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Enhanced Intercalation Dynamics and Stability of
Engineered Micro/Nano-Structured Electrode Materials:
Vanadium Oxide Mesocrystals

Evan Uchaker, Meng Gu, Nan Zhou, Yanwei Li, Chongmin Wang, and Guozhong Cao*

An additive and template free process is developed for the facile synthesis of VO,(B)
mesocrystals via the solvothermal reaction of oxalic acid and vanadium pentoxide.
The six-armed star architectures are composed of stacked nanosheets homoepitaxially
oriented along the [100] crystallographic register with respect to one another, as
confirmed by means of selected area electron diffraction and electron microscopy. It
is proposed that the mesocrystal formation mechanism proceeds through classical as
well as non-classical crystallization processes, and is possibly facilitated or promoted
by the presence of a reducing/chelating agent. The synthesized VO,(B) mesocrystals
are tested as a cathodic electrode material for lithium-ion batteries, and show good
capacity at discharge rates ranging from 150-1500 mA g=' and a cyclic stability of
195 mA h g7" over fifty cycles. The superb electrochemical performance of the VO,(B)
mesocrystals is attributed to the porous and oriented superstructure that ensures large
surface area for redox reaction and short diffusion distances. The mesocrystalline
structure ensures that all the surfaces are in intimate contact with the electrolyte, and
that lithium-ion intercalation occurs uniformly throughout the entire electrode. The
exposed (100) facets also lead to fast lithium intercalation, and the homoepitaxial
stacking of nanosheets offers a strong inner-sheet binding force that leads to better
accommodation of the strain induced during cycling, thus circumventing the capacity
fading issues typically associated with VO,(B) electrodes.
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1. Introduction

The development and implementation of nanostructured
materials has led to great enhancements in Li-ion battery
performance, as with many other fields.!'! The nanoscale size
reduction leads to enhancements in the Li-ion battery inter-
calation capability by increasing the specific surface area
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for interfacial Faradaic reactions and the flux of Li* across
the electrode-electrolyte interface; these effects ultimately
enhance the mass and charge diffusion paths and modify the
thermodynamics (compared to the bulk), which facilitates
phase transitions.[>3] Provided all the benefits of nanostruc-
turing, the synthesis and characterization of nanostructured
electrode materials of various chemistries have been exten-
sively investigated. However, the use of nanostructures is
not a panacea, and there are several performance issues,
either lingering or deriving from nanostructuring, that still
need to be addressed.[*! Most notably, nanostructured elec-
trodes suffer from diminished conductivity, stability, and
packing density, while at the same time exhibiting enhanced
reactivity.>-10]

The design of structurally aligned nanoparticles can cir-
cumvent the thermodynamic instability, undesired side reac-
tions, high processing costs, and potential nano-toxicity effects
associated with nanoparticle synthesis and processing,[l11:12]
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Figure 1. SEM images of the synthesized vanadium oxide mesocrystals: a—c) representative view of individual assemblies showing the stacked
nanosheets composing each arm, d) longitudinal view of star-structure, and e,f) overall view of as-synthesized specimen displaying the packing

density.

There has been a great deal of recent efforts in the formation
and understanding of ordered nanoparticle superstructures
with a vast range of architectures; in particular, crystallo-
graphically oriented nanoparticle superstructures, or meso-
crystals, have been the central focus of such intrigue since
described by Colfen and Antonietti.l'>11 Until recently,
mesocrystals were only studied in biomineral materials, but
current research efforts have shifted towards the devel-
opment of mesocrystalline organic molecules,'>!7l metal
oxides,['8211 and other functional materials.[22:23]

Novel nanoparticle arrangement has historically been
achieved through the synthesis of nanocrystalline superlat-
tices, or supercrystals, and colloidal crystals. However, indi-
vidual nanoparticle orientation is not taken into account
by such assemblies. Mesocrystals can be classified by their
high degree of crystallinity, porosity, and subunit alignment
along a crystallographic register.'¥! These highly desir-
able properties are due in part to the mesocrystal forma-
tion mechanisms, which are still poorly understood, and
make mesocrystals ideal material candidates for catalysis,
sensing, and energy storage/conversion applications.!®]
Mesocrystal growth often proceeds via the aggregation of
precursor units, rather than the classical ion-by-ion growth
mechanism, which can be attributed with the generation of
crystals with hierarchical structures and complex morpholo-
gies. Several investigations of mesocrystalline LiFePO, and
TiO, used as the electro-active material for lithium-ion bat-
tery electrodes have already been produced, but a report
of mesocrystalline vanadium oxide for such an application
is lacking.[2921] Herein, we report on the solvothermal syn-
thesis, potential formation mechanism, and electrochemical
performance of VO,(B) mesocrystals synthesized using an
additive free solvothermal approach. Moreover, remarkable
phase stability and excellent lithium-ion intercalation prop-
erties have been demonstrated for the obtained VO,(B)
mesocrystals.
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2. Results and Discussion

VO,(B) mesocrystals were synthesized by adopting the
methods of Li et al., which involved the solvothermal reac-
tion of V,05 and oxalic acid.[*l The size and morphology of
the as-prepared material was examined using scanning elec-
tron microscopy (SEM), the results of which are displayed
in Figure 1. Figure la—c displays several representative
individual mesocrystal assemblies, while Figure 1d-f shows
an overall SEM micrograph of a typical specimen which is
largely composed of uniformly micro-sized ellipsoidal star
structures with an average height and width of approximately
2.8 wm and 1.5 um, respectively. As the higher magnification
images reveal, each star-structure is composed of six arms
that are self-assembled from stacked nanosheets 20-60 nm
thick that are radially aligned with respect to the center of
the structure. Each nanosheet is intimately connected to its
neighbors, resulting in a highly porous structure that should
facilitate the penetration of electrolyte into the material, alle-
viate cycling induced strain, and decrease the lithium-ion dif-
fusion distance. The overall thickness of each hierarchically
nanostructured arm is approximately 200-300 nm.

Figure le.f illustrates that the star-assemblies appear to
have a relatively mono-dispersed size distribution and are
tightly packed, which should result in a porous and layered
microstructured assembly with enhanced volumetric density
and conductivity. A slight degree of variation with the mor-
phology is apparent (Figure le); however, such effects are
considered negligible because the arms of the structures are
composed of stacked nanosheets.

Figure 2a displays the X-ray diffraction (XRD) pattern
of the as synthesized material which can be indexed to the
monoclinic crystalline phase of VO,(B) (space group C2/m
and JCPDS card no. 081-2392) with lattice parameters a, b, c,
and B equal to 12.092 A,3.702 A, 6.433 A, and 106.6°, respec-
tively; this analysis is consistent with literature reports.25-2]
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Figure 2. a) XRD spectrum and the b) BJH desorption pore size distribution for the as
synthesized VO,(B) mesocrystals (inset: N, adsorption—desorption isotherm).

The interlayer spacing of the phase is determined to be
6.15 A from the (001) reflection. The sharp and high inten-
sity diffraction peaks are indicative that the product is highly
crystalline. No secondary or parasitic phases are detected,
and the formation of crystalline VO,(B) indicates that the
V>3 ions from the original V,O5 precursor have been reduced
to V# during the solvothermal synthesis by oxalic acid.[?427-28]

Peak broadening analysis of the (001) XRD reflec-
tion using the Scherrer equation indicated that the average
crystallite size was approximately 17 nm, substantiating
the microscopy results that the VO,(B) mesocrystals were
composed of nanocrystalline subunits. The presence of the
nanoparticle subunits and the porous nature of the sample
were confirmed by the corresponding nitrogen sorption
isotherms and Barrett-Joyner—-Halenda (BJH) desorption
analyses, which indicated that the majority of pores within
the sample are below 15 nm (Figure 2b). The Brunauer-
Emmett-Teller (BET) derived surface area was determined

Diameter (nm)

: VO,(B) nanosheets, and similar incorpo-
rations have been known to decrease the
overall porosity of mesocrystals.[?’]
Transmission  electron  microscopy
(TEM) was then performed on a single
star-assembly cross section that was pre-
pared using an ultramicrotome, as displayed in Figure 3a.
The cross sectioned image reveals that each arm of the star-
assembly is separate from the others, indicating that the
structure is not truly single crystalline. Figure 3b presents the
vertex of two arms, as identified by the highlighted region in
Figure 3a, and confirms the superstructure arms are composed
of stacked nanosheets. A thinner ultramicrotomed specimen
would have made the nanosheet stacking more pronounced;
however, specimens cut to thicknesses of 60 and 80 nm con-
tinually shifted when exposed to the electron gun, most
likely due to heating effects with the epoxy resin (or residual
organic matter existing between the nanosheets) when cut so
thin. The nanosheets measure several tens of nanometers as
observed with TEM, supporting the SEM and XRD findings
of the mesocrystalline primary nanoparticle size.
Selected-area electron diffraction (SAED) can be
used to demonstrate the single crystalline behavior of
mesocrystals due to the subunit nanoparticle alignment

Figure 3. a) TEM image of a cross-sectioned VO, (B) star-assembly; b) magnified image of arm intersection; c) corresponding indexed SAED pattern
(on the (002) zone axis); d) magnified arm edge; e) overall and f) magnified view showing the [010] growth direction of the VO,(B) nanobelts

collected 4 h into the solvothermal growth process.
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along a crystallographic register; a SAED pattern for a
mesocrystal is nearly identical to that of a single crystal-
line sample of the same material, making SAED a pop-
ular method for characterizing mesocrystals. Figure 3c
displays the corresponding SAED pattern of the region
from Figure 3b. The single crystal-like diffraction pattern
is consistent with literature reports that index similar pat-
terns as single crystalline VO,(B).[?*32] Some distortion of
the SAED pattern should be expected as the TEM image
clearly shows that there are secondary particles present in
addition to the arms of the cross sectioned star-structure
being examined.

Figure 3d displays a magnified TEM image of a VO,(B)
star-assembly edge. The single crystalline nature of the
VO,(B) nanosheet is clearly visible as noted by the lattice
fringes, and the dispersion of pores throughout the struc-
ture is also apparent. The preferred growth direction of
the VO,(B) structure is realized by considering the rela-
tive stacking rate of the octahedra at various crystal faces
(Figure S1, Supporting Information). The shortest average
bond in the VO,(B) structure is along the [010] direction,
which, based on the proposed formation mechanism, can
account for the shape of the synthesized nanosheets and
the overall architecture. Figure 3e,f depicts the growth
direction of the VO,(B) nanobelts collected before the sol-
vothermal growth process was complete, where the lattice
interspacing of 3.67 A corresponds to the dy,;, spacing and
the distance between two (010) crystallographic planes of
the monoclinic structure; these findings corroborate that
growth occurred along the [010] direction.l**l The estab-
lishment of the individual nanobelt and nanosheet growth
directions, as viewed along the (002) zone axis, also reveals
that the stacked nanosheets are oriented with one another
along the [100] direction, and that the exposed surfaces of
the nanosheets correspond to the (100) facet. Overall and
lattice-resolution TEM imaging reveals that the individual
VO,(B) nanobelts and nanosheets exhibit preferential
growth and stacking along the [010] and [100] directions,
respectively, which is in agreement with previous literature
results.3?]

The VO,(B) nanostructures reported here were devel-
oped from the reduction of commercially available V,0Oj4
utilizing additive-free solution-based processing methods
as governed by the following reaction: V,05 + H,C,0, —
VO,(B) + H,0O + CO,, where oxalic acid served as both the
reducing and chelating agents because of its disposition to
serve as a bidentate ligand. The precursor vanadium oxa-
late is synthesized as an intermediate during the reaction,
as the conjugate base of oxalic acid, oxalate, is an excel-
lent ligand for metal ions and usually binds forming a five-
membered MO,C, ring. The presence of the chelating agent
should modify the surfaces of the growing nanocrystals,
particularly the surfaces that possess the lowest electronic
density, thus leading to the growth of specific surfaces and
aiding in the synthesis of the observed micro-architec-
tured nanosheet morphology.’?**! The effects of solvo-
thermal treatment time and oxalic acid concentration on
the final superstructure are shown in Figure S2, Supporting
Information.
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Figure 4. Proposed formation mechanism of the VO,(B) mesocrystals:
a) VO,(B) nanobelts transform into VO,(B) ellipsoidal nanosheets
through Ostwald ripening where the semi-major axis of the nanosheet
runs along the [010] crystallographic direction; b) several nanosheets
stack on top of one another along the [100] direction (normal to the
nanosheet surface) while residual chelating agent on the surface
prevents fusion; c) series of stacked VO,(B) nanosheets then form the
star-like architecture through the oriented attachment mechanism.

Although the exact formation mechanism is not entirely
clear, a schematic of the mesocrystal formation mechanism is
proposed and illustrated in Figure 4, and supported with time
resolved SEM growth images (Figure S3, Supporting Infor-
mation). Figure 4a starts off with the VO,(B) nanobelts that
were directly observed 4 h into the solvothermal treatment.
The nanobelts in solution will coarsen and grow into ellip-
soidal VO,(B) nanosheets through Ostwald ripening. The
[010] growth direction of the VO,(B) nanobelts is maintained
during this step, as determined from SAED.[242832]

Several nanosheets then stack homoepitaxially over
one another in order to minimize the energy of the system.
Residual chelating agent remaining on the (100) surface of
each nanosheet effectively decreases the Debye length of
the electric double layer and stabilizes the van der Waals
forces of the constituting components, leading to superstruc-
ture formation while preventing fusion between individual
nanosheets (Figure 4b).l' Following this step, several series
of stacked VO,(B) nanosheets will coalesce together to form
the star-like architecture through the oriented attachment
mechanism, as depicted in Figure 4c.l**! There may be some
degree of subsequent coarsening after the process is com-
plete, but fusion of the individual VO,(B) nanosheets should
be circumvented due to the presence of the oxalic acid
derived chelating agent.

Figure 5 presents the cyclic voltammetry (CV), variable
rate discharge, cyclic stability curves, and comparison of the
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primary facets, that is, (010), (110), (011),
and (001), which corroborates the find-
ings of Vittadini et al. for their analysis
of TiO,(B).*I Of the considered facets,
only the (101) facet had a larger qualita-
tive surface energy. Thus, the exposure of
the (100) facets should enhance the Li-ion
intercalation performance of the VO,(B)
mesocrystalline star-assemblies.
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mesocrystals when tested at incre-
mental discharge rates for 15 cycles
starting at 150 mA g~! and terminating at
1500 mA g~!is demonstrated in Figure 5b.
The initial capacity was 258 mA h g,
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Figure 5. a) CV curves obtained at a scan rate of 0.5 mV s7! for the 1%t, 2", and 5t cycles;
b) discharge-rate capability at various current densities; c) cycle stability and Coulombic
efficiency over 50 cycles at 150 mA g%; and d) comparison with various VO-,(B) structures

from literature (assuming a 1C current density of 150 mA g™%).

VO,(B) mesocrystal electrodes with nanoparticle counter-
parts. Figure Sa depicts the first, second, and fifth CV curves
collected at a scan rate of 0.5 mV s™'. The cathodic and anodic
peaks are located at 2.45 and 2.72 V versus Li/Li*, and corre-
spond, respectively, to the insertion and extraction of Li* into
and out of the VO,(B) structure. The diminishing peaks of
the CV curve with cycling suggest that the star-assemblies are
experiencing some degree of amorphization due to the incor-
poration of lithium upon cycling, but also reaffirm that that
the as-obtained VO,(B) mesocrystals can reversibly interca-
late lithium.

It has been demonstrated, at least for the case of TiO,,
that the exposure of specific high-energy facets can increase
the Li-ion intercalation capability due to unique surface
properties. The charge transfer and chemical diffusion coef-
ficient for TiO, is greatest along the (001) facet, and expo-
sure of these facets can result in a lower energy barrier for
faster and more efficient Li-ion intercalation.l’”-*8! Addition-
ally, the TiO,(B) (100) facet, with and without taking into
account surface relaxation effects, has the greatest surface
energy amongst the low-index surfaces;[*"] this finding is of
great significance given that the crystal structures of TiO,(B)
and VO,(B) are analogous. Therefore, a similar mechanism
may be at play for the case of VO,(B) mesocrystals, where
the exposed (100) facets at the surfaces of the nanosheets
effectively enhances the Li-ion intercalation performance.
This mechanism was investigated by qualitatively comparing
the surface energies of specific facets by calculating the
dangling (or broken) bonds per surface area upon cleaving
particular lattice planes; relaxation effects after cleaving
were not considered (Figure S4, Supporting Information).
Using this method, it was determined that the (100) facet
has a relatively high surface energy compared to the other

1
C-Rate
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and 158 mA h g! over the course of
15 cycles at discharge rates of 450, 900,
1200, and 1500 mA g, respectively. The
exceptional discharge capacities can be
attributed to the mesocrystalline struc-
ture that promotes electrolyte penetra-
tion, thereby increasing the contact area
between the electrolyte and the electrode itself. Such traits,
along with the oriented nanosheet structure, lead to great
enhancement in the lithium-ion diffusivity, and the overall
capacity.

The discharge rate was returned to 150 mA g~! after
the tests at higher discharge were completed, and was
accompanied by a moderate drop from the initial capacity
to approximately 195 mA h g-!. The drop in capacity fol-
lowing cycling at higher discharge rates can be real-
ized by examining the cycle stability test performed at
150 mA g! (Figure 5c). The initial capacity is equivalent
to what was seen in the rate capability data, approximately
258 mA h g~!. The capacity then drops with each cycle until
reaching the 20" cycle, at which point the capacity appears
to level off at approximately 195 mA h g~!. These results
indicate that there may be a slight degree of pulverization
or solid state amorphization occurring in the VO,(B) mes-
ocrystals during the preliminary cycles due to the incor-
poration of lithium into the system, but an equilibrium is
quickly established and then maintained. Figure 5d com-
pares the mesocrystal intercalation performance with that
of other VO,(B) structures taken from the literature.[*0-+]
It should be noted that the conductive additive loadings in
these studies were all equal to or greater than the amount
of conductive additive used in this work. Despite their
overall micro-scale size, the mesocrystals exhibit one of
the highest intercalation performance and capacity reten-
tion, especially upon cycling at higher discharge rates. The
excellent cycle stability can be attributed to the crystal-
lographically oriented nanosheets that provide sufficient
accommodation of lithium upon cycling, assuring that good
electrochemical stability and mechanical integrity can be
guaranteed for many cycles.
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3. Conclusion

An additive and template-free solvothermal process was
developed for the facile synthesis of mesocrystalline VO,(B).
The VO,(B) mesocrystals were proposed to form through
the combination of classical as well as non-classical crystal-
lization mechanisms. The synthesized VO,(B) mesocrystals
showed excellent cycle stability and high rate discharge when
tested as positive electrode material for lithium-ion battery.
The stacking of the nanosheets along high energy exposed
facets can surpass capacity values for comparative nanostruc-
tures and the presence of pores throughout the material can
better accommodate cycling induced strain, thus improving
the cycle stability. Moreover, these results reveal that meso-
crystals of functional materials with high crystallinity, high
porosity, and nanoparticle alignment are promising candi-
dates for potential energy storage applications.

4. Experimental Section

Materials and Synthesis: VO,(B) mesocrystals were synthe-
sized by adopting the methods of Li et al.?4! In a typical reaction,
25 mmol of V,05 (Alfa Aesar) was combined with 15 mL of 0.1 m
oxalic acid (Sigma-Aldrich) and stirred for 18 h. The oxalic acid
served as the reducing and chelating agent. Completion of the
reaction was noted by the color of the solution transitioning from
yellow to blue, signifying a reduction of the vanadium species. The
solution was then transferred into a polytetrafluoroethylene (PTFE)
lined, 25 mL capacity stainless steel autoclave. The solvothermal
reaction was carried out at 180 °C for 12 h, after which the final
product was isolated and dried at 80 °C overnight.

Structural Characterization: The phase and crystallite size of
the VO,(B) mesocrystal material was studied using X-ray diffrac-
tion (XRD, Bruker X-ray diffractometer); the sample was scanned
with Cu-K, radiation within the range of 10° to 70° (26) using a
step size of 0.02° and an exposure time of 10 s. The accelerating
voltage and current were 40 kV and 40 mA, respectively. The sur-
face morphology of the VO,(B) mesocrystals was examined using
scanning electron microscopy (SEM, JEOL JSM-7000F). The spe-
cific surface area and pore size distribution were determined from
nitrogen sorption isotherms collected at 77 K using the Brunauer-
Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH) desorption
analyses, respectively (Quantachrome NOVA 4200e). Transmission
electron microscopy (TEM) and selected-area electron diffraction
(SAED) studies were carried out using an aberration-corrected
Titan 80-300 scanning/transmission electron microscope (S/
TEM) operating at 80 kV after the sample had been embedded in
Araldite 502 (SPI-Chem) epoxy resin and then cut to 100 nm thick
segments with using a Leica EM UC6 ultramicrotome.

Electrochemical Measurements: The electrode slurry was pre-
pared by mixing the as-synthesized VO,(B), Super P conductive
carbon (TIMCAL Graphite & Carbon), and poly(vinylidene fluo-
ride) (PVDF, Sigma-Aldrich) binder dispersed in a N-methyl-2-pyr-
rolidone (NMP, Alfa Aesar) solution at a weight ratio of 80:12:08,
respectively. The slurry was spread onto aluminum foil and dried
in an oven at 80 °C overnight prior to coin-cell assembly. The 2032-
type half-cells were assembled in an argon filled glove box (MTI,
Corp.). A polypropylene membrane (Celgard 2400) was used as the
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separator, Li-metal as the counter and reference electrodes, and
1 M LiPF4 in ethylene carbonate/dimethyl carbonate (1:1, v/v ratio)
as electrolyte. Cyclic voltammograms (CVs) were collected using
an electrochemical analyzer (CH Instruments, Model 605B) in the
voltage range of 2.0-3.8 V (vs Li/Li%). The Li-ion cycle stability and
rate performance of the VO,(B) mesocrystals was evaluated using
an Arbin Battery Tester BT-2000 (Arbin Instruments, College Sta-
tion, TX) operating at room temperature. The half-cells were tested
within a voltage cut-off range of 2.0-3.8 V versus Li/Li* at various
current rates; the capacity values were based on the weight of the
electro-active material alone.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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