrystal synthesis, which is compelling
because they contain polyhedral VOn (n = 4, 5, 6) units that are
often also present in the multi-metal oxides of interest. First, we
discovered that a commercial tetraalkylammonium halide phase
transfer reagent extracts aqueous metavanadate ions into organic
solvent, conferring solubility to the resulting polyoxovanadates
required for nanocrystal synthesis. We then studied the thermal
decomposition of an iron oleate complex mixed with a phase-transferred polyoxovanadate precursor, which yielded previously
inaccessible colloidal ternary oxide nanocrystals in high yield, including triclinic FeVO4 and spinel-type vanadium-doped magnetite
(Fe3−xVxO4) phases. The crystal structure, composition, and morphology of the nanocrystals, which were characterized using X-ray
diffraction, Raman scattering, X-ray photoelectron spectroscopy, and transmission electron microscopy, were found to depend
strongly on the iron-to-vanadium precursor ratio. The magnetic properties of these colloidal nanocrystals correlated strongly to the
phase of vanadium iron oxide, as FeVO4 displayed antiferromagnetic behavior and a Neél temperature of 21 K, while Fe3−xVxO4
showed a superparamagnetic-like response with a ferrimagnetic blocking temperature at 162 K. The emergence of polyoxovanadates
as precursors to ternary metal oxide nanocrystals that contain vanadium is a significant synthetic advance that may be extensible to
other important multi-metal oxide systems.

■ INTRODUCTION

Multi-metal oxides that contain vanadium are attractive
materials for a broad range of applications. A significant
number of ternary metal vanadates, for example, have been
identified as promising photoanodes for sunlight-driven water
splitting in photoelectrochemical cells, a pathway to solar
energy storage in the form of chemical fuels.1−4 Spinel
vanadates of the type MV2O4 (M = Mn, Fe, Co) are another
example, exhibiting complex magnetic and electronic exchange
interactions that are intriguing for data storage and sensing
applications.5−8 Along similar lines, vanadate compounds
M3V2O8 (M = Mn, Co, Ni, Cu, Zn) are important platforms
for understanding geometrically frustrated magnetism, and in
some cases are multiferroic.9−11 Cobalt vanadate compounds
are recognized as heterogeneous catalysts, especially for oxygen
electrochemistry.12,13 As broad interest in multi-metal oxides
grows, synthetic routes to those that contain vanadium are
urgently needed.
Dimensionality is an important variable for many

applications of oxide materials. For example, short carrier

diffusion lengths in ternary metal vanadates limit the
performance of photoelectrochemical cells by promoting
charge recombination. Nanostructures with dimensions that
are commensurate with the carrier diffusion length can increase
the fraction of photogenerated holes that reach the semi-
conductor surface.4 Improved charge extraction has been
observed for nanostructured BiVO4, γ-Cu3V2O8, FeVO4, and
related photoanode materials.4,14−16 Nanoscale size- and
shape-engineering also exposes the under-coordinated surface
sites that are requisite for heterogeneous catalysts,17 and
influences the domain sizes and anisotropic effects that control
magnetism.18 Accordingly, high surface area, nanostructured,
vanadate films have been prepared in many creative ways,
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including electrochemical deposition,14,19,20 solution-phase
conversion of a nanostructured template,21,22 the sol−gel
method,23 and by high-temperature ball milling.24 Precipitation
and hydrothermal reactions have afforded free-standing
vanadate nanocrystallites that have either been processed
into films of connected particles or finely dispersed for
catalysis.13,25

The technological promise of dimensionally controlled,
multi-metal oxides of vanadium indicates that colloidal
nanocrystals (NCs) of those compounds are valuable targets
for synthesis. NCs are dimensionally controlled fragments of
inorganic solids, with properties that are often strongly
dependent on size. Exquisite control over NC morphology,
uniformity, and crystallinity can be achieved during synthesis,
and NCs can be solution-processed into ordered superlattices
and films that function as the active components of devices and
catalysts.26,27 Opportunities exist for post-synthetic chemical
transformation of the NC core and surface,28−30 and
metastable phases with properties different from the bulk
solids often result from surface effects and the relatively low
temperatures used for NC synthesis.31,32

Few examples of colloidal NCs contain the element
vanadium. Cheon and co-workers demonstrated that V2O5
nanorods could be prepared using vanadium(V) oxychloride
(VOCl3) as a precursor.33 More recently, Schaak and co-
workers prepared colloidal VO2 nanostructures, which undergo
a metal-to-insulator transition near room temperature, using
vanadyl(IV) sulfate (VOSO4) and ZnO nanoparticles as a
sacrificial template.34 Acetylacetonate and carboxylate com-
pounds are the most common precursors for late binary and
ternary 3d metal oxides, but the vanadyl(IV) acetylacetonate
[VO(acac)2] and vanadium(III) acetylacetonate [V(acac)3]
analogues have not been used as productively to incorporate
vanadium into NCs, with a small number of notable
exceptions. Milliron and co-workers used VO(acac)2 to
prepare V2O3 NCs with a metastable bixbyite structure in
the 5−30 nm diameter range.35 Additionally, Buonsanti and
co-workers used VO(acac)2 to generate cube-shaped Cu3VS4
NCs with edge lengths of 10−20 nm. In the latter study, a
mixture of amorphous V-containing nanoparticles, Cu2S, and
CuS were generated in situ and subsequently underwent solid−
solid diffusion to make Cu3VS4 cubes.36 VO(acac)2 has also
been reacted under hydrothermal conditions to make VO2
nanostructures in several reports.37−39 While impressive
morphology and phase control have been demonstrated
using these hydrothermal reactions, the tendency of this
approach is to produce nanostructures with somewhat larger
dimensions than is achievable using surfactant-assisted
colloidal synthesis, and consequently the colloidal stability
required for solution processing and assembly is typically
absent. We attribute the lack of protocols for incorporating
vanadium into NCs to a dearth of molecular vanadium
precursors. The chemistry of metal acetylacetonates and
carboxylates that continues to mature for late 3d oxide NC
systems is not portable to ternary or multinary oxides of
vanadium, and innovations in this area are sorely needed.
Here, we introduce polyoxovanadate (POV) anions as

precursors to multi-metal oxide NCs that contain vanadium.
Unlike the commonly used acetylacetonate and carboxylate
NC precursors for metal oxides, which release oxygen atoms
via scission of a C−O bond, POVs are comprised of either
corner- or edge-sharing VOn (n = 4, 5, 6) polyhedra that
resemble structural fragments of the target metal oxides.40−42

For example, BiVO4, γ-Cu3V2O8, FeVO4, and the Kagome
staircase compounds M3V2O8 all feature a sublattice of VO4
structural units. The so-called metavanadate (VO3

−) clusters
V2O7

4−, V3O9
3−, V4O12

4−, and others are also constructed of
corner-sharing VO4 tetrahedra, which suggests that they may
be ideal vanadium precursors for those targets (Figure 1).
POVs may be considered compositionally and structurally
“ready” for incorporation into a metal−vanadium−oxygen
lattice.

First, we report a significant development in the method-
ology for colloidal metal oxide NC synthesis. A tetraalkylam-
monium halide phase transfer reagent is employed to extract
aqueous POVs into organic solvent, conferring solubility to the
POVs in liquids that are compatible with our NC synthesis.
The extraction is similar to that reported by Do and co-
workers for VO4

3− ions during the solvothermal preparation of
rare earth orthovanadate NCs.43 Phase transfer is an
underutilized strategy for obtaining NC precursors that may
be useful for a broad range of polyoxometalates and other ions.
We then studied the thermal decomposition of a fatty acid salt
Fe(III) cis-9-octadecanoate [Fe(OL)3] mixed with a controlled
molar ratio of POV precursor, which yielded colloidal ternary
oxide NCs including triclinic FeVO4 and spinel-type
vanadium-doped magnetite (Fe3−xVxO4, Figure S1). Although
numerous routes to bulk and thin films of these compounds
are available, the phases are challenging to access as well-
controlled colloidal NCs. FeVO4 is a particularly high-profile
synthetic target because it is a multiferroic semiconductor
being considered for diverse green technologies, including
photoelectrochemical water splitting.44−46 The emergence of
POVs as precursors to ternary metal oxide NCs that contain
vanadium is a significant expansion of synthetic capabilities in
the field of nanoscience, and may be extensible to other multi-
metal oxide systems.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. Iron(III) chloride

hexahydrate (FeCl3·6H2O, 98%), 1-octadecene (ODE, tech. 90%),
oleic acid (OLAC, tech. 90%), Aliquat 336 (AQ336), and potassium
metavanadate (KVO3, 99.9%, −200 mesh) were purchased from Alfa

Figure 1. Crystal structure of triclinic FeVO4 is shown on the right,
composed of purple FeO5 and FeO6 polyhedral units linked by yellow
VO4 tetrahedral units. The cyclic polyoxovanadate anion, V4O12

4−, a
representative POV, is shown to the left. The figure is intended to
highlight the yellow VO4 tetrahedral units that are common to the
POV and the ternary metal oxide. The arrows represent insertion of
VO4 into the multi-metal oxide lattice, a pathway by which vanadium
may be incorporated into FeVO4 and other multi-metal oxides of
interest.
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Aesar. Sodium oleate was purchased from TCI America. All syntheses
were carried out under Ar using standard Schlenk techniques, and
work-ups were performed in air. An Fe(OL)3 complex was prepared
using a published procedure47 and stored as 0.3 M solutions in ODE.
Fe3O4 NCs (15 nm) were purchased from Ocean NanoTech.
Organic Extraction of Aqueous Metavanadate Ions and

Analysis. Aqueous KVO3 (0.050 M) and AQ336 (0.050 M) in
chloroform (CHCl3) were rapidly mixed to facilitate phase transfer. In
a typical experiment, 690 mg of KVO3 was dissolved in 100 mL of 18
MΩ purified water using either sonication or immersion in a 60 °C
water bath (method of dissolution does not affect result). An amount
of 2.02 g of AQ336 was dissolved in 100 mL of CHCl3, the CHCl3
solution was layered with the KVO3 solution, and the mixture was
stirred vigorously for 30−40 min. The aqueous and CHCl3 layers
were separated, with the CHCl3 layer being used to prepare the POV
precursor stock solution, hereafter denoted as AQ336+VO3

−, and the
aqueous solution was retained for analysis. The CHCl3 was removed
by rotary evaporation, yielding a viscous, pale yellow oil that was
dissolved in sufficient ODE to make a 0.3 M stock solution. Phase
transfer efficiency was analyzed using both UV−vis spectroscopy
(Agilent 8453 spectrometer) and Cl− ion selective potentiometry
(Thermoscientific Orion combination chloride ion-selective electrode,
ISE). A calibration curve was generated from absorption of KVO3
solutions with known concentrations at 260 nm (Figure S2) and used
to determine the aqueous VO3

− remaining after extraction. The UV−
vis spectra were corroborated by measuring the transfer of Cl− ions
from the AQ336 solution to the aqueous layer using Cl− ion-selective
potentiometry. The Cl− ISE was calibrated before each measurement
using 0.1 M NaCl standard (Thermo Scientific), and an ionic strength
adjuster (Thermo Scientific) was added to each standard and sample.
Synthesis of Fe−V−O Nanocrystals. Fe(OL)3 (0.3 M),

AQ336+VO3
− (0.3 M), and ODE were mixed in a 25 mL round-

bottom flask, targeting Fe:V molar ratios of 1:1, 2:1, 4:1, and 8:1, an
Fe(OL)3 concentration of 0.16 M, and a total reaction volume
between 6 and 8 mL (Table S1). The flasks were fitted with a reflux
condenser and temperature probe, sealed, and degassed at 80−100 °C
under vacuum for 30 min. The reaction mixture was then heated
under Ar to the reflux temperature, 310−320 °C, at a ramp rate of
3.0−3.5 °C min−1. The reaction was subsequently cooled after 30 min
of heating, and 2-propanol was added to precipitate the nanocrystals.
Centrifugation (9000 rpm or 942 rad/s) was applied to collect the
black/brown precipitate, and several redispersion/centrifugation
cycles in hexanes/ethanol were used to purify the product. The
purified NC product was stored in 5 mL of a solution made by
dissolving 0.250 mL of oleic acid and 0.250 mL of oleylamine in 40
mL of hexanes, which produced black/brown dispersions that were
colloidally stable for months (Figure S3). When appropriate, size-
selective precipitation was conducted. Large particles were selectively
collected by iteratively increasing the solvent:antisolvent ratio from
1:1 to 3:2 to 2:1 and discarding the decanted brown/tan supernatant
after each iteration. After the resulting supernatant appeared to be
nearly clear, the precipitate was redispersed in pure hexanes. Likewise,
small particles were selectively obtained by repeated centrifugation
using a 2:1 solvent:antisolvent ratio and discarding any resulting dark
brown precipitate. When no further material would precipitate, the
resulting brown supernatant solution was collected with excess
ethanol and redispersed in hexanes.
Control Reactions Excluding Fe(OL)3 or AQ336+VO3

−. We
reacted either Fe(OL)3 or AQ336

+VO3
−, excluding one or the other

reactant, under concentration and heating conditions identical to
those described for synthesis of Fe−V−O NCs. In the first control
experiment, a degassed 8 mL volume of 0.16 M Fe(OL)3 in ODE was
slowly heated under Ar to reflux, the red-brown solution gradually
turning darker brown/black in color with increasing temperature.
After 30 min of heating at the highest achievable temperature (≈318
°C), the mixture was cooled, and several redispersion/centrifugation
cycles in hexanes/ethanol were used to purify the NC product.
Using reaction conditions identical to that described for Fe−V−O

NCs, 0.16 M AQ336+VO3
− in ODE was also degassed and reacted in

the absence of Fe(OL)3. The yellow AQ336+VO3
− solution gradually

turned brown as the temperature was increased, turning black at 170
°C. At 210 °C, a solid black precipitate was observed. After 30 min of
heating at the highest achievable temperature (≈310 °C), the reaction
mixture was cooled, and the black precipitate was purified using
several cycles of centrifugation and redispersion in hexanes/ethanol.

Nanocrystal Characterization. Powder X-ray diffraction (XRD)
data were collected using a Bruker D8 Discover X-ray diffractometer
equipped with Cu Kα radiation. Transmission electron microscopy
(TEM) images were obtained from a Phillips EM-400 operating at an
acceleration voltage of 120 kV. High-resolution TEM (HRTEM)
imaging and high-angle annular dark-field scanning TEM (HAADF-
STEM) coupled with energy-dispersive X-ray spectroscopy (EDXS)
were conducted using an FEI Titan 80-300 operating at 300 kV.
Samples were prepared by suspending the washed nanocrystals in
hexanes and drop-casting onto Formvar-coated copper TEM grids.
The Raman spectra of NCs drop-cast on Si were collected using a
Renishaw inVia system (1800 grooves/mm grating, 1″ CCD
detector), with 633 nm HeNe excitation in a 180° back-scattering
configuration through a 50x objective (Leica). Typical collection
parameters were 180 s at 2.0 mW power. The X-ray photoelectron
spectra (XPS) were obtained using a Kratos Axis Ultra system with a
monochromatic Al Kα excitation source operating at 15 kV and 10
mA. The pass energy used was 20 eV, and data analysis was
conducted with Shirley backgrounds using CasaXPS. Optical band
gaps were determined using the Tauc method from the absorbance
spectra measured with a Perkin Elmer Lambda 25 spectrophotometer.
Samples were drop-cast onto quartz substrates. The X-ray
fluorescence (XRF) spectra were collected using a Bruker M4
Tornado micro-XRF spectrometer equipped with a Rh source and a Si
detector. Magnetic characterization was performed on dried powders
using the vibrating sample magnetometry option of a Quantum
Design Dynacool Physical Property Measurement System.

■ RESULTS AND DISCUSSION
Extraction of Aqueous Metavanadate Ions into

Organic Solvent. Common sources of VO3
− ion (e.g.,

KVO3, NH4VO3), which undergo speciation into POVs
when dissolved in water, are not compatible with the
hydrophobic solvents and surfactants commonly used for NC
synthesis. Phase transfer of aqueous VO3

−, driven by ion-
pairing with organic-soluble cations, is a yet underexplored
strategy that we are developing to circumvent these limitations.
A commercially available phase transfer agent, Aliquat 336
(AQ336), composed primarily of methyltrioctylammonium
chloride, extracts aqueous POVs into organic solvent and
confers solubility to the POVs in high-boiling solvents that are
typical of NC preparation. AQ336 extracts metavanadate ions
from aqueous KVO3 solution into chloroform (CHCl3) at
approximately 60% efficiency. In a typical process for preparing
stock solutions of the POV precursor, hereafter denoted
AQ336+VO3

−, 100 mL of 0.050 M aqueous KVO3 was layered
with 100 mL of 0.050 M AQ336 in CHCl3 and stirred
vigorously for 30 min. We measured the decrease in
absorbance at 260 nm, corresponding to extraction of VO3

−

from the aqueous phase, and a typical concentration after
extraction was 0.0185 M (37% remaining in the aqueous layer,
see Figure S2 for the calibration plot). The concomitant
transfer of Cl− ions from the AQ336 solution to the aqueous
layer was also measured using Cl− ion-selective potentiometry.
We routinely obtained excellent agreement between the two
measures of phase transfer efficiency, within 3% or less. The
agreement between the VO3

− absorbance and Cl− ion
measurements enabled us to generate stock solutions in 1-
octadecene (ODE) with reasonably well-assigned
AQ336+VO3

− concentrations, typically targeting 0.30 M.
More efficient phase transfer was observed when we used
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AQ336:KVO3 ratios greater than 1. Near quantitative (≈97%)
phase transfer was observed for extractions when the
AQ336:KVO3 ratio was 2. All AQ336:KVO3 ratios we used
for extraction resulted in precursor stock solutions containing
excess AQ336 and thus excess Cl− ions. Halide ions are known
to influence nucleation and growth processes during NC
synthesis,48 so we sought to minimize the excess AQ336 by
using an AQ336:KVO3 ratio of 1 during extraction for all NC
precursor solutions.
Metavanadate ions undergo complex concentration and pH-

dependent speciation into POVs when dissolved in water. The
structure of these anions has been studied extensively and
summarized recently by Rompel and Gumerova.49 It is
reasonable to hypothesize, based on previous reports, that
the POVs in our AQ336+VO3

− precursor are dominantly cyclic
V4O12

4− ions (Figure 1). The linear tetranuclear analogue
(V4O13

6−) has neither been observed in organic solutions nor
isolated in the solid state, and the trinuclear, cyclic, V3O9

3− ion
dominates at lower concentrations than those used here.50,51

Nevertheless, our NC precursor may contain a mixture of
POVs, and the presence of V4O13

6−, V3O9
3−, protonated

analogues,52 and others49 cannot be ruled out. The POVs that
our AQ336+VO3

− precursor contains are constructed of the
corner-sharing VO4 structural units of interest.
Nanocrystal Synthesis Using Fe(OL)3 and

AQ336+VO3
− Precursors. Fe(OL)3 was combined with

AQ336+VO3
− in either 1:1, 2:1, 4:1, or 8:1 Fe:V molar ratio,

and heated to the reflux temperature of ODE solvent (310−
320 °C) at a controlled ramp rate of 3.0−3.5 °C min−1. The
solution color changed gradually from dark red to brown to
black in the temperature window 80−200 °C, which is similar
to that observed when preparing Fe3O4 NCs using Fe(OL)3 as
a precursor.47 Representative powder X-ray diffraction (XRD)
patterns for each NC sample are shown in Figure 2, along with
simulated patterns for Fe3O4 (PDF 04-007-9093) and Fe2VO4
(PDF 04-006-8198), which both have the inverse spinel
structure. With the exception of a very small shift to larger d-

spacings for Fe2VO4 (e.g. d311 = 2.540 vs 2.531 Å), the two
simulated patterns are indistinguishable. Each sample has
broad reflections indicative of nanometer-sized crystallites,
with peak positions and intensities that correlate well with the
simulated patterns. Extremely broad, weak, reflections are
observed for the 1:1 Fe:V sample, suggesting that it contains
either mostly amorphous particles or particles that are too
small to produce significant diffraction. The diffraction peaks
became more intense as the Fe:V precursor ratio was
increased, with enhanced distinguishability and clearer
correlation to each simulated peak that suggests increasing
crystallite size.
A clear trend can be observed in the transmission electron

microscopy (TEM) images of the 2:1, 4:1, and 8:1 Fe:V
samples shown in Figure 3a−c. Each sample contains a
bimodal distribution of nanoparticle sizes. For example, Figure
3a is representative of samples prepared using a 2:1 Fe:V
precursor ratio, showing smaller, irregularly shaped particles
with an average diameter of 5.7 nm ± 1.4 nm (n = 150) mixed
with a low population of larger, more spherical particles having
an average diameter of 19.4 nm ± 5.6 nm (n = 55). The
number of larger nanoparticles, relative to the smaller particles
increases with the Fe:V precursor ratio. The 2:1 Fe:V sample
contains relatively few of the larger particles (Figure 3a), and
the 8:1 Fe:V sample contains the highest concentration of the
larger particles (Figure 3c). The smaller particles in the 8:1
Fe:V sample have an average diameter of 3.9 nm ± 0.8 nm (n
= 150), while the larger particles are 13.5 nm ± 1.9 nm (n =
150). The correlation between the trends observed by XRD
and in the TEM images is intriguing. The intensity and
distinguishability of the diffraction peaks increased with the
increasing Fe:V precursor ratio, as did the relative number of
larger particles observable by TEM, which suggests that the
larger particles are responsible for the more intense diffraction.
The relatively larger particles observed by TEM have a crystal
structure that is identifiably spinel type, based on matching to
the simulated XRD patterns. Furthermore, TEM images of the
samples prepared using a 1:1 Fe:V precursor ratio (Figure S4)
indicate the presence of very few nanoparticles outside of the
range 5.2 nm ± 0.8 nm (n = 150), which produced the
weakest, broadest diffraction peaks we observed in our
samples.
Size-selective precipitation enabled us to significantly enrich

the samples in either the relatively smaller or larger
nanoparticles. For example, we removed most of the larger
nanoparticles from the 2:1 Fe:V sample by adding a small
amount of antisolvent to induce precipitation followed by
centrifugation. The TEM image in Figure 3d shows a
substantial area of the sample, free of the larger particles,
dominated by the smaller particles. High-resolution trans-
mission electron microscopy (HRTEM) images in Figure S5
reveal that the sample is crystalline, as evidenced by observable
lattice planes in each nanoparticle. Figure 3e shows an 8:1
Fe:V sample that was enriched in larger nanoparticles using
iterative size-selective precipitation, and HRTEM (inset and
Figure S6) indicates that many of the NCs are single
crystalline. Larger-area TEM images of each size-selectively
treated sample are shown in Figure S7. The enrichment we
observed allowed us to confidently assign subsequent
characterizations to either the smaller or larger NCs at the
ensemble level.

Spectral Characterization and Phase Identification.
Raman scattering from phonons in the 200−1000 cm−1 range

Figure 2. Simulated powder XRD patterns in (a) and (b) correspond
to spinel-type Fe3O4 and Fe2VO4, which show that the unit cell
dimensions for the two compounds are nearly identical. The
experimental XRD patterns in (c−f) represent NC samples that
were prepared with different Fe:V precursor ratios under otherwise
identical conditions. Weak diffraction from the 1:1 Fe:V sample in (c)
indicates particles that are either amorphous or small in size. The
intensity and distinguishability of the reflections increase as the Fe:V
ratio rises, with peak positions and intensities that match the
simulated spinel patterns. (Fe2VO4, PDF 04-006-8198; Fe3O4, PDF
04-007-9093).
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indicated the presence of two different crystal phases in each of
the NC samples prior to size-selective precipitation. The
Raman spectra for samples as-synthesized with 2:1 and 8:1
Fe:V precursor ratios are shown in Figures 4a,b, respectively.
The phonon modes marked with asterisks (*) appear in both
samples but at higher relative intensity in the 8:1 Fe:V sample
than in the 2:1 Fe:V sample. These phonon modes are similar
to those expected for hematite (α-Fe2O3),

53 which likely arise
from laser heating-induced oxidation of the larger, spinel-type
nanocrystals while being irradiated in air.54 Indeed, commercial
Fe3O4 magnetic nanoparticles (Ocean NanoTech) display a
nearly identical hematite-like Raman spectrum using the same
measurement conditions (Figure S8). Unfortunately, lowering
the laser power resulted in negligible Raman scattering
detected in our as-synthesized samples. The phonon modes
marked with vertical lines (|) appear weak in the 8:1 Fe:V
sample, in which TEM indicated was rich in larger NCs, but
much more prominently in the 2:1 Fe:V sample consisting
mostly of smaller NCs. These phonon modes are consistent
with those expected for triclinic FeVO4.

55,56 The eight peaks in
the relatively high frequency 600−1000 cm−1 range are due to
Fe−V−O stretching modes, and the three peaks in the 300−
500 cm−1 range are combinations of high-frequency stretching
modes with low-frequency torsional modes. The Raman
spectrum of the 1:1 sample appeared similar (Figure S9a),
which was consistent with TEM images showing that it is

comprised primarily of smaller particles. The Raman spectrum
of the as-synthesized 4:1 sample confirmed this trend, as
significant intensities were detected due to both the Fe3−xVxO4
and FeVO4 phonon modes (Figure S9b), and TEM analysis
indicated that it is a true mixture of both larger and smaller
particles.
We observed that drop-cast films of as-synthesized samples

rich in larger NCs generate the Raman spectra with phonon
modes that are primarily attributable to Fe3−xVxO4, while the
spectra obtained from smaller NCs have prominent modes that
can be assigned to FeVO4. To confirm these trends, we also
studied samples that were subjected to size-selective enrich-
ment (Figure S10). For example, the enriched sample prepared
with a 2:1 Fe:V precursor ratio consisted mostly of smaller, 5.7
nm nanoparticles. The Raman spectrum collected from the
precipitate removed from this sample was rich in the lower-
frequency modes attributed to Fe3−xVxO4, while the remaining
portion showed an intensity increase, relative to the as-
synthesized mixture, in the higher-frequency FeVO4 modes.
Conversely, the product prepared with an 8:1 Fe:V precursor
ratio contained mostly larger nanoparticles, with an average
diameter of 13.5 nm. The supernatant liquid removed during
size-selective treatment produced Raman scattering rich in
FeVO4 modes, while the spectrum of the remaining sample
showed a negligible intensity of these same modes.
Importantly, we found that the Raman spectra could be

Figure 3. TEM images in the upper panels represent NC samples prepared using (a) 2:1, (b) 4:1, and (c) 8:1 Fe:V precursor ratios, respectively.
Each sample has a size distribution that is bimodal, consisting of relatively small and large nanoparticles. The ratio of large-to-small nanoparticles
increases with an increasing Fe:V precursor ratio. The 2:1 Fe:V sample in (a) was subject to size-selective precipitation, and the small nanoparticle
fraction is shown in (d). Size-selective precipitation was also performed on the 8:1 Fe:V sample shown in (c), and a representative TEM image of
the large nanoparticle fraction is shown in (e). The representative HRTEM image in (f) indicates that the larger nanocrystals are single crystalline.
The scale bars in (a−e) are each 50 nm, and the scale bar in (f) is 5 nm.
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collected from the enriched 13.5 nm NCs at low excitation
power (0.3 mW), and the resulting spectrum matched well to
previous reports of transition metal-doped magnetite (Figure
S10e).57 This confirms that our synthetic procedure generates
spinel-type doped iron oxides, which are subsequently laser
heat oxidized to hexagonal hematite at the fluences necessary
to produce significant scattering in the as-synthesized samples.
Samples subjected to size-selective enrichment were also

analyzed using XPS, and the observed binding energies are in
good agreement with literature values for vanadium and iron
oxides.58,59 Figure 5a,b shows the V 2p and Fe 2p regions for
an enriched 2:1 Fe:V sample (5.7 nm NCs). The +5 and +4
oxidation states of vanadium are present, as shown in the V 2p
spectrum, and integration of the fitted peaks indicated a
substantially larger contribution from V5+ (73% V5+, 27% V4+).
The Fe 2p spectrum indicates that the oxidation state for Fe is
dominantly +3 (91%), with minor contributions from Fe2+

(9%). Collectively, the larger contributions from V5+ and Fe3+

suggest that the dominant phase resulting from a 2:1 Fe:V
precursor ratio is triclinic FeVO4, in agreement with the
Raman spectrum in Figure 4a. The relatively minor presence of
reduced species V4+ and Fe2+ can be attributed to the small
population of larger particles either remaining or are present at
the 5.7 nm particle surface, coordinated by oleate ligands (−1)
instead of O2−. The V 2p and Fe 2p spectra for the enriched
8:1 Fe:V sample (13.5 nm), shown in Figure 5c,d, have a
different distribution of oxidation states. The fitted contribu-
tions for vanadium in the 13.5 nm nanocrystals include +5
(25%), +4 (53%), and +3 (22%), with the largest contribution
coming from the +4 state. Comparable intensity contributions
from both Fe3+ (52%) and Fe2+ (48%) are seen in fitting the Fe
2p spectrum, in contrast to the dominantly Fe3+ 5.7 nm

particles. Several stoichiometric combinations of the V and Fe
oxidation states, observed in the enriched 8:1 Fe:V XPS data,
are consistent with the spinel structure we have proposed for
the larger NCs, including FeII2V

IVO4 and FeIIFeIIIVIIIO4.
Deviations from these formulae are permitted by the presence
of bulk vacancies and surface defects.
We also conducted high-angle annular dark-field scanning

TEM coupled with energy-dispersive X-ray spectroscopy
(HAADF-STEM-EDXS) on our enriched samples to elucidate
the elemental ratio of individual FeVO4 and Fe3−xVxO4 NCs
(Figure 6a,b and Figures S11 and S12). Spot scans of the 5.7
nm NCs were found to be vanadium-deficient, relative to
pristine FeVO4, with an Fe:V ratio of 59:41. Similar non-
stoichiometry has been observed in the Fe−V−O system by
Ludwig and co-workers,60 where triclinic FeVO4 was the
dominant phase present in magnetron cosputtered films with
compositions ranging from 42 to 66 atomic % Fe. Phases with
approximately the same range of vanadium deficiency have also
been reported for the related photoanode material BiVO4,
without a change to the monoclinic crystal structure.61,62 The
average vanadium doping level in the spinel magnetite 13.5 nm
NCs was determined by EDXS to be approximately
Fe2.8V0.2O4. Although some particle-to-particle variation in
stoichiometry was observed, the ±5% deviation is consistent
with error associated with the EDXS technique. STEM-EDXS

Figure 4. Raman spectra, using 633 nm excitation, of drop-cast NC
samples prepared using (a) 2:1 Fe:V and (b) 8:1 Fe:V precursor
ratios, highlighting the distinguishably different set of intense phonon
modes present in the two samples. The peaks marked with asterisks
(*) are more intense in the 8:1 Fe:V sample and consistent with α-
Fe2O3 (hematite), likely observed due to laser-induced heating of the
larger, spinel-type NCs in air. The peaks marked with vertical lines (|)
are consistent with triclinic FeVO4 and are more intense in the 2:1
sample.

Figure 5. XPS spectra of NC samples prepared using (a, b) 2:1 Fe:V
and (c, d) 8:1 Fe:V precursor ratios, highlighting the different
oxidation state distributions present in each sample. The (a) V 2p and
(b) Fe 2p spectra show the largest contributions to the overall fit from
V5+ (73%) and Fe3+ (91%) with relatively minor intensities from V4+

(27%) and Fe2+(9%), which is consistent with FeVO4. The (c) V 2p
spectrum for the spinel, 8:1 Fe:V sample, has an oxidation state
distribution that includes V5+ (25%), V4+ (53%), and V3+ (22%). The
(d) Fe 2p spectrum for the 8:1 Fe:V sample indicates comparable
contributions to the overall fit from Fe3+ (52%) and Fe2+ (48%).
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elemental line scans and mappings revealed a generally uniform
distribution of Fe and V throughout the particle, with no
core−shell or multi-domain architectures detected. Taken
together, the XRD, TEM, Raman, XPS, and STEM-EDXS data
definitively conclude that the larger colloidal NCs have a spinel
structure that may be expected from solid solution Fe3−xVxO4
(x ≈ 0.2) and the smaller NCs are vanadium-deficient triclinic
FeVO4.
Control Reactions Excluding Fe(OL)3 or AQ336

+VO3
−.

To generate further insights into our synthetic protocol, we
reacted only Fe(OL)3 or AQ336

+VO3
−, excluding one or the

other reagent, under conditions identical to those described for
synthesis of Fe−V−O NCs. For the reaction including only
Fe(OL)3, the XRD data presented in Figure S13a indicate the
presence of both inverse spinel Fe3O4 and wüstite Fe1−xO
phases in the NC product. Although synthesis of phase-pure
Fe3O4 NCs has been reported using thermal decomposition of
Fe(OL)3,

47 several other studies indicate that a mixture of iron
oxide phases that includes wüstite Fe1−xO is often obtained
using this approach.63−65 Reproducibility is often poor because
the pathways by which metal−carboxylate complexes undergo
thermal decomposition are sensitive to subtle structural
variations and impurities that arise during precursor synthesis
and purification.32 TEM images (Figure S13b) indicate that
thermal decomposition of our Fe(OL)3 precursor generates
uniform, spherical NCs (d = 16.2 ± 0.7 nm, n = 100), but with
a substantial population of core−shell particles indicative of a
mixture of phases.
When 0.16 M AQ336+VO3

− in ODE was reacted in the
absence of Fe(OL)3, an insoluble black precipitate was
obtained. The XRD measurements in Figure S14a show that
the product is mostly amorphous, with diffuse scattering and
weak diffraction peaks that cannot be assigned to any one
phase or mixture of phases. Matching of simulated XRD data
to our experimental data suggests that a small amount of

orthorhombic V2O5 may be present in the sample. The TEM
images in Figure S14b are consistent with the XRD results,
showing a mixed product with irregular morphology. The
Raman spectrum, however, matches phase-pure V2O5 (Figure
S14c), suggesting that the sample underwent laser-induced
crystallization during the measurement.66

Optical and Magnetic Properties of Fe−V−O NCs. The
solution-phase absorbance spectra of colloidal FeVO4 and
Fe3−xVxO4 NCs in hexane following size-selective precipitation
are presented in Figure S15. Each sample exhibits absorbance
throughout the visible region that increases with decreasing
wavelength. The solution-phase absorbance of Fe3−xVxO4 NCs
is interesting to compare to what is expected for Fe3O4 NCs to
observe the effects of vanadium incorporation. The absorbance
spectrum of Fe3−xVxO4 NCs exhibits an absorption onset
(730−740 nm) that is blue-shifted compared to what has been
observed previously for Fe3O4 NCs (775−800 nm).67,68 The
absorbance spectrum of commercial 15 nm Fe3O4 NCs
dispersed in water (Figure S16a) is similar to Fe3−xVxO4
NCs throughout the visible region, but with a lower-energy
absorption onset of around 780 nm.
Films of our FeVO4 and Fe3−xVxO4 NCs were drop-cast on

quartz to measure their optical band gaps using the Tauc
method (Figure 6c,d). We found the direct band gap of the
FeVO4 NCs to be 2.5 eV, which is wider than the reported
value for bulk and thin-film FeVO4 (2.1 eV−2.2 eV).69 The
wider band gap may result from either the presence of
vanadium vacancies or from quantum confinement due to the
small diameter of the NCs. Both band gap engineering and
nanostructuring are recognized as potential ways to augment
the already substantial utility of FeVO4 as a visible light
photocatalyst.4,70 For our Fe3−xVxO4, we found that the direct
optical band gap is 2.15 eV. It is difficult to compare this to
previous results due to a dearth of published vanadium ferrite
reports. However, smaller band gaps have been reported for

Figure 6. STEM-EDXS line scans of individual (a) 5.7 nm FeVO4 NCs and (b) 13.5 Fe3−xVxO4 NCs (inset: HAADF-STEM images of the scanned
NCs), indicating a slightly iron-rich stoichiometry of triclinic FeVO4 NCs and a vanadium doping level of x ≈ 0.2 in the spinel ferrite NCs. The
absorbance spectra and corresponding Tauc plots (inset) revealed optical band gap measurements of (c) 2.5 eV for enriched 5.7 nm FeVO4 NCs
and (d) 2.15 eV for enriched 13.5 nm Fe3−xVxO4 NCs.
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undoped magnetite NCs measured by Tauc analysis.71−73

Indeed, the absorbance spectrum of drop-cast 15 nm Fe3O4
(Figure S16b) has an onset of approximately 780 nm (1.6 eV),
so we are confident that vanadium doping has a substantial
effect on the electronic band structure. We conclude that
incorporation of vanadium into the spinel crystal, even in
modest amounts, affects the band gap in the visible region and
may serve to synthetically tune the optoelectronic properties of
these NCs for semiconductor applications.
The magnetic properties of our NCs were investigated using

vibrating sample magnetometry. Figure 7a shows the field-

dependent magnetization collected from powders of particles
following size-selective precipitation. The 13.5 nm Fe3−xVxO4
sample behaves similarly to Fe3O4 of comparable size at 300 K,
with a saturation magnetization of 38 A·m2 kg−1 and coercivity
of 9 mT (inset). As shown in Figure S13a, the saturation
magnetization increases steadily with decreasing temperature
until around 100 K and the coercivity increases substantially
when cooled below 100 K. Both trends are consistent with
superparamagnetic-like NCs transitioning from a very soft
unblocked state to a harder ferrimagnetic blocked state as
thermal energy is removed. Conversely, the DC magnetic
response of 5.7 nm FeVO4 is purely paramagnetic at 300 K,
with no detectable coercivity and a mass-normalized magnet-
ization over an order of magnitude lower at a ±5 T applied
field.
The temperature-dependent magnetic properties of these

two materials at a fixed 10 mT applied field are displayed in
Figure 6b. Zero field-cooled (ZFC) and field-cooled (FC)
measurements revealed further superparamagnetic-like behav-

ior in the 13.5 nm Fe3−xVxO4, with a blocking temperature of
162 K. As seen in Figure S13c, ZFC-FC measurements
conducted on powders of commercially available 15 nm Fe3O4
indicated a blocking temperature of 144 K, which suggests that
vanadium doping into the spinel lattice of these NCs may be
responsible for the transition from a blocked to an unblocked
state occurring at higher temperature than that of similarly
sized undoped Fe3O4. Notably, the mass-normalized 10 mT
magnetization of our vanadium-doped iron oxide is also nearly
50% higher than its undoped counterpart when in the
unblocked state. The magnetic behavior of the 5.7 nm NCs
is substantially different, showing very little mass-normalized
magnetization until the temperature is cooled below 50 K.
Examination of the low-temperature ZFC response (inset)
indicates that a peak corresponding to a magnetic ordering
temperature occurs at 21 K. This behavior is consistent with
previous reports on the magnetic properties of triclinic FeVO4,
which displays an antiferromagnetic ordering Neél temperature
ranging from 20 to 22 K.74 Collectively, these observed
magnetic characteristics strongly corroborate that our reaction
system yields two distinct ternary iron−vanadium oxide
phases, Fe3−xVxO4 and FeVO4, that we can subsequently
separate using size-selective precipitation.

Interpretation of Reaction Pathway. The reaction of
the AQ336+VO3

− precursor with the Fe(OL)3 complex
generated NCs with a mixture of crystal phases, identified as
triclinic FeVO4, and vanadium-doped, spinel-type, magnetite
with the formula Fe3−xVxO4. Whether FeVO4 is present in the
product mixture did not depend controllably on the Fe:V
precursor ratio. A mixture of FeVO4 and Fe3−xVxO4 phases was
observed for all targeted compositions, namely, the 1:1
compound FeVO4 was generated even when 2:1, 4:1, or 8:1
Fe:V precursor ratios were used. POVs contain tetrahedral,
VO4 units that are often also present in multi-metal oxides.
Indeed, triclinic FeVO4 is built from chains of FeO5 and FeO6
polyhedra that are connected by VO4 tetrahedra with a central
V5+. In contrast, the XPS analysis shows that Fe3−xVxO4
contains a mixture of V4+ and V3+, consistent with a previous
report where V4+ and V3+ dopants were detected at the surface
and in the near-surface bulk of Fe3O4.

75 In FeV2O4 and other
spinel vanadates, the octahedral sites are occupied by V3+.5,6

Assuming that V4+ and V3+ are also octahedrally coordinated in
the Fe3−xVxO4 NCs, the different coordination and oxidation
states of vanadium in the spinel and triclinic phases suggest
that significantly different reaction conditions may lead to
nucleation of one phase or the other. The tetrahedral VO4
precursor units are likely to facilitate formation of FeVO4 more
rapidly than they do Fe3−xVxO4 because they undergo less
structural and chemical changes, implying that lower temper-
atures might be required to nucleate FeVO4. It is interesting to
consider, however, that the VO4 precursor units might facilitate
tetrahedral coordination for vanadium ions that may otherwise
prefer octahedral sites in the spinel structure, which is a
possible pathway to metastable phases. The oxidation states of
Fe and V in FeVO4 are the same as the Fe3+ and V5+ found in
the precursors, but formation of Fe3−xVxO4 requires reduction
of Fe3+ to Fe2+ and V5+ to V4+ and V3+. In addition to iron
oxides, the thermal decomposition of the Fe(OL)3 complex is
known to produce side products such as H2, ketones, and
radical hydrocarbon fragments76 that are likely responsible for
reducing the metal species that nucleate Fe3−xVxO4 at elevated
temperature.

Figure 7. Magnetic properties of enriched NC powders. (a) Field-
dependent magnetization at 300 K, indicating that the 13.5 nm
Fe3−xVxO4 NCs display superparamagnetic-like behavior, with a
coercivity of 9 mT, while the 5.7 nm FeVO4 NCs are paramagnetic.
(b) Zero-field cooled and field-cooled magnetization, which reveals a
blocking temperature of 162 K for 13.5 nm Fe3−xVxO4 and a Neél
temperature of 21 K for 5.7 nm FeVO4.
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Our present interpretation of the reaction pathway is that
FeVO4 nucleation overlaps in temperature and competes with
the generation of monomer units that lead to the spinel phase.
The AQ336+VO3

− precursor remaining, which is not
consumed in the formation of FeVO4, generates Fe−V−O
monomer units that are incorporated into Fe3−xVxO4 at the
higher temperatures characteristic of Fe(OL)3 thermolysis
(>300 °C). Ensemble XRF measurements support this
hypothesis (Figure S14). Size-selective separation of samples
made with a 4:1 or 8:1 Fe:V precursor ratio leads to samples
rich in the spinel-phase product. The 4:1 Fe:V product
contained 92% Fe and 8% V (Fe2.76V0.24O4), and the 8:1 Fe:V
product contained 95% Fe and 5% V (Fe2.85V0.15O4),
suggesting that much of the AQ336+VO3

− precursor is
consumed in the formation of FeVO4. The number of oxygen
atoms required to form FeVO4 can be supplied by the VO4
tetrahedral units in the AQ336+VO3

− precursor. In order for
vanadium to occupy the octahedral sites in Fe3−xVxO4,
coordination of VO4 by two additional equivalents of oxygen
is required, which are likely supplied by carboxylate groups
during thermal decomposition of Fe(OL)3. Our interpretation
of the pathway is also supported by the observation that the
POV precursor suppresses formation of the wüstite Fe1−xO
phase, unlike in control experiments where Fe(OL)3 was
thermally decomposed in the absence of the POV (Figure
S13). This suggests that, when the POV precursor is included,
the reaction with Fe(OL)3 generates Fe−V−O monomers,
which promote nucleation of the V-doped spinel magnetite
phase. The reaction of cyclic POVs with diverse metal cations
in organic solvents has been documented, often resulting in
macrocyclic, heterometallic structures that may be intriguing
precursors for metal oxide NC synthesis.77−79

■ CONCLUSIONS

Multi-metal oxide nanostructures that contain the element
vanadium hold promise for developing technologies. The
colloidal synthetic routes used for most other metal oxide
systems, which permit morphology control, surface engineer-
ing, post-synthetic transformation, and solution processing,
remain limited for those containing vanadium due to a lack of
suitable molecular precursors for vanadium incorporation.
Being generally intrigued by the structural likeness of
polyoxometalates to polyhedral units within target metal
oxides, we have established proof-of-principle here that
POVs are viable precursors for delivering vanadium to metal
oxide nanocrystals. First, we discovered that the tetraalkylam-
monium halide reagent AQ336 extracts aqueous VO3

− ions
into organic solvents, conferring the requisite solubility to
POVs for nanocrystal synthesis. The reaction of our
AQ336+VO3

− precursor with Fe(OL)3 produced a mixture of
ternary crystal phases, triclinic FeVO4, and spinel-type
Fe3−xVxO4 (where x ≈ 0.2). FeVO4 is a multiferroic
semiconductor being considered for diverse green technolo-
gies, including photoelectrochemical water splitting, and is thus
a high-profile synthetic target that will be the subject of
ongoing studies.44−46 The valuable magnetic properties of
nanocrystalline spinel ferrites and vanadates also warrant their
synthetic development, and we found that vanadium
incorporation into the lattice of Fe3O4 led to an increase in
both the mass-normalized magnetization and blocking temper-
ature relative to undoped magnetite. Doping was also found to
increase the optical band gap in the visible region, making

these NCs potentially of value as semiconductor devices and
photocatalysts.
Previously, binary mixtures of metal carboxylates80,81 and

multi-metal oxygen clusters68 have been used as precursors to
ternary metal oxide NCs. Likewise, employing POVs enables
routes to these oxide phases that are challenging to access as
well-formed colloidal NCs. The emergence of POVs as
precursors to multi-metal oxide NCs is a significant expansion
of current synthetic capabilities and may be extensible to other
systems, enabling for diverse applications. Additionally, the use
of a phase transfer agent to bring water-soluble POVs into
organic solvent may permit the potential of other polyox-
ometalates and NC precursors to be investigated. For instance,
polyoxomolybdates and polyoxotungstates have polyhedral
structures and reactivities that are similar to POVs40,41,49,82 and
therefore similar potential as nanocrystal precursors. The many
combinations of viable polyoxometalates with these known
nanocrystal precursors have implications for targeting quater-
nary or higher-order compositions that are both tantalizingly
complex and not yet possible.
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