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ABSTRACT

A new, metastable polymorph of V,03; with a bixbyite structure was recently stabilized in colloidal
nanocrystal form. Here, we report the reversible incorporation of oxygen in this material, which can be
controlled by varying temperature and oxygen partial pressure. Based on X-ray diffraction (XRD) and
thermogravimetric analysis, we find that oxygen occupies interstitials sites in the bixbyite lattice. Two
oxygen atoms per unit cell can be incorporated rapidly and with minimal changes to the structure, while
the addition of three or more oxygen atoms destabilizes the structure, resulting in a phase change that
can be reversed upon oxygen removal. Density functional theory (DFT) supports the reversible
occupation of interstitial sites in bixbyite by oxygen and the 1.1 eV barrier to oxygen diffusion predicted
by DFT matches the activation energy of the oxidation process derived from observations by in situ XRD.
Thus, the observed rapid oxidation kinetics are facilitated by short diffusion paths through the bixbyite
nanocrystals. Due to the exceptionally low temperatures of oxidation and reduction, this earth-
abundant material is proposed for use in oxygen storage applications.

The oxides of vanadium are known for both their structural complexity and fascinating properties, as
manifested in the many stable and metastable phases and phase transitions that exist in these
materials. Vanadium sesquioxide (V,0s) is one such oxide, transforming from the antiferromagnetic,
insulating monoclinic phase to the paramagnetic, metallic corundum phase at 170 K.* This phase
transformation is of great fundamental importance due to its model Mott-Hubbard transition behavior.”
Recently, a metastable phase of V,0; with a cubic, bixbyite structure was discovered.® This new
polymorph has since been the subject of several studies, both fundamental and applied, including its
proposed use as a p-type conductor and battery electrode.®’ Synthesizing V,0; nanocrystals stabilizes
the metastable phase and allowed us, in 2013, to prepare phase pure bixbyite.? Using our colloidal
synthetic method, we now demonstrate low temperature, reversible oxidation and reduction of bixbyite
V,03 nanocrystals, a phenomenon which could be harnessed for oxygen storage.

The bixbyite structure has a body-centered cubic lattice with space group /a-3. Often described as anion
deficient fluorite, bixbyite is comparable to a 2 x 2 x 2 fluorite supercell with a quarter of the anions
removed, as demonstrated in Figure 1. These vacated sites are the 16c Wyckoff positions in the /a-3
space group, which are inherently unfilled in bixbyite.? Cations in the bixbyite structure populate two
symmetry inequivalent positions- the 8b and 24d Wyckoff positions, otherwise known as b- and d-sites,



while anions populate the 48e positions for a total of 80 atoms in the unit cell. Bixbyite is the stable
polymorph of several M,0s; type oxides, including indium oxide, yttrium oxide, and manganese oxide. As
a vanadium oxide, this phase was found to be metastable, transforming to the bulk stable corundum
phase of V,03 upon heating in an inert atmosphere. Since the initial discovery of bixbyite V,03, several
papers have been published on the subject, but only three synthetic routes to the bixbyite polymorph
have been reported as of yet. Weber et al. synthesized a mixture of corundum and bixbyite V,05 from
the reduction of vanadium trifluoride at 600°C in water saturated forming gas.” This mixture was
observed to transform to pure corundum phase upon heating to 550°C in argon. Xu et al. formed
bixbyite with an urchin-like morphology through the thermal decomposition of vanadyl ethylene
glycolate.” Transformation to corundum occurred upon heating in argon at 540°C in this instance. Lastly,
we previously reported a colloidal route to bixbyite nanocrystals (NCs) with enhanced stability relative
to its bulk counterparts.® Transformation to corundum proceeded slowly over the course of about 1
hour when held at 700°C, and was accompanied by particle coarsening. This enhanced stability was
reasoned to be due to the non-negligible effect of surface energy on Gibbs free energy at the nanoscale,

1012 The suspected lower surface energy of bixbyite is

a well-known phenomenon in nanocrystals.
thought to alter the relative energetics of the two phases, potentially favoring bixbyite over corundum

below some critical size.

Figure 1. a) Bixbyite unit cell with b- and d- sites marked with green and blue polyhedra, respectively. b) The
undistorted fluorite structure is shown for comparison. Cations are colored purple and anions are red, while black
lines mark the border of the unit cell in each structure. All crystal structure figures were created using VESTA."”

In addition to experimental reports, several theoretical studies on bixbyite V,03 have been published in
recent years, including calculations of electronic and magnetic properties, intrinsic and extrinsic defects,
and phase stabilities. Using GGA+U and hybrid density functional theory (DFT) calculations, Wessel et al.
compared the energetics of the known polymorphs of V,03 along with other defective fluorite-type
structures, confirming the metastable nature of the bixbyite polymorph.'* Antiferromagnetic ordering
minimized the energy of the system and led to the formation of a band gap, both of which were
confirmed by previous experimental work by the same group.® Sarmadian et al. recently published a
detailed study on p-type dopants in bixbyite.® Using a hybrid HSEO6 functional, magnesium was found to
be a shallow acceptor and therefore Mg-doped bixbyite is theorized to be a p-type conductor. Vanadium
vacancies were also found to be shallow acceptors and may also result in p-type conductivity. To
understand the very low oxygen partial pressures required to stabilize the bixbyite phase in ref. 5,
Reimann et al. also used DFT, with both GGA and hybrid functionals, to study intrinsic defects in
bixbyite.® The formation of oxygen interstitials in the 16¢ Wyckoff position was found to be favorable



under ambient conditions, and an oxygen partial pressure of 10" bar was estimated to be required to
thermodynamically favor the formation of stoichiometric bixbyite under their reaction conditions.

In our previous publication, we noted a change in crystal structure of bixbyite V,03; nanocrystals upon air
exposure, thought to be due to oxidation.® Here, we explore the oxidation of bixbyite nanocrystals in
detail, using in situ x-ray diffraction (XRD) to observe structural changes in real time and complementing
the experimental findings with DFT calculations. The oxidation process is found to be reversible upon
heating in inert atmosphere at moderate temperatures (>325°C), thereby establishing the possibility for
use in low-temperature oxygen storage applications, where oxygen is reversibly stored and released,

. « 16-18
e.g. for gas separation or to carry out catalytic processes.

RESULTS

Upon exposure to air, the crystal structure of the bixbyite nanocrystals changes gradually over the
course of weeks at room temperature, as observed by XRD. The change is accelerated at higher
temperatures, occurring over the course of approximately an hour at 125°C, eventually resulting in a
phase transformation to an unknown phase of vanadium oxide with no obvious changes in particle
shape and size (Figure 2a & b, Figure S1). Before this transformation occurs, XRD peaks shift to lower Q
values while some peaks decrease in intensity, suggesting lattice expansion and changes in atomic
positions, respectively. This evolution is shown for samples heated in air at 125°C, by both ex situ and in
situ XRD, in Figure 2c, d, & e. To support this interpretation, Rietveld refinement was performed on XRD
scans of bixbyite NCs annealed in air at 125°C for 0, 10, 20, 30, and 40 minutes (Figure S2). These results,
shown in Figure 2f, confirm that the cubic lattice parameter increases while vanadium located in the 24d
Wyckoff positions in bixbyite shift location within the unit cell with increasing annealing time. This shift
in vanadium position can also be described as the structure becoming more “fluorite-like,” an indication
that the vacant 16c Wyckoff positions may be filled by oxygen interstitials during the process.
Thermogravimetric analysis (TGA) also shows an increase in weight when bixbyite is heated in air
yielding further confirmation of oxygen insertion into the bixbyite lattice.?



O
N

Normalized Intensity (a.u.)

o
N

120

1

]

*

21 22 23 24 25 21 22 23 24 25

Normalized
Intensity (a.u.)

(uiw) 0,621 e awl

Q (A7) Q (A"
0.29

f) 045 . a
»

L 943 . £ ; >
S 9.42- o gro27 _ §

© .

o _. . =] N T
p 9.41 . 8l e a9
-,i-j 9.404 . 5| =
8 9.39 _ _ atom position_in fluorite _ _ Loos =

0 1'0 2'0 3'O 4'0 50
Time at 125°C (min)

Figure 2- Transmission electron microscopy images of bixbyite NCs a) as synthesized and b) after annealing at
125°C in air for 2 hours. c) XRD scans of bixbyite annealed in air at 125°C for 0, 10, 20, 30, 40, and 50 minutes (with
impurity peaks from the Si substrate marked with *) with d) a zoomed in image of the (222) peak, e) in situ XRD
pattern centered at the (222) bixbyite peak held at 125°C in air, and f) results of Rietveld refinement for films
annealed at 125°C for 0, 10, 20, 30, and 40 minutes showing lattice parameter (left/black) and position of the d-
site vanadium (right/red) as a function of annealing time.



Static DFT calculations were used to map the energy landscape of the likely interstitial oxygen positions

in the bixbyite unit cell. The total energy of the system upon moving one interstitial oxygen along

channels parallel to the edge, face diagonal, and body diagonal of the bixbyite unit cell was calculated

and the results are shown in Figure 3. Since test calculations revealed that the trends in interstitial

oxygen position were insensitive to magnetic order and spin polarization (Figure S9), these parameters

were not included in the calcuations to reduce computational cost.
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Figure 3- Energy of the bixbyite unit cell with an oxygen interstitial placed along channels parallel to the a) cube
edge, c) face diagonal, and e) body diagonal, referenced to minimum energy value. Channels marked in structures
below (b, d, f). Positions are indicated in terms of fractional coordinates in the cubic unit cell.

As expected, and previously assumed without energy mapping in other work, the most stable positions
for oxygen interstitials are the inherently vacant 16c Wyckoff positions in the /a-3 space group.® This is
evident from the minima found at the fractional coordinates (0.15, 0.15, 0.15) and (0.35, 0.35, 0.35) in
Figure 3e. A mirrored version of the trend was observed along the second half of the body diagonal
(between the body center and opposite cube corner), with minima also existing at (0.65, 0.65, 0.65) and
(0.85, 0.85, 0.85). These 16c sites can also be described as those in which oxygen is vacant relative to the
fluorite structure, therefore these results support the experimental observation that the bixbyite crystal
structure becomes more similar to fluorite upon oxygen incorporation.

To maintain charge neutrality upon oxidation, the incorporation of negatively charged oxygen
interstitials must be followed by the creation of holes in the vanadium sublattice due to internal charge
transfer from vanadium to oxygen. Holes in the vanadium sublattice can either be localized on a
vanadium cation and give rise to p-type, or positively charged, polaronic conduction, or delocalized in
the valence band, yielding a strongly correlated p-type metal. Given the small energy differences
between vanadium oxidation states, localized charge compensation at vanadium lattice sites is



expected, in which two vanadium atoms oxidize for every oxygen interstitial present, as shown in

Kroger-Vink notation below.
2VF + 20,(9) - 2Vy + 0 (1)

Indeed, X-ray photoelectron spectroscopy (XPS) confirms the presence of V* following air exposure. This
is evident by a second peak contribution within the envelope of the V 2p doublet, which increases in

intensity with annealing time at 125°C in air (Figure 4).
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Figure 4. XPS scans of bixbyite films annealed in air at 125°C for 0, 5, 15, 30, and 90 minutes. The contribution of
vanadium in the 3+ and 4+ oxidation states is indicated by the green and blue peaks, respectively.

The course of the bixbyite oxidation process that ultimately leads to phase transformation was followed
in detail by carrying out in situ XRD experiments, like that shown in Figure 2e, at several temperatures.
Figure 5a maps the position of the (222) diffraction peak from this data as a function of annealing time



at 100°C, 125°C, and 150°C. The rate of peak shift, and therefore volume expansion, increases with
temperature up to the point of transformation, where the single peak at Q 2.3 A™ splits into a peak and
shoulder. No further structural changes are observed after this transition. Figure 5b shows weight gain,
monitored by TGA, in bixbyite nanocrystals as a function of time under the same annealing conditions as
in situ XRD. As temperature is increased, weight gain occurs at a faster rate. However the percentage of
weight gain at transformation, determined from the maximum change in shoulder peak intensity (Figure
S$3) and marked with green circles in Figure 5a & b, is independent of annealing temperature. This
suggests that the transformation is triggered once a critical oxidation level is reached. Taking the lattice
as cubic up to the point of transformation and ascribing all weight gain to oxygen interstitial
incorporation, in situ XRD and TGA data can be combined to track unit cell volume as a function of
oxygen interstitial concentration. A non-linear trend is apparent with increasing expansion as oxidation
proceeds (Figure 5c). The trend is consistent for annealing at 100°C and 125°C, while the data appear
slightly shifted for 150°C annealing. We attribute this shift to partial oxidation during the ramp to 150°C,
which would result in an underestimation of oxygen interstitial content. Based on the weight gain of
about 1.8% at transformation, it can be reasoned that the bixbyite lattice can accommodate two oxygen
interstitials per unit cell, after which the structure becomes unstable and transformation occurs. This
result suggests that the oxidized phase has a stoichiometry between that of V,05 and V30s, the adjacent
phase in the V-O phase diagram. However, efforts to identify its crystal structure were unsuccessful, as it
indexes to no known vanadium oxide phase or fluorite derivative.
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Figure 5. Kinetic progress of the oxidation of bixbyite V,03; nanocrystals followed in situ during air annealing. a)
(222) peak position from in situ XRD data and b) TGA scans for bixbyite nanocrystals annealed in air at 100°C
(black), 125°C (blue), and 150°C (red). c) Volume expansion as a function of oxygen interstitial content calculated
from data in a) and b). Green circles indicate time at which transformation to unknown phase occurs, as

determined from maximum change in shoulder peak intensity.



The in situ data were also used to plot time to transformation as a function of annealing temperature, as
shown in Figure 6a. An Arrhenius-type relation is apparent, in which transformation rate is related to
temperature following:

—-E,4
k=A4e YRt (2)

Where k is the reaction rate, A is an attempt frequency factor, E, is the activation energy, R is the
universal gas constant, and T is temperature. An activation energy and frequency factor of 98 kJ/mol
(1.02 eV), and 3.1 x 10° s, respectively, were extracted from the data. Activation energy is determined
by the rate limiting step of the oxidation process, which may include oxygen adsorption, dissociation,
intercalation, diffusion, and finally, structural transformation. Many of these potentially rate limiting
processes are expected to be accelerated in materials with high surface area (i.e., adsorption,
dissociation, intercalation) or presenting short path lengths (i.e., diffusion), so that the progression of
the structure along an equilibrium pathway of progressive oxidation is greatly facilitated by the
nanostructuring of the material. Oxidation happens quickly at the surface of the nanocrystal, as seen by
the large concentration of charge compensating V** after only 5 minutes of annealing in Figure 4. Thus,
it is unlikely that the processes occurring at the surface of the nanocrystal are rate limiting.
Furthermore, the extracted activation energy is comparable to theoretical and experimental activation
energies of oxygen diffusion in perovskite, fluorite, and bixbyite oxides, thereby suggesting that oxygen

diffusion is the rate limiting step in the bixbyite oxidation process.’*™

To support this hypothesis, the
activation energy of oxygen diffusion was modeled using the climbing-image nudged elastic band
method for DFT.?*?* Neighboring minima along the body diagonal in the bixbyite unit cell, as shown in
Figure 3e, were chosen as initial and final positions of the minimum energy pathway for oxygen
migration. The resulting activation energy along this path was found to be 1.09 eV (Figure 6b). This
result is in very good agreement with the activation energy extracted from experimental kinetics,

thereby supporting the role of oxygen diffusion as the rate limiting step in the transformation process.
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Figure 6. a) Time to transformation as a function of annealing temperature in air. Inset shows plot of 1000/T vs In(1/t), yielding
straight line which can be used to extract activation energy and frequency factor. b) Climbing-image nudged elastic band model
of oxygen interstitial diffusion between neighboring 16c Wyckoff positions along the cell body diagonal.

Notably, the oxidation of bixbyite V,03 can be reversed upon annealing in a mild reducing atmosphere,
even if it has been allowed to progress past the phase transformation. Figure 7a shows in situ XRD scans
from an already oxidized and transformed sample heated in helium to 325°C. The characteristic peak
and shoulder of the unknown, oxidized phase merge into one peak, characteristic of the bixbyite phase,
suggesting a phase transformation back to the stoichiometric phase. Indeed, the recovery of the bixbyite
phase is confirm by ex situ XRD while TEM images show minimal changes to particle size and shape
(Figure S1). Oxidized bixbyite was also heated under the same conditions as in situ XRD while weight
loss was tracked by TGA. The starting weight of the sample corresponds to the weight after oxidation at
125°C, a continuation of the data in Figure 5b. Upon heating in inert gas, a weight loss is indeed
observed, with the maximum rate of change in weight occurring at the same time and temperature as
the rapid change in peak position, approximately 13 minutes and 310°C, respectively (Figure S6).
However the final weight after reduction (~95 wt%) is less than the initial sample weight before
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oxidation (100 wt%). This additional weight loss can be accounted for by the decomposition of the
organic ligands bound to the surface of the nanocrystals, as evidenced by the 5 wt% loss in a pristine
bixbyite sample heated under the same conditions (Figure 7b). The final weight of the oxidized sample is
approximately equal to the final weight of the unoxidized sample, indicating that the weight gain due to
oxygen insertion is completely reversed by annealing in nitrogen. Therefore, it is likely that the change in
structure observed by in situ XRD is indeed due to reduction, wherein the phase transformation is
reversed and oxygen interstitials are removed from the bixbyite lattice.
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Figure 7- Reduction of oxidized bixbyite as observed by a) in situ XRD and b) TGA heated in inert gas following
temperature profile in red. TGA data includes reduction of oxidized and as-synthesized bixbyite in order to account
for ligand decomposition. The XRD peaks near Q=2.1 and 2.42 arise from the beryllium dome required for in situ
inert gas annealing.

Such reversibility in the oxidation process requires not only kinetic facilitation by the nanoscale nature
of the material, but favorable thermodynamics that allow the system to shift between
thermodynamically favored states within the experimentally accessible range of environmental
conditions. To probe the energetics of the defect formation process corresponding to oxygen insertion
in bixbyite V,0s3, DFT was used to evaluate the following equation for defect formation energy of a

neutral cell®*:

Edefect = Edefective cell — Eperfect cell — Zini.ui (3)
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Where p;is the chemical potential of species i added or removed and n; is the number of species i added
or removed (n; <0 if removed, n; >0 if added). For the case of an oxygen interstitial in the 80 atom unit
cell of bixbyite, the equation becomes:

Eoi = EV32049 - EV32048 - AMO (4)

The total energy of a stoichiometric, relaxed bixbyite cell was subtracted from the total energy of a cell
with one additional interstitial oxygen initially at a position of (0.15, 0.15, 0.15) and relaxed to (0.141,
0.142. 0.143), as calculated by DFT. The lattice parameters were fixed to simulate the dilute limit. We
note that the defect-defect distance is 9.414 A and that only subtle elastic interactions between defects
in periodic images is expected. As the chemical potential of oxygen depends on pressure and
temperature, it is reported as a range of achievable values. The lower bound, or reducing limit,
represents the chemical potential at which the dissociation of V,0; into vanadium metal and oxygen gas
becomes thermodynamically favorable, whereas at the upper bound, or oxidizing limit, the maximum
chemical potential of oxygen considered is the total energy of oxygen in an isolated oxygen molecule.
Figure 8 shows the defect formation energy of an oxygen interstitial as a function of the chemical
potential of oxygen.
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Figure 8- Defect formation energy of oxygen interstitial in bixbyite V,03 calculated by DFT as a function of the
chemical potential of oxygen for a range of experimentally accessible values. Dashed grey area indicates the region
of negative defect formation energy.

The reversibility of the oxidation process observed experimentally can be understood from the
calculated defect formation energy and its dependence on the chemical potential of oxygen. Under
oxygen-rich conditions, oxygen has a higher chemical potential and the defect formation energy of an
oxygen interstitial is negative. This result indicates that bixbyite is metastable with respect to a more
oxidized phase under these conditions, which is consistent with our observation that bixbyite oxidizes
spontaneously over time. Under oxygen-poor conditions (low chemical potential), the defect formation
energy is positive, indicating that stoichiometric bixbyite is a stable host for oxygen interstitials. As the
oxygen chemical potential decreases, either by reducing oxygen partial pressure or increasing
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temperature, the defect formation energy increases, ultimately leading to a decrease in the equilibrium
concentration of oxygen interstitials in bixbyite. This is consistent with our observation that oxygen
interstitials are removed from the lattice upon heating under inert gas flow (low pp02), as shown by
XRD and TGA in Figure 7. Furthermore, distinct levels of reduction can be achieved by simply varying
temperature while keeping partial pressure low and fixed (Figure S4 & S5). In this way, oxygen content
can be controlled by altering either oxygen partial pressure, temperature, or both.

DISCUSSION

The ability to reversibly store and release oxygen in bixbyite V,0; makes it an appealing candidate for
use in oxygen storage applications. Oxidation occurs both rapidly and with minimal change in crystal
structure below a concentration of approximately two oxygen interstitials per unit cell. However, the
most remarkable feature of bixbyite’s reversible oxidation process is the unusually low temperatures
required for oxidation and reduction. For comparison, HoMnQ3, a hexagonal manganite material
demonstrating oxidation at exceptionally low temperatures, requires an oxidation temperature of
190°C, while heating in pure O, gas, and a reduction temperature of 325°C.% Bixbyite V,0;
demonstrates nearly the same oxygen storage capacity at transformation (~1.8%) while operating at a
lower temperature and ppO,. In addition to aiding in the stabilization of the phase, the high surface to
volume ratio in bixbyite NCs is expected to result in faster diffusion, and therefore faster switching
kinetics, than in the bulk.?® Furthermore, while most oxygen storage materials under investigation today
contain rare earth elements, vanadium oxide is made up of earth-abundant elements.

To pave the way toward practical applications, further work is needed to improve cyclability of the
oxidation and reduction processes. Initial tests show diminishing oxygen storage capacity upon cycling,
leading to an eventual loss of bixbyite stabilization (Figure S7). This may be associated with the thermal
decomposition of the binding organic ligands at the surface of the bixbyite nanocrystals which may alter
surface energy and, therefore, stability of the phase. Repeated expansion and transformation induced
by oxidation may also lead to degradation of the structure. Indeed, cycleability is improved when
oxidation is not allowed to progress past the point of structural transformation. These problems may be
mitigated by doping or alloying with elements that stabilize the metastable structure (as in yttrium-
stabilized zirconia) or minimize defect-induced strain. The improved oxygen storage capacity and
cyclability of zirconia-ceria solid solutions, compared to pure ceria, is an example of the latter. This
improvement has been ascribed to the small size of the zirconium ion, which counteracts the strain
associated with the formation of trivalent cerium during reduction.”

Lattice expansion in fluorite and defective fluorite-type oxides is not a new occurrence, but contrary to
what is observed in V,03, this tends to occur as a result of oxygen vacancy formation. Termed chemical
expansion, this is a well-known phenomenon, due in part to the stresses this type of expansion can
induce in energy conversion devices such as solid oxide fuel cells.”® Charge compensating cation
reduction, and the resulting increase in cationic radius, is the dominant mechanism leading to expansion
in oxygen deficient fluorites and perovskites. Although relaxation near the vacancy causes some
contraction, the effect is not as pronounced and therefore the net result is still expansion. Similarly, in
bixbyite V,03, two opposing influences on lattice parameter are expected. The presence of excess
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oxygen is expected to favor expansion to accommodate lattice strain while the oxidation of vanadium,
required for charge compensation, favors contraction. This is clear from the ionic radius of vanadium,
which is 0.64 A in the 3+ oxidation state and 0.58 A in the 4+ state.”® If change in cation size dominates
the change in lattice constant, as it does in the case of chemical expansion observed in other fluorite-
type structures, one might expect the net effect of these competing influences to favor contraction,
however this is not observed. Instead, low concentrations of oxygen interstitials have very little effect
on the lattice, as shown in Figure 5c, while larger concentrations result in expansion. We propose that
the two competing mechanisms favoring expansion and contraction, strain accommodation and cation
oxidation, respectively, balance and compensate each other at low oxidation levels. Upon further
oxidation however, expansion due to accommodation of extra atoms in the lattice dominates. DFT
calculations of unit cell volume as a function of oxygen interstitial content show a similar trend (Figure
$10).

The reversible oxidation observed in bixbyite is not expected to occur in the other polymorphs of V,0s.
Although vanadium is known for its ability to switch oxidation states, and could thereby compensate for
the extra charge introduced by oxygen interstitials in any crystal phase, the corundum and monoclinic
phases likely have insufficient space in the lattice to accommodate oxygen interstitials at reasonable
formation energy. Corundum, for example, has a hexagonal close-packed oxygen sub-lattice that leaves
little room for excess oxygen, quite unlike the inherently vacant sites in the bixbyite unit cell.** The
calculated density of the bixbyite phase is 4.81 g/cm?, as compared to the much higher densities of the

corundum and monoclinic phases, which are 5.02 g/cm?® and 4.98 g/cm®, respectively.>*!

Alternatively,
other oxides with the bixbyite structure, such as indium oxide (In,03), may be unable to easily
compensate for the high levels of charge introduced by oxygen interstitials. As indium in the 3+
oxidation state has a stable [Kr]4d electron configuration, compensation by cation oxidation is highly
unlikely. Furthermore, delocalized compensation, resulting in hole formation and p-type conductivity, is
possible in semiconductors like In,03 but never observed. Rather the formation of oxygen vacancies is

known to be favorable in In,0s, leading to intrinsic n-type conductivity.*

It is therefore a combination of bixbyite’s open structure and vanadium’s ability to change oxidation
state that hold the key to bixbyite V,03’s ability to accommodate large oxygen excesses under mild
oxidation conditions. In this regard, its nanocrystalline morphology, which plays a role in stabilizing the
less dense phase in addition to offering short diffusion paths, is clearly important. Lacking direct
experimental data, however it is unclear whether this reversible process could occur effectively in bulk
bixbyite.

CONCLUSIONS

Here we report reversible oxygen incorporation in metastable, bixbyite V,03; nanocrystals. Oxygen
interstitials fill the inherently vacant 16c positions in bixbyite, as suggested by Rietveld refinement
results and supported by DFT calculations, making the structure more like that of fluorite. Increasing
oxidation in bixbyite results in lattice distortion and expansion, eventually inducing a phase
transformation to an unidentified phase. Combined XRD and TGA data reveals a non-linear chemical
expansion, with minimal structural changes upon initial oxidation and rapid expansion up to a critical
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oxidation level of 1.8 weight %, corresponding to about 3 oxygen interstitials per unit cell, at which point
transformation occurs. The rate of transformation follows an Arrhenius relationship, which was used to
extract the activation energy of the process from in situ XRD data. This activation energy is in good
agreement with the calculated activation energy of oxygen diffusion determined by DFT, and therefore
the oxidation process is reasoned to be diffusion limited. Finally, oxidation and transformation were
shown to be reversible by annealing in inert gas at 325°C, with the structure reverting back to that of
stoichiometric bixbyite and weight loss indicating the removal of interstitial oxygen from the lattice. The
reversibility of the process can be understood by the dependence of defect formation energy on the
chemical potential of oxygen, which can be controlled by varying oxygen partial pressure and
temperature. This study motivates the continued effort in stabilizing a bulk form of bixbyite V,03 in
order to elucidate the influence of nanosize effects on reversible oxidation, as well as the further

exploration of the strange and fascinating properties of this metastable oxide.
METHODS

Synthesis: In a typical synthesis using standard Schlenk line techniques, a 50 ml three-neck flask
containing 0.265 g (1 mmol) vanadyl acetylacetonate (Strem Chemicals, 98%), 1.07 g (4 mmol)
oleylamine (Sigma Aldrich, 70%), and 1.13 g (4 mmol) oleic acid (Sigma Aldrich, 98%) in 8 ml squalane
(Sigma Aldrich, 99%) was degassed under vacuum at 110°C for 1 hour. The mixture was then heated,
under nitrogen flow, to 370°C and held at this temperature for 1 hour. The nanocrystals were cleaned by
repeated flocculation with isopropanol and redispersion in hexanes or toluene.

Transmission Electron Microscopy: Nanocrystals were drop cast onto a silicon nitride grid from a dilute
suspension in hexanes and allowed to dry. Low resolution images were acquired using a JEOL-2010F
microscope with a Schottky field emission gun operating at 200 kV and equipped with a CCD camera.
After imaging, the grid was heated in air at 125°C for 2 hours to transform to oxidized phase, then
imaged again.

X-Ray Diffraction: Nanocrystals in hexanes were drop cast onto silicon substrates to create films. These
films were annealed in a Thermo Scientific Lindberg Blue M Mini-Mite tube furnace open to air at 125°C
for 0, 10, 20, 30, 40, and 50 minutes, resulting in increasing levels of oxidation. XRD patterns of these
films were collected at the Stanford Synchrotron Radiation Lightsource on beamline 2-1. The
diffractometer, equipped with Huber 2-circle goniometer and a high-resolution crystal-analyzer
detector, was operated at a 12 keV (A = 1.033 A) in reflection mode with the sample under helium flow.
Scans were obtained between 26 = 10° to 44° with a step size of 0.01° and time per step of 1 second.
Scans were repeated 3 times then averaged. Rietveld refinement was performed on the data using the
TOPAS 4.2 program.

In situ X-Ray Diffraction: In situ XRD was performed on beamline X20A at the National Synchrotron Light
Source at Brookhaven National Laboratory. The diffractometer was operated in reflection mode, with a
molybdenum sample heater, at an energy of 8.0645 keV (A = 1.537 A). Real time scans were collected
using a 640-pixel linear detector centered at Q = 2.25 A™ and positioned such that a Q range of 1.4 A
was surveyed during oxidation, corresponding to a resolution of 0.0022 A™/pixel. Oxidation was
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observed while the sample was open to air and heated to temperatures between 100 and 170°C. To
observe the reduction of bixbyite, a beryllium dome was affixed to the stage and purged with helium.
Samples were then heated to between 250 and 400°C. Integration time varied between 1 to 5 seconds,
depending on the speed of transformation, and continued over the course of transformation.

Thermogravimetric Analysis: TGA was done using a Mettler Toledo TGA/DSC 1. To prepare the samples,
several milligrams of clean nanocrystals in hexanes were drop cast into alumina crucibles and the
solvent was allowed to evaporate. Experiments were run in nitrogen or air at a flow rate of 50 ml/min
and temperature ramp rate of 20°C/min.

X-Ray Photoelectron Spectroscopy: XPS measurements were done using a Kratos Axis Ultra DLD X-ray
photoelectron spectrometer with an aluminum X-ray source. The spectrometer was equipped with a
series of chambers and a capsule, known collectively as ROX interface, which allow for air-free transfer
from a glove box. XPS spectra were calibrated to the O1s peak at 530 eV following reference 33. High
resolution spectra of the V 2p;/,, V 2py/5, and O 1s peaks were acquired for samples annealed in air at
125°C, then analyzed using the CasaXPS software package. The peak at ~¥527 eV corresponds to a
vanadium satellite while the peak at ~¥532 eV can be assigned to the oxygen-containing oleate ligands

bound to the surface of the nanocrystals.****

35,36 . . . . . .
*** calculations were performed using the Vienna Ab initio Simulation

37,38

Density Functional Theory: DFT
Package (VASP) with a plane-wave basis set expanded up to a cutoff energy of 550 eV. The projector
augmented wave (PAW) method was used, treating 13 valence electrons for vanadium (3s*3p°4s*3d°)

3949 Exchange-correlation effects were treated within the

and 6 valence electrons for oxygen (2s°2p”).
GGA+U formalism, employing the PBEsol functional*' and a Hubbard U value of 2.2 eV applied to
vanadium 3d states. For the 80-atom bixbyite unit cell, Brillouin zone integration was done on a -
centered 3x3x3 k-point mesh, while 4x6x6 and 6x6x2 k-meshes were used for the monoclinic and
corundum phases, respectively. Spin-polarized calculations were done with antiferromagnetic ordering
of vanadium 3d electrons for the monoclinic and bixbyite polymorphs. Atom positions were relaxed until
residual forces became less than 0.01 eV/A and the Birch Murnaghan equation was used to obtain the
equilibrium lattice parameter.*? The transition path for oxygen interstitial diffusion was explored
without spin polarization using the climbing-image nudged elastic band method.?*** Atom positions
within each image were relaxed until the forces became less than 0.03 eV/A. Further details on DFT

calculations are included in the SI.
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