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Fundamental understanding of microstructure evolution during nucleation and growth of ternary
materials is of utmost importance for the development of the next generation of functional devices. Case
in point, growth of semiconducting particles with six-fold symmetry, star-shaped, could serve as an inno-
vative morphology for application in neuromorphic, energy storage, and heterogenous catalysis devices.
Herein, we present the discovery of how the synthetic route to produce orthorhombic star-shaped
vanadyl hydroxide (VOOH) by using a hydrothermal reaction of orthovanadate and thioacetamide in an
alkaline solution is highly dependent on time. For example, we observe that at 36 h, we produce VS,
nanosheets with VOOH at the surface. A 60 h of reaction produce VOOH rods clustered in a single nucle-
ating point and at 84 h of reaction VOOH stars can be observed in combination of clustered materials.
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Our current hypothesis stands that the clustered rods are a product of a condensation reaction between
the vanadate precursor whereas the stars are seeded by the hexagonal symmetry of VS, and further oxy-
genation and reduction of the vanadium center. Furthermore, we also elucidate the fundamental electro-
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chemical behavior of these nanoparticles as capacitive electrodes for sodium-ion devices.

1. Introduction

Controlling nucleation and growth phenomena that access
morphologies that deviate from traditional symmetries and
fall into more complex structures can serve as an avenue to tai-
loring emergent properties.' Thus, understanding thermo-
dynamic and kinetic mechanisms that direct morphology are
key to meet this goal of tailoring properties via morphology
control.*”® With that said, synthetic techniques that reliably
alter morphology of a desired material while separating the
thermodynamic and kinetic contributions to it are not trivially
found and are needed to provide a template to understand
nucleation and growth of anisotropic solid morphologies.

As a case in point, current synthetic efforts that seek to fun-
damentally understand morphology control of solids rely on
the inclusion of a seed. In an unseeded nucleation and growth
process, nucleation is purely dominated by thermodynamics
models, ie., classical nucleation theory (CNT), where the
Gibbs free energy of the system is minimized starting at a criti-
cal cluster size, r., which defines the nuclei.® This is immedi-
ately by a rapid self-nucleation of additional seeds that then
start coalescing to grow in a resulting particle. Nevertheless, a
seeded approach allows for the deconvolution of both the
nucleation and growth components that contribute to
different morphologies.’®* By altogether removing complex
nucleation processes, the usage of a seed guides the growth
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Fig. 1

(@) Unit cell for the crystal structure of montroseite VOOH where the pseudo-octahedral coordination environment is highlighted. (b)

Supercell structures for VOOH projected along [101] and (c) VS, projected along the [111].

processes allowing for a better control, and understanding, of
the resulting morphology.'* Moreover, this approach has con-
sistently demonstrated to work in the formation of unconven-
tional morphologies.>* ">

While this approach serves as an appropriate method to
guide morphologies, the availability of ideal seeds limits the
number of possible reactions and thus limit the scalability of
this method. Moreover, nucleation and growth processes also
play an important role in defect engineering.">'® For example,
different types of crystal defects can tune the electrode per-
formance in batteries'®'” by providing ample actives sites for
insertion processes. One such case is twin boundaries, where
these defects are planar defect which exist at an interface of
homogenous regions of materials and exhibit in the form of
boundaries.'>'® Considerable number of twin boundary
defects has the potential of not only enhancing the ionic
diffusion in electrode materials for batteries but also increase
the number of active sites.'® Herein we discuss the synthetic
conditions and a proposed nucleation and growth processes
that lead to a six-arms morphology of a transition-metal oxy-
hydroxide: vanadyl hydroxide (VOOH). This work demonstrates
the need to explore synthetic routes that furnish alternative
morphologies and sequentially introduce defects without the
need of a seed to tune the electrochemical performance an
electrode for advanced energy storage systems.'®'%'°

To this end, the rich chemistry of vanadium offers a diverse
range of valence states (from —1 to +5) which contribute to the
myriad options of V-based materials with different compo-
sitions and structural frameworks.*?°2® Moreover, these
V-based materials serve as an ideal system to explore the
relationship between changes in oxidation state, morphology,
and crystal structures with tunability of properties.>**”*® For
example, low-dimensional layered structures of 3d transition-
metal (oxy)hydroxides, e.g., nickel oxyhydroxide and iron oxy-
hydroxide (FeOOH), are part of a family of materials with a
structural library that spans different polymorphs (such as the
orthorhombic and tetragonal crystal systems),>*" options of
morphologies (nanosheet, nanorod, or nanosphere) while
demonstrating excellent electrochemical performance, due to
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their high conductivity, stability, and abundant active
sites.>™?” In comparison, the montroseite structure was first
discovered in 1949 as a new polymorph for VOOH by Stieff,
Stern, and Girhard.*® This polymorph of VOOH is comprised
of a pseudo-octahedrally (Fig. 1a) V network of corner and
edge-sharing 0>~ and OH™ to form where stacking of double
octahedral chains creates a rectangular-shaped tunnel struc-
ture along the c-axis (Fig. 1b). Curiously, a perusal of the litera-
ture highlights two common morphologies for VOOH: hol-
lowed spheres or spherically clustered rods.>*>*7*

Herein we report on the relationship between the extent of
reaction time with the morphology of vanadyl hydroxide
(VOOH) crystallites. We also report on the nucleation and
growth mechanism behind the morphology changes of the
crystallite across time and evaluate the electrochemical behav-
iour in relation to the morphology. We found that for the clas-
sical reaction between of sodium orthovanadate and thioaceta-
mide initially form layered VS, (Fig. 1c), there is a time depen-
dence to the product where VS,@VOOH sheets transform to
VOOH clusters who then lead to the nucleation and growth of
vanadium nanostars. To the best of our knowledge, there are
no reports on VOOH stars morphology. We hypothesize that
free hydroxylated complexes with rods morphology that strip
from the clusters undergo an olation followed by an oxolation
process, which correspond to the formation of a hydroxyl
bridge between two metals (M-OH-M bridging) and oxo bond
between two metals (M-O-M bond), respectively, ultimately
driving the assembly into star-like architectures (shown in
Fig. 51).°%%7

2. Experimental section

2.1. Materials and synthesis of VS, and VOOH structures

All the reagents used in this work are of analytical grade and
were used as received without further purification. Sodium
orthovanadate, Na;VO, (purity 99%, CAS: 13721-39-6), sodium
metavanadate, NavO; (purity 96%, CAS: 13718-26-8), thioace-
tamide, C,HsNS (purity >98%, CAS: 62-55-5), sodium hydrox-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of the synthetic procedure of vanadyl
hydroxide stars.

ide, NaOH (50% w/w, CAS: 1310-73-2) and ultrapure water
(18.1 MQ using an Avidity Science Alto I water purification
system) was used in the preparation of all the aqueous
solutions.

Synthesis of VOOH structures. For all reactions, sodium
orthovanadate was dried (highly hygroscopic) in a vacuum
oven overnight; after drying, 1.122 mmol (0.2076 ) of sodium
orthovanadate and 5.605 mmol (0.4231 g) of thioacetamide
were dissolved in 15.00 + 0.05 mL of ultrapure water and
stirred for one hour at room temperature (schematic shown in
Fig. 2). The resulting solution was then transferred into a
23 mL Teflon lined stainless steel autoclave and placed in a
hot air oven at 160 °C for 36 h, 60 h, and 84 h. The hydro-
thermal vessels were allowed to cool down to room tempera-
ture inside the oven, and the black coloured precipitates were
collected using a vacuum filtration system and washed with
ultrapure water. The collected powder were then dried at 60 °C
for 6 h.*®

Synthesis of VS, sheets. Crystalline VS, synthesis was carried
out by reaction of 1.122 mmol (0.2076 g) of sodium orthovana-
date and 15.60 mmol (0.6167 g) of thioacetamide were dis-
solved in 15 + 0.05 mL of ultrapure water and stirred for one
hour at room temperature. The resulting solution was then
transferred into a 23 mL Teflon lined stainless steel autoclave
and placed in a hot air oven at 160 °C for 36 h. The hydro-
thermal vessels were allowed to cool down to room tempera-
ture, and the black-coloured precipitates were collected and
washed using ultrapure water using a vacuum filtration
system. The collected powder was dried at 60 °C for 6 h.

Synthesis of VS,. VS, was synthesised using 1.122 mmol
(0.1374 g2) of sodium metavanadate as vanadium source and
5.605 mmol (0.4231 g) of thioacetamide were dissolved in
15.00 + 0.05 mL of ultrapure water and stirred for one hour at
room temperature. The pH of the reaction mixture was then
adjusted to ~10 by the addition of NaOH solution. The result-
ing solution was then transferred into a 23 mL Teflon lined
stainless steel autoclave and placed in a hot air at 160 °C with
changes in reaction time.

This journal is © The Royal Society of Chemistry 2025
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2.2. Sample characterization

X-ray diffraction. Analysis of the crystal structure of the as-
prepared powder samples was performed by X-ray diffraction.
Diffracted  intensities were measured on  Rigaku
XtaLABSynergy-S equipped with a HyPix-6000HE hybrid
photon counting area detector. Powder diffraction experiments
were performed using a Cu-target Photon Jet-S source with
divergence slits set to provide a beam with 1.2 mrad. A
Gandolfi data collection strategy (simultaneously scanning ¢
and w) at a single « orientation was used. Four detector posi-
tions were used to collect data to 80° in 2@ at a detector dis-
tance of 60 mm. Samples were mounted using a 200 pm
MiTeGen loop with Paratone-N oil. A background scan of the
loop with oil was acquired to correct for background scatter.

Electron microscopy. The change in morphology of the
resulting samples and the elemental analysis of the syn-
thesized samples were carried out by field-emission scanning
electron microscope (FESEM) with Oxford energy-dispersive
X-ray spectrometer (EDS) — Hitachi SU70 detector. High-resolu-
tion transmission electron microscopy (HRTEM, Hitachi
HT7800 operated at an accelerating voltage of 120 keV and
JEOL JEM 2010), copper grids coated with an amorphous
carbon film were used for the TEM measurements.

X-ray and Raman spectroscopy. Structural information on
the composites were obtained by a Raman spectrometer
(LabRAM HR by Horiba Scientific) with a laser wavelength of
532 nm excitation line from solid state lasers and a 600 grooves
per mm grating. A 100x objective was used to focus the incident
light and collect the Raman back scattered contribution. Typical
measurements were conducted using a 200 pm slit. XANES
experiments at the V K-edge were collected using an
easyXAFS300+. The instrument is based on Rowland circle geo-
metries with spherically bent crystal analysers (SBCAs) and a
silicon drift detector (AXAS-M2, KETEK GmbH, Munich,
Germany). For this, a Si (311) channel-cut monochromator was
used to access the range 5450-5530 eV. All XANES spectra at the
V K-edge were collected at room temperature in transmission
mode for powder samples pellets which are mounted between
two layers of Kapton tape. The collected data was then energy
calibrated using a vanadium metal foil. Pre- and post-edge nor-
malization was carried out as implemented by the Athena suite.

Inductive coupled plasma-mass spectroscopy (ICP-MS).
Approximately 5 mg of powdered sample was digested in 5 mL
concentrated HNO3, followed by dilution with 42 mL deionized
water to ensure complete dissolution and minimize matrix
effects. The solution was filtered through a 0.22 pm PTFE
membrane to remove particulates. From the filtrate, 37.7 pL
aliquots were withdrawn and further diluted to 10 mL with 5%
HNO; prior to measurement. This multistep dilution ensured
analyte concentrations were within the linear calibration range
of the instrument. Elemental quantification of vanadium was
performed at the University at Buffalo Chemistry Instrument
Centre (UBCIC), at the University at Buffalo, SUNY using a
Thermo Scientific XSERIES 2 ICP-MS. The sample introduction
system comprised a Burgener Ari Mist Nebulizer, a
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peltier-cooled (4 °C) double-pass glass spray chamber, a quartz
torch, and nickel sampler and skimmer cones. Sample trans-
port from the ESI SC2 DX autosampler to the nebulizer was
achieved via a peristaltic pump. The instrument was operated
in kinetic energy dissociation (KED) mode to minimize inter-
ference using a gas mixture of 7% hydrogen in helium for the
cell gas. Data acquisition and processing were performed
using Thermo PlasmaLab software, with scandium and
indium as internal standards. Elemental values are reported as
mass fraction (%m/m) and ppb. Vanadium was quantified at
%0y (m/z 50) because the >'V (m/z 51) channel exhibited matrix-
dependent polyatomic interferences under our conditions
(assigned to **S'®OH"), which can bias *'V high. The *°v
channel yielded consistent replicate values following internal-
standard correction and on-peak blank subtraction
(Table $6).>° Nevertheless, both *°V and *'V are reported for
clarity.

Elemental analysis (EA). Sulfur was analyzed using a
CE-Elantech, Inc. FlashSmart EA Analyzer 1112 series with C,
H, N and S capability.

Methods for electrochemical testing

Electrode preparation. The working electrodes were prepared
using synthesized vanadyl-based materials (VS,@VOOH
sheets, VS,/VOOH clusters, and VOOH stars) as the active
material. A composite slurry was prepared by mixing the active
material, Super P conductive carbon black, and poly (vinyli-
dene fluoride) (PVDF) in a weight ratio of 70:20:10. The
mixture was dispersed in 1-methyl-2-pyrrolidinone (NMP,
>99%) and stirred overnight to form a homogeneous slurry.
This slurry was then cast onto 16 pm thick aluminium foil
using a doctor blade to achieve a coating thickness of 50 um.
The coated foils were dried in a vacuum oven at 60 °C for
12 hours. Circular electrodes (15 mm in diameter) were
punched out from the dried film, with an average active mass
loading of 0.4 mg mm™2.

Coin cell assembly. CR2032-type coin cells were assembled
in an argon-filled Vigor glovebox (<1 ppm H,0/0,). Sodium
metal (purchased from ThermoFisher Scientific) was used as
both the counter and reference electrode. Whatman Grade
42 filter paper discs (19 mm diameter) served as the separa-
tors. The electrolyte consisted of 1.0 M sodium hexafluoro-
phosphate (NaPFq) dissolved in a 1:1 volume mixture of
ethylene carbonate (EC, 99%) and dimethyl carbonate (DMC,
99%).

The Super P conductive carbon black was procured from
MTI Corp. The binder, poly (vinylidene fluoride), was pur-
chased from Alfa Aesar. The solvent, 1-methyl-2-pyrrolidinone
(>99%), was purchased from ThermoFischer Scientific. For the
current collectors, single sheet aluminium foil (thickness:
16 pm) was acquired from MTI Corp.

Electrochemical measurements. Galvanostatic charge-dis-
charge cycling was performed using a BTS4000 Battery Testing
Station (Neware) within the potential range of 0.1-4.0 V (vs.
Na/Na'). Cyclic voltammetry (CV) was conducted using a
Squidstat Plus potentiostat (Admiral Instruments) at scan rates
specified in the results section.
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3. Results and discussion

Montroseite VOOH was obtained via a hydrothermal synthesis
method for the reaction of sodium orthovanadate with thioace-
tamide as the reducing agent,?*** in which the solution was
kept into a Teflon lined stainless steel autoclave and placed in
a hot air oven at 160 °C for 36 h, 60 h, and 84 h. Li and collab-
orators discussed that the synthesis of VS, is highly dependent
on the concentration of HS™ produced by the thermal
decomposition of thioacetamide.*® Indeed, we observe that at
a concentration of thioacetamide corresponding to an approxi-
mately 15-fold mole excess relative to orthovanadate yielded
VS, sheets with diameters of approximately 8-9 pm (Fig. 3a) at
36 h of reaction time. In contrast, when the thioacetamide was
reduced to 5-fold excess mole ratio relative to orthovanadate,
the product comprised VS,@VOOH sheets (Fig. 3b) at 36 h of
reaction time, consistent with the morphology previously
reported by Li et al. in the literature.*® This underpins the role
of thioacetamide concentration in the formation of VS, and
the further nucleation of VOOH.**** Notwithstanding, clus-
tered rods approximately 500 nm in length were observed at
reaction time of 60 h (Fig. 3c) with a reduced presence of VS,
in the XRD suggesting the oxygenation of VS, to VOOH.
Nevertheless, initial formation of VOOH and VS, as separate
nuclei cannot be ruled out since we observe the presence of
VOOH in the XRD of a 24 h reaction (Fig. S2). With that said,
the growth of VOOH on the surface of VS, has been previously
reported under hydrothermal conditions where the initial for-
mation VS, leads to an increased formation of (NH,),S
adsorbed on the surface of VS, which promotes the formation
of VS;~ and eventual hydrolyzation to VOOH.*® Furthermore,
an additional consideration can be that VS, is redissolved into
solution allowing V ions to form VOOH."* Both mechanisms
require the eventual consumption of VS, to VOOH. Consistent
with this, a set of proposed reactions pathway is described in
eqn (S1)-(S10) in the SI where VS, is progressively consumed
during the formation of VOOH. This spherical clustered mor-
phology for VOOH has been previously reported for different
reactions schemes that include VO(acac), and cysteine or
VO;NH, with a reducing agent where a Kirkendall effect
defines the canonical hollowed morphology.**™” The core void
resulting from the Kirkendall effect are due to a nonreciprocal
mutual diffusion process through the solid interface of two
materials. In this case, as the initial nucleation of VOOH on
the surface of VS, continues to grow, vanadium can be sup-
plied from the VS, core, creating a hollow structure with VOOH
rods growing from the edges of the sphere. Eqn (S11) in the SI
summarizes the overall reaction pathway, showing that thioa-
cetamide undergoes alkaline hydrolysis and react with vana-
date ions to initially produce vanadium sulphide and the
eventual formation of vanadium oxyhydroxide. Consistent with
eqn (S1)-(S10), the reaction also produces sulphide by-pro-
ducts (H,S/HS™/S>” in eqn (S2), (S4), (S6) and (S7)) that can
lead to elemental Sg (eqn (S9) and (S10)) as observed in the
XRD of this work (vide infra).*®*° Ultimately, VOOH stars with
diameters of 1.5-2 pm are observed at 84 h of reaction time

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 High-resolution SEM images of (a) VS,, (b) VS,@VOOH sheets, (c) VOOH clusters, (d) VOOH stars and (e) X-ray diffraction patterns depicting

the evolution of the morphology of VOOH stars.

(Fig. 3d). This is hitherto the first report of star-like mor-
phology for VOOH.

3.1. Structural analysis

XRD pattern (Fig. 3e) for crystalline VS, sheets and
VS,@VOOH (reacted for 36 h) matches to a hexagonal crystal
structure with space group P3m1 consistent with JCPDS 01-
089-1640.°° The presence of reflections assigned to VOOH in
the VS,@VOOH samples confirms the growth of VOOH on the
surface of the sheets. For clustered VOOH (reacted for 60 h)
samples, we elucidate a significant decrease of the reflections
associated with VS, and an increased presence of the ortho-
rhombic phase for VOOH. Finally, the VOOH stars (reacted for
84 h) samples depict orthorhombic VOOH phase with no other
phases observed. The full diffraction pattern for this sample
can be indexed to the space group Pbnm of Montroseite VOOH
(JCPDS 00-011-0152). Features observed near 15 26 can be
associated to noise resulting from background subtraction
related to the sample holder in the XRD instrument (Fig. S3).
The intense (110) reflection around 20.61 260 suggests the pre-
ferential growth direction of the arms in the VOOH stars
sample. The VS,@VOOH and VOOH cluster samples show
some sulphur impurities between 21.63 to 32.75 26 which are
not present in VOOH stars samples. In XRD, sulphur impuri-
ties can be indexed to a-Sg (Fig. S4) with higher prevalence in
sheets than rods.*’ Energy-dispersive X-ray spectrometry (EDS)
measurements (Fig. S5) confirms the presence of vanadium,
oxygen, and sulphur for sheets and rods. Interestingly, EDS
measurement of the VOOH clusters show more relative concen-
tration of sulphur than VS,@VOOH sheets. The discrepancy
between techniques could be due under sampling during the
EDS measurement such that it is not capturing the true com-
position of the bulk sample. To address this discrepancy,
inductively coupled plasma mass spectrometry (ICP-MS) and
elemental analysis (EA) was performed for all three samples
(shown in Table S6). Decrease of sulphur content upon pro-

This journal is © The Royal Society of Chemistry 2025

gression to VOOH supports the hypothesis of VOOH nucleat-
ing at the expense of VS,.*° Finally, EDS of the VOOH stars
clearly depicts the complete disappearance of S peaks,
suggesting that the sulphur impurities could have oxidized
into sulphates and washed off during filtration of the sample.
Raman spectroscopy, being a surface-sensitive technique,
provides direct insight into the progressive transformation of
VS, into VOOH. The pristine VS, sample exhibits characteristic
modes at 104, 147.4, 199.3, 286.6, 305.1, 406.9, 483.0, 529.5,
703.2, and 996.6 cm™'. Specifically, the modes around
286.6 cm™' and 406.9 cm™' correspond to the E;y (in-plane)
displacements of vanadium and A, (out-of-plane) vibration
modes of the VS, structure, respectively, while the band at
703.2 cm™" attributed to the rocking and stretching vibrations
of V=S bonds, or their combination, indicating the preser-
vation of key VS, structural motifs.”’® From the reaction
scheme, the synthesis takes place under strongly basic, sul-
phide-rich conditions in which there is a probability of thiosul-
fate-sulphide exchange (S,05>~ + $>~ = S;>~ + SO;°7).>* Such
equilibrium can generate short-lived polysulfide species (S,>7),
which are known to exhibit S-S stretching in the 430-520 cm™"
region. We therefore attribute the bands at 483 and
529.5 cm™ ', observed prominently in the pristine VS, sample,
to polysulfide species or sulphur-rich by-products.”*
Consistent with this assignment, these bands disappear as the
system transforms to VOOH, indicating that they are not intrin-
sic to the hydroxide phase. To the best of our knowledge, no
prior Raman studies of VS, have reported these specific
modes, supporting our interpretation that they originate from
reaction-dependent sulphur species rather than the bulk VS,
lattice. Upon nucleation of VOOH over the VS, sheets, the
peaks originating from VS, exhibit a red shift, suggesting the
initial formation of the VOOH on the surface of the layers.
With progression to VOOH rods, all Raman modes are retained
from VS,@VOOH, confirming that these features correspond
predominantly to the hydroxide phase. For the VOOH stars,
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most modes undergo further red-shifts relative to the rods,
consistent with increased lattice strain, where the bands at
192.8 and 280.7 cm ' are assigned to the B,, bending
vibrations of the O¢-V-Og linkages, where O¢ and Og denote
corner-sharing and bridging oxygen atoms within the VOq
polyhedral framework, respectively.”®> The 405.3 cm™ is
assigned to V-O-V bending in edge-sharing octahedra and
685.5 cm™' to V-O-V stretching/rocking.>® In contrast, the
high-frequency vibration exhibits a blue-shift from 992.7 to
998.6 cm™" assigned to the axial V-O stretching. This blue-
shift is attributed to strengthening of the short V-O bond as a
result of dehydration during the olation-oxolation that drives
star formation.’® These non-uniform shifts in vibrational
modes highlight localized strain and altered bonding environ-
ments rather than a uniform structural distortion. The overall
similarity stems from local structure where their lowest-energy
phonons are dominated by metal-center and V-X (X = S, O/OH)
bending modes that fall in the same spectral range. During
the VS, to VOOH conversion, short-range octahedral connec-
tivity is largely retained, therefore we observe small shifts in
the phonon excitation range.>>*” Together, these spectral fea-
tures reveal critical insights into the structural evolution
during the transition from sulphide to hydroxide phases and
highlight how strain effects and coordination changes influ-
ence the vibrational landscape.

We decided to elucidate the changes in electronic structure
across morphologies to explore fundamental redox processes
that occur during the nucleation and growth (Fig. 4b). First, we
focused on the V K-edge where the pre-edge (approx. 5470 eV)
is assigned to dipole forbidden transitions from 1s core states
to 3d states that become increasingly allowed with hybridiz-
ation with p-orbitals from the coordinating ligand (O 2p and/
or S 3p). In comparison, the main edge (approx. 5489 eV) rep-
resents dipole allowed transitions from V 1s to V 4p states.’®®!

a)
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A stark shift to lower eV and initial decrease in the intensity of
the pre-edge is observed for VS, crystallites and VS,@VOOH.
This change in intensity can be associated to the extent of
VOOH grown on the surface of VS, and rationalized as the
result of the increased presence of V** from VOOH, the
changes in chemical nature of the ligands, and the vanadium
coordination environment prove to be consequential to this
change.”®°%¢>%% From VS,@VOOH to VOOH clusters the inten-
sity of the pre-edge slightly decreases and stays consistent in
VOOH stars, further confirming the transformation to VOOH
at 60 h, as observed from the diffraction pattern and Raman
spectroscopy. To fundamentally understand the nature of the
electronic structure of the produced samples, we compared the
resulting VOOH to bulk vanadium oxide standards (Fig. S7a).
Interestingly, the offset (E,) for the VOOH samples raises
between V,0; (V**) and VO, (V*"), suggesting the coexistence
of V¥***, This observation is consistent with previous reports
on vanadium oxyhydroxides, where mixed-valence states were
inferred based on the correlation between the oxidation state
and the rising edge position, corresponding to 50% of the nor-
malized absorbance. The E, value shifts linearly to higher
energies with increasing mean oxidation state. Such trends
were clearly observed in the study by Besnardiere et al., where
the E, values for vanadium oxyhydroxide phases (e.g,
Duttonite and Héggite) provided unambiguous evidence of the
oxidation states for the vanadium.®® To further support this
mixed-valence assignment, we plotted the absorption edge
offsets (E, = 0.5) of our samples alongside vanadium standards
and synthesized samples(Fig. S7b). This graphical representa-
tion, places E, values on the x-axis and sample identity on the
y-axis, clearly demonstrates that the VOOH sample falls
between V,0; (V**) and VO, (V**), reinforcing the presence of a
mixed V**/** oxidation state. The coexistence of V** and V**
observed in our VOOH samples can be attributed to the charge

1.2
Vs, b) | 1s—4p
—VSZ@VOOH Sheets Main-edge
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bas : = VOOH Stars
-+ 280.7
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Fig. 4
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(a) Raman spectra and (b) X-ray absorption spectra (XAS) for the vanadium K-edge for the resulting samples across different reaction times.
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compensation related to nonstoichiometric vanadium oxyhydr-
oxide resulting from possible imbalances in the olation-oxola-
tion process. Similar mixed-valent stabilization via oxygen self-
doping has been reported previously in hollandite vanadium
oxyhydroxides.®®

High-resolution transmission electron microscopy images
were taken for nanostars (Fig. 5a—c) and the selected-area elec-
tron diffraction (SAED) pattern (d) for VOOH. The existence of
grain boundaries at the intersection of the small rods suggests
that the nucleation and growth of the nanostar go through coa-
lescing small VOOH rods that produce twinned boundaries.
This is further confirmed by SAED pattern (Fig. 3d) with the
electron beam directed along [001] axis.®® Following this
pattern, we can develop a proposed atomic arrangement that
further confirms the evolution into a hexagonally shaped star.
We hypothesize the following nucleation and growth process:
first, the surface of VS, is hydroxylated producing the first
seeds of VOOH. Then, VOOH grows on the surface through an
olation condensation where hydroxyl bridge is formed between
two metal bridges.*®*”®” As time progresses, some of the
VOOH rods separate from the clusters which then allow for the
growth of nanostars through an oxolation process (Fig. S1)
resulting in the observed boundaries and resulting mor-
phology for VOOH. We were curious of why this growth hasn’t
been seen in the literature and noticed that most use sodium
metavanadate as the vanadium source for VOOH.

Following the same procedure, we initially observed that
the reaction solution with sodium orthovanadate (pH 10) pro-
duced VOOH stars, whereas sodium metavanadate (pH 7.4)
produced only VS, sheets (Fig. S8 and S9), suggesting that pH
could be a major consideration in the growth of star mor-
phology. To test this, we performed control reactions with
sodium metavanadate after adjusting the solution pH to 10

Fig. 5 (a) TEM images of VOOH stars, (b and c) assembled rods, (d)
SAED Pattern and (e) atomic arrangement projected along [001] of
Montroseite VOOH.

This journal is © The Royal Society of Chemistry 2025
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with NaOH. However, these reactions resulted in VS, sheet-like
morphologies at all reaction times (Fig. S10 and S11), demon-
strating that pH alone is not sufficient to account for the for-
mation of nanostars. Instead, the outcome is governed primar-
ily by the structural nature of the precursors: orthovanadate
consists of discrete VO,®>~ tetrahedra that are more reactive
under hydrothermal conditions, which allowed reaction con-
ditions discussed in eqn (1)-(10) and led to star architectures.
In contrast, metavanadate exists as extended VO;~ polymeric
chain structures favouring assembly of two-dimensional
sheets. Thus, while alkaline conditions accelerate nucleation
kinetics, the inherent precursor speciation is the decisive
factor controlling morphology.

3.2. Electrochemical performance

The galvanostatic cycling was evaluated over 300 cycles with a
current density of 0.05 A g'. Fig. 6a shows that VOOH stars
had higher initial capacity (160 mAh g ') compared to
VS,@VOOH (130.07 mAh g™') and VOOH clusters (125 mAh
g™ ") and the discharged capacity of VS,@VOOH sheet decays
drastically in the initial cycles before it stabilizes over 300
cycles at 54 mAh g~ This same behaviour can be seen for the
clustered rods initial drop in capacity before stabilizing after
50 cycles. VOOH nanostars shown the remarkable cycling per-
formance for 300 cycles and deliver higher capacity in com-
parison to the sheets and clusters through 300 cycles. The
high initial specific capacities observed during galvanostatic
charge-discharge measurements suggest a relatively unob-
structed diffusion of Na ions into the electrode material, indi-
cating good ionic accessibility and efficient electrochemical
kinetics at the initial stages of cycling. Cyclic voltammogram
(CV) of the active material electrode in the potential range of
4-0.1 V vs. Na/Na" at a scanning rate of 0.1 mV s~ is shown in
Fig. 5(b and c). For the VS,@VOOH sheets, two sharp and well-
defined redox peaks appear at approximately 1.55 V and 2.45
V, corresponding to reversible sodium-ion intercalation/dein-
tercalation processes. These redox features diminish markedly
after the second cycle, consistent with the galvanostatic cycling
results that show rapid capacity decay and highlight the poor
reversibility of the faradaic reactions. The pronounced current
response in the first cycle is typically associated with initial
Na' insertion and the formation of a solid electrolyte inter-
phase (SEI). The diminished intensity in subsequent cycles
can be attributed to the reduced availability of free active sites
and the build-up of diffusion resistance, in contrast to the
more ideal, reversible behaviour often reported for pristine
VS,.%° In addition, a small number of distinct redox events are
observed for VOOH clusters and nanostars, which appear
during the extended cycles. The reduction events 0.4 V, 1.0 V
and oxidation peak at 1.8 V can be regarded as the reversible
intercalation/deintercalation of Na ions in VOOH cluster and
VOOH star. Interestingly, the VOOH clusters display redox
peaks at 1.5 and 2.3 V, which we attribute to the concurrent
presence of VS, and VOOH in the first cycle. However, the VS,-
associated signals diminish rapidly after the initial cycle, while
the VOOH-related reduction peaks at 0.4 and 1.0 V and the oxi-
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dation peak at 1.8 V remain intense and consistent, indicating
that VOOH dominates the redox activity in subsequent cycles.

VS, + xNa® 4+ xe~ — Na,VSs,

VOOH + xNa* + xe~ — Na,VOOH

For VOOH cluster and VOOH nanostar later cycles shows a
symmetric rectangular shape, typical of pseudocapacitive
behaviour, which is the proposed electrochemical mechanism
for VOOH samples.®®

4. Conclusions

In summary, we have reported the synthetic conditions to
produce VOOH with a star morphology highly dependent on
reaction time and vanadium source. We proposed that VS,
sheets are coated by VOOH seeds which grow into VOOH clus-
tered rods through olation mechanism. These rods separate
and through oxolation of the particles grow into six-fold star
structure. This work highlights the need to understand funda-
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(a) Stability of the samples over 300 cycles and cyclic voltammetry experiments for (b) VS,@VOOH sheets, (c) VOOH cluster, and (d) VOOH

mental nucleation and growth mechanisms that result in
materials with strained morphologies. Also, the electro-
chemical evaluations indicate the pseudocapacitive behaviour
of VOOH stars delivering excellent cyclic stability for first 300
cycles in comparison to VS,@VOOH sheets and VOOH clus-
ters. While other contributors like composition, oxidation
state, and defect chemistry may also play a role in electro-
chemical behaviour of this system, this work highlights the
need to further explore the correlation between morphology
and changes in nonstoichiometric compositions, dispropor-
tion of oxidation states, and increased density of defects which
has a direct relationship to tailoring electrochemical behav-
iour, work that is currently underway in our research
laboratory.
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