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Using an electrochemical potential pulse methodology in a mixed solvent system, electrochemical
deposition of amorphous vanadium pentoxide (V,Os) nanobelts is possible. Crystallisation of the material
is achieved using in air annealing with the temperature of crystallisation identified using in situ heating
transmission electron microscopy (TEM). The resulting a-phase V,Os nanobelts have typical thicknesses
of 10-20 nm, widths and lengths in the range 5-37 nm (mean 9 nm) and 15-221 nm (mean 134 nm),
respectively. One-cycle reversibility studies for lithium intercalation (discharge) and de-intercalation
(charge) reveal a maximum specific capacity associated with three lithium ions incorporated per unit cell,
indicative of w-LizV,0s formation. Aberration corrected scanning TEM confirm the formation of w-
LisV,Os5 across the entirety of a nanobelt during discharge and also the reversible formation of the o-
V,0s phase upon full charge. Preliminary second cycle studies reveal reformation of the w-LizV,Os,
accompanied with a morphological change in the nanobelt dimensions. Achieving a-V,0s to w-LizV,05
to a-V,0s5 reversibility is extremely challenging given the large structural rearrangements required. This
phenomenon has only been seen before in a very limited number of studies, mostly employing
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Introduction

Improvements in lithium-ion based rechargeable batteries are
essential for new technological developments and low-carbon
energy technologies.! Faster charge/discharge times, better
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nanosized V,0s materials and never before with electrodeposited material.

capacity retention, and recycling are all under investigation,
both in incumbent and new materials technologies.>* Energy
density is currently limited by the capacity of the cathode
material® and in this regard, vanadium pentoxide (V,O5) is an
interesting candidate as it can achieve a theoretical capacity of
~440 mA h g~ provided three lithium ions (Li") can be inter-
calated reversibly per unit cell.> A recent study by Liu et al.
suggested that the capacity could be even higher due to incor-
poration of more than three Li".° The use of such materials is
thus an attractive replacement for existing, lower capacity
cathodes such as LiCoO, (~240 mA h g~') and LiNi,Coy-
Mn,_,_,0, (~280 mA h g~ ').” Progress in this field requires an
atomic-scale understanding of cathode structural changes that
occur during Li* ion intercalation and de-intercalation.
Furthermore, defining the sites that act as either host(s) for
ion insertion and extraction, or facilitate the process, can be
crucial to optimising performance of the material.®

The ability of vanadium to exist in oxidation states from V**
to V** results in many stable V-O phases and polymorphs.®*®
The fully oxidised V>* crystalline form, V,0s, has a layered
crystal structure that allows rapid intercalation of Li* and other
suitably sized ions such as Zn>*, Mg”>*, AI** etc.,"*** which has
made it a material of interest in Li* and metal-ion battery
cathode technology for some time."*** The performance of V,05
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as a cathode material is strongly dependent on crystal size, with
Li" apparent diffusion coefficients, and hence charge/discharge
times, increasing by over five orders of magnitude as the crystal
size drops below 100 nm.'*'**' V,05 nanostructures have been
produced via a variety of synthetic methods including
hydrothermal/solvothermal, electrospinning, wet-chemical,
sol-gel, polyol, atomic layer deposition, and chemical vapor
deposition (CVD).***?” Whilst little used for V,0Os
synthesis,'****” electrodeposition has the inherent advantage
that the material is, by virtue of the deposition process, elec-
trically contacted to the electrode surface. This is an advantage
over other methods which often require further processing, e.g.
the use of binders and conductive polymer pastes® to form an
electrical contact and improve the adhesion of the particles to
the collector surface.

During Li" intercalation, bulk crystalline V,05 undergoes
a sequence of transformations with the phaseso. > & — 8 — v
— w, each accommodating an increasing number of interca-
lated ions.?*?*° In the absence of Li", the starting, a-phase V,0s5 is
comprised of chains of edge-sharing square-based pyramids in
which each V is bonded to five O atoms.** Adjacent chains form
sheets held together by van der Waals forces, between which Li*
ions are readily intercalated.*** Progressive Li' intercalation
induces increasing buckling in the sheets to form the ¢, 3 and vy
phases.’" In contrast, the w-phase is very different; the square-
based pyramids convert to VOs and LiOg octahedra in a disor-
dered rock-salt structure.>** In bulk material, this trans-
formation is relatively slow and subsequent delithiation does
not result in complete removal of Li* and restoration of the a-
phase.™ Instead, a disordered rock-salt or amorphous material
is formed.**

An intriguing observation made by several research groups is
that the o to w phase transformation during Li intercalation/
deintercalation can be made reversible, by employing V,0s
nanostructures.'”**3* These studies indicate that the dimen-
sions of the nanostructure play a crucial role in achieving
reversibility.’”** For example, a recent in situ transmission
electron microscopy (TEM) observation of current-driven lith-
iation of V,05 nanowires (5-15 nm in thickness and 20-60 nm
in width), grown by hydrothermal synthesis, showed a revers-
ible @ — ®w — a transformation,® over one cycle. This study
also reported formation of an amorphous surface layer ~2 nm
thick on the crystalline V,05 after one cycle.** Earlier work using
TEM with V,05 nanowires, grown by CVD, also observed single-
cycle reversibility (with insertion and removal of Li* chemically
driven), although no information was given on the specific
nanowire dimensions.” In contrast, a complementary in situ
TEM study also employing V,0s nanowires, grown by hydro-
thermal synthesis (50-130 nm in width, no reports on thick-
ness) showed progressive transformation to the intermediate vy-
phase only,*® and no observation of the w-phase. This study also
reported the observation of a Li oxide shell which formed
during Li" intercalation.?”

In this work, we first aim to demonstrate that electrically
contacted V,05 nanostructures can be produced using electro-
deposition procedures, without the use of electrode templates®®
or surfactants.”” An atom-level understanding of the resulting
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crystalline material and its properties in relation to the first
electrochemically driven Li" discharge/charge process is then
obtained using ex situ using aberration-corrected scanning TEM
(ac-STEM). Complementary electron energy-loss spectroscopy
(EELS), X-ray diffraction, and X-ray photoelectron spectroscopy
(XPS) measurements are also recorded. Preliminary data on the
second cycle of lithiation is also presented.

Experimental
Solutions and chemicals

Vanadium oxide electrodeposition solutions consisted of 0.1 M
vanadium(v) oxide sulfate hydrate (VOSO,-H,0, 99%, STREM
chemicals, UK) in 0.5 M sulfuric acid (H,SO,4, 99.99%, Sigma-
Aldrich, UK) (pH = 1.87), 15 mM H,0,, and 0.3 M ZnSO, dis-
solved in Milli-Q water (18.2 MQ c¢m, Millipore Corp., U.S.) and
N,N-dimethylformamide (DMF, Sigma-Aldrich, UK) at 20 °C.
The ratio of water to DMF was 3 : 1. All chemicals were used as
received without further purification. For all experiments, the
solutions were left aerated.

Materials and electrode fabrication

Polycrystalline 5 x 10 mm BDD, 80 pum thick, with a boron
dopant level of ~3 x 10*° B atoms per cm® was used as the
starting material for production of the BDD TEM substrates (cut
to a disk diameter = 3 mm, using laser micromachining).*>*°
The BDD was grown using microwave CVD by Element Six
(Harwell, Oxford, UK) and both surfaces were mechanically
polished to ~ nm surface roughness. The fabrication procedure
for the production of the BDD-TEM substrates is described in
ref. 41. For electrochemical characterisation, BDD material of
the same dopant density but 200 pm thick and polished to the
same surface finish (on the growth surface only) was employed.
A Ti/Au ohmic contact was made to the BDD electrode as
previously described.®*' The geometry of the electrode area
exposed to solution was defined using adhesive Kapton tape,
which contained a laser-micromachined circular hole, 5 mm in
diameter. The back face was also insulated using adhesive
Kapton tape to prevent solution access. The electrode surface
was cleaned by first polishing with alumina powder (0.05 pm
particles, micropolish, Buehler, Germany) and then further
polished on a water-saturated polishing pad (micropolish,
Buehler, Germany). The electrode was then cycled in 0.5 M HCl
for 5 minutes to verify a clean surface via the cyclic voltam-
metric (CV) response ie. CV cycles which are reproducible with
a low background current. The electrode surface was further
imaged using optical microscopy (Leica DM4000M upright
microscope) and the scanning electron microscopy (SEM: Zeiss
Gemini) to confirm the surface was clean.

Electrochemical synthesis of vanadium oxide nanobelts using
pulse-reverse anodic electrodeposition

V,0s5 nanobelt synthesis was achieved using an electrochemical
potential pulse (chronoamperometry) methodology in a mixed
water-DMF solution containing 0.1 M VOSO,-H,0.*>** First (i)
a cathodic potential was applied —0.35 V vs. SCE for 50 s, then

This journal is © The Royal Society of Chemistry 2022
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(ii) +1 V vs. SCE for 5 s then (iii) +2 V vs. SCE for 50 s, then (iv)
+1.5 Vvs. SCE for 100 s followed by (v) +2 V vs. SCE for 50 s. All
five steps are referred to as a “potential pulse sequence”. The
rationale behind the pulse potentials chosen is described in the
results and discussion section. For the majority of experiments
one potential pulse sequence was carried out unless otherwise
stated in the text. After electrodeposition, the electrodes were
gently rinsed in deionized water for 60 s. The electrodes were
stored in a vacuum desiccator for 1 hour before being annealed
in a tube furnace under an air atmosphere for 2 h at 350 °C to
crystallise the V,05 (vide infra) The loading mass of the V,05 on
the BDD electrode was measured to be ~1.84 x 1073 g em ™2,
and assumed consistent between different electrode geometries
by keeping the charge passed constant (=0.097C) for each
electrodeposition. The mass of deposit was measured using
a Metrohm precision microbalance with an accuracy of 0.1 pg.

Electrochemical measurements

All electrochemical experiments were carried out using a three-
electrode set-up controlled by a potentiostat (Metrohm Autolab
PGSTAT128N and CompactStat Ivium Technologies, Nether-
lands) using a dipped electrode arrangement (5 mm diameter
electrode or the BDD-TEM electrode set-up).****” A commercial
SCE attached to a luggin capillary filled with the electrolyte
solution was used as the reference electrode, a helical Pt wire
served as the counter electrode, and BDD, in either the BDD
disk electrode or BDD-TEM electrode configuration, was
employed as the working electrode. The electrochemically
deposited and thermally annealed V,05 on BDD was used for
the Li" ion intercalation/deintercalation studies. The electro-
chemical performance of the V,05-BDD electrodes was assessed
in a three-electrode electrochemical cell using CV and galva-
nostatic discharge-charge curves. Both were recorded in
a mixed water-acetonitrile (MeCN) (1 : 3) electrolyte containing
1 M LiCl and 1 M LiClOy, the latter using a potential window of
1.5-3.6 Vvs. Li|Li* with an applied current of 0.00572 mA (active
mass = 1.3 x 10 * g) over a period of 10 hours discharge
(—0.00572 mA) and 10 hours charge (+0.00572 mA). This
corresponds to a C/10 current rate with respect to 3Li" per V,05
and rated capacity of 440 mA h g~ '. The mixed solvent elec-
trolyte was used to widen the electrochemical stability
window.*® Additionally, since MeCN is characterised by a low
viscosity and can readily solvate Li*,** Li" diffusion through
the V,05 material is promoted,* resulting in improved capacity
and cyclability.>*

Scanning transmission electron microscopy tracking of Li
intercalation behaviour and in situ TEM heating study

To study Li* ion intercalation/deintercalation at the atomic
scale, V,05 was electrodeposited directly onto the BDD TEM
disk electrodes, which decrease in thickness from the edge of
the disk to a hole at the centre ~100 um in diameter.** The
region up to ~30 um from the edge of the hole is electron
transparent. The BDD TEM electrode was electrically connected
using a fine metal clamp attached to the BDD Ti/Au contact and
dipped into the appropriate electrolyte solution using a manual

This journal is © The Royal Society of Chemistry 2022
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x,9,2 micropositioner (Newport, Oxford, UK) such that the
central hole was in the solution but the Ti/Au contact remained
dry. The setup is shown in ESI1, Fig. S1.T Prior to STEM imaging
the BDD TEM electrode was stored under vacuum at 50 °C for
6 h in order to ensure the surface remained clean and free of
contamination.

For TEM evaluation of the high temperature annealing
process, the BDD TEM electrode was mounted in a Gatan 652
double tilt heating holder and selected area electron diffraction
(SAED) patterns were collected from a region of the V,Os as the
temperature was slowly increased at a rate of 3.18 °C min ™" to
380 °C under vacuum (ESI2, Fig. S21).

Surface characterisation and TEM

Field emission (FE) SEM was used to obtain low magnification
images of the V,05 NBs after electrochemical deposition. FE-
SEM images were recorded using an in-lens secondary elec-
tron detector on a Zeiss Gemini operating at 2 kV. Higher
resolution images were recorded using a JEOL-JEM 2100 (LaBg)
microscope operated at 200 kV. The impact of Li intercalation/
de-intercalation on the shape, structure, size, chemical
composition, and evolution of the V,05 NBs was investigated
using ac-STEM in a double aberration-corrected JEOL JEM-
ARM200F TEM/STEM, operating at 200 kV equipped with
a Gatan Quantum EELS. Annular dark field (ADF)-STEM and
bright field (BF)-STEM images were recorded simultaneously
with a probe current of 23 pA and a convergence semi-angle of
~16 mrad. The inner collection semi-angle for ADF-STEM
imaging was 38 mrad. Since V,0s is known to be electron
beam sensitive® great care was taken to minimise electron dose.
Crystals already aligned to the incident beam were imaged. To
confirm the chemical nature of the V,0s5, EELS spectra were
recorded, at a probe convergence semi-angle of 32 mrad,
a spectrometer collection semi-angle of 25 mrad and a disper-
sion of 0.1 eV per channel. The energy resolution of the EELS
measurements was 1.2 eV, estimated from the full-width-half-
maximum of the zero-loss peaks. For statistical analysis, n =
150 V,05 NBs were analysed in terms of length and width, from
three different regions of a BDD TEM electrode.

Phase identification of the BDD-V,05 electrodes prior to
and after lithiation were investigated using grazing incidence
X-ray diffraction (XRD; Malvern Panalytical Empyrean 3 with
multicore optics (iCore/dCore), giving Cu K, radiation). The
incident beam was narrowed using a 1/16° slit to minimise
beam spread at low angle. A parallel plate collimator with
a solid state Pixcel 3D detector operating as a point detector
(0D) mode was used with a step size of 0.03° 2q. Prior to
measurement, the sample surface was adjusted so that it was
flat and cut the direct X-ray beam in half, assuring that the
sample was in the centre of rotation of the goniometer. An
incident angle of 2° was used. The grazing incidence XRD data
were analysed using the Panalytical HighScore Plus software
(v4.8) and the peaks matched against reference patterns from
the latest ICDD database. To aid the pattern matching, the
elements were restricted to just V, H, O. The diamond peaks
were also accounted for.
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X-ray photoelectron spectroscopy (XPS) was conducted using
a Kratos Analytical Axis Ultra DLD spectrometer with a mono-
chromated Al Ko X-ray source (1486.69 eV) operated at 156 W in
a chamber with a base pressure below 1 x 10~ *° mbar. Samples
were mounted on the sample bar using electrically conductive
carbon tape to ensure conductivity between the sample surface
and ground, thus eliminating surface charging. Survey spectra
were collected using an analyzer pass energy of 160 eV at 1 eV
increments, each of which were integrated for 200 ms. High
resolution core level spectra were collected using a pass energy
of 20 eV (resolution of approximately 0.4 eV) using multiple
sweeps in order to improve the signal-to-noise ratio. Data were
analysed using the CasaXPS package, employing mixed
Gaussian-Lorentzian (Voigt) lineshapes and Shirley back-
grounds. The transmission function and work function of the
spectrometer were calibrated using clean polycrystalline Ag foil.

For XRD and XPS, the electrochemical potential pulse
sequence was repeated five times to ensure sufficient deposit on
the electrode surface such that measurable signals could be
obtained.

Results and discussion

Electrochemical fabrication and characterisation of high
aspect ratio V,05; NBs

V,0;5 nanostructures were synthesised using a five-step poten-
tial pulse sequence in a mixed water (acidified) - DMF solvent
system containing vanadium sulfate (VOSO,). Thermodynami-
cally, electrodeposition of V,05 from acidic aqueous media is
possible via an electrochemical (E), chemical (C)** mechanism,
as shown in eqn (1) and (2) for pH < 2:

VO* + H,O0 — VO," + 2H" + ¢, E° vs. SCE = +0.747 V (1)
2\/02Jr + Hzo - V205 + ZHJr (2)

However, experimentally the process is complicated by
electrochemical oxidation of water overlapping with [VO]**
oxidation on most electrodes.*®**>*>¢ Furthermore, accumula-
tion of protons locally (eqn (1)) during electrochemical oxida-
tion results in a further decrease in local pH at the electrode
surface and re-dissolution of the deposited material becomes
a possibility.****>*3¢ Conversely, at pH values above 3.5, VO, will
precipitate according to:**+%4-3¢

VO** + H,0 — VO, + 2H" 3)

Hence there is only a very limited pH window over which V,05
electrodeposition can be successfully achieved, as also shown
by the Pourbaix diagram.*®

To circumvent this problem, we use a dual approach, (i) the
use of BDD electrodes which, due to the catalytic inertness of
the surface, kinetically retard water oxidation® and (ii) a mixed
solvent media, here H,O (pH = 1.87) and DMF, where DMF is
added to the water in a ratio of (water : DMF) 3 : 1. Mixed
solvents systems are useful in electrochemical systems as they
alter the properties of the individual solvent. Here we use this to
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effect by adding the polar solvent DMF to help further increase
the electrolyte/solvent window.*”*®* DMF has a similar dielectric
constant and is miscible with water and thus also favours
dissolution of inorganic compounds,® such as VO*', but is
more viscous. It also plays a role in controlling the morphology
of the resulting deposit, as has been shown in the literature for
other mixed solvent electrodeposition systems.****

The electrochemical signature of [VO]*" in a water (pH =
1.87) : DMF (3 : 1) solution was first assessed using CV at the
5 mm diameter BDD disk electrode, as shown in Fig. 1, starting
at 0.00 V (vs. SCE) and scanning positive to +2.00 V, and then
negative to —2.00 V vs. SCE. In Fig. 1a-d, one oxidation peak, at
E, = +1.40 V, due to the oxidation of V*" (i.e. VO*') to V*' (i.e.
V,05) is observed (Ox1), free from any interference from water
oxidation, which occurs at >2 V during the first scan (Fig. 1a).
Upon reversing the scan direction, two reduction peaks are
observed (E, = +0.3 V and —1.5 V). At E, = +0.30 V, R1 corre-
sponds to stripping of the electrodeposited V,05 (V,05 to VO,")
followed by reduction of VO*' to V**,* at E,, = —1.50 V (R2). The
generation of a new species, Vv*', is evident during the second
cycle, where a second oxidation peak is now observed (Fig. 1b),
at E, = +0.55 V (Ox2). This is most likely due to oxidation of V**
to V**.* Starting from scan 3, all CV scans (scans 3, 4, 5, and 6)
are similar to scan 2.

Electrodeposition (ESI3, Fig. S3t1) was carried out using
a series of five potential pulses. The potential was first held
under no current flow conditions (—0.35 V vs. SCE). It was then
biased at a value just into the start of the VO** wave in Fig. 1
(+1.00 Vvs. SCE for 5 s) in order to form V,05 nuclei (eqn (1) and
(2)) on the surface which can act as seeds for further nucleation
and growth. By then driving the potential significantly more
positive in the second oxidation step, the aim was to stimulate
fast growth at these isolated centres (+2.00 V vs. SCE for 50 s). By
modulating between two high positive potentials of +1.50 V vs.
SCE for 100 s and +2.00 V for 50 s, continuous growth of the
nuclei centres whilst enhancing lateral growth, was observed.

The as-deposited material exhibited no crystallinity, as evi-
denced by SAED, see Fig. 2a. Previous literature suggests crys-
talline material has a better electrical connection to an
underlying electrode support.> To crystallise the V,0s, thermal
annealing in air was employed. Identification of the crystal-
lisation temperature was carried out using an in situ annealing
SAED study employing a TEM heating holder, and heating from
room temperature up to 380 °C, at a rate of 3.18 °C min~'. The
full sequence of the twenty-three recorded images is shown in
ESI4, Fig. S4.1 The first evidence of V,05 crystallisation was the
formation of weak intensity peaks in the SAED pattern at 350 °C
(Fig. 2b); blue circles mark 111 spots from the BDD substrate. At
~365 °C the clearly defined spot pattern corresponds to the d-
spacings of a-V,0s, Fig. 2c. The change in appearance of the
deposit during annealing is apparent in Fig. 2d (as-deposited)
and Fig. 2e (crystallised). These figures also indicate the
approximate position of the selected area aperture used to
collect the SAED patterns. The very high thermal conductivity®
of the BDD-TEM substrate means that the temperature of the
BDD electrode will be extremely close to the temperature of the
micro furnace of the TEM holder.*

This journal is © The Royal Society of Chemistry 2022
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Using the in situ TEM study to guide controlled crystal-
lisation of electrodeposited V,05 on the BDD electrode, all
subsequent studies used a 2 h anneal in air at 350 °C followed
by an extended cool-down from 350 °C to room temperature (12
hours) prior to further analysis. The resulting material was
analysed using STEM, XPS, and powder XRD. ADF- and BF-
STEM images of thermally annealed V,05 on a BDD TEM
substrate are displayed in Fig. 3a and b and show a dense mat of
NBs (acicular crystals); see also ESI5, Fig. S5 and Table S1t for
a statistical analysis of crystal size dimensions. Surface sensitive
XPS of the annealed material on a BDD-TEM substrate was
consistent with formation of «-V,O5 (see also ESI6, Fig. S61 for
the survey spectrum). The curve-fitted XPS spectrum in Fig. 3c
shows an oxygen 1s peak attributed to the V-O stretch bond at
529.27 eV and vanadium peaks 2p,,, at 524.57 eV and 2p;, at
517.15 eV. The main V 2p3,, core peak corresponds to a valence
state of V°* (solid red fitted curve), associated with V,0s5, as does
VP12, whilst the tiny shoulder on the right indicates the pres-
ence of a very small amount of V** (solid orange fitted curve).® A
small V** peak has been seen before in the XPS spectra for V,05
material subject to thermal treatment in air at similar temper-
atures (400 °C).>”** XRD of an annealed thick film also confirms
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crystallisation (Fig. 3d). The w-26 plot exhibits peaks at 21°, 27°,
32°, and 34° corresponding to the crystal planes (101), (110),
(400), (211) of a-V,05 (ICDD 00-041-1426, Pmmn, a = 11.519 A,
b=3.563 A, c = 4.375 A). The strong peak at 43° is from the BDD
substrate.

To explore the electrodeposited and annealed o-V,0s in
more detail, Fig. 4 shows high resolution aberration-corrected
ADF-STEM images. In Fig. 4a the characteristic parallelepiped
acicular shapes (also referred to as ‘calissons’®’) of the V,05 NBs
are again evident. By taking side-on views of the NBs (e.g. Fig. 4b
showing a [100] view and the (001) facets), it was possible to
determine thickness values. These were found to be typically in
the range 10-20 nm. The long axis of the NBs lies parallel to
[010] and the NBs had a mean length of 134 nm (range 15-221
nm) and mean width 9 nm (range 5-37 nm), SI5.T Occasionally
other unidentified polymorphs were observed (see ESI7,
Fig. S71).

More detailed information on atom arrangement in a NB is
shown in Fig. 4c. Focusing on the region away from the edge
first, the ADF-STEM image, where only the high atomic
number V atoms produce contrast, confirms the material is o-
V,0s. A schematic of the structure is shown at the top and left of
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T T T T T
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Fig.1 CV of the electrochemical behaviour of VOSOy, in water : DMF (3

-2 -1 0 1 2
Potential vs. SCE (V)

: 1) mixed solvent. (a) First scan indicating the starting potential and the

direction of the scan sweep, scanning anodically first, (b) is the second scan, and (c) is the third scan. (d) Repetitive cycling where 6 scans were

recorded at 0.1V s~ %,
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Fig. 2
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o
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In situ SAED heating study of the transformation of V,Os5 from amorphous to crystalline during temperature-controlled annealing. (a) As-

electrodeposited amorphous V,0s, at room temperature, showing only diffuse contrast (scale bar is 10 nm~Y). (b) The first appearance of
crystalline V,0Os spots at 350 °C, one of which is marked by an arrow and enlarged with contrast enhanced in the inset. (c) Rings of spots, showing
full conversion to crystalline material at 365 °C. Blue circles mark 111 spots from the BDD TEM support; the visibility of these spots changed
during the experiment, possibly due to buckling of the thin specimen as it was heated. (d) and (e) images corresponding to (a) and (b) with the

position of the SA aperture marked. Scale bar is 500 nm.

Fig. 4d, where V-O polyhedra are shown in orange, individual V
atoms are represented by orange circles and O atoms are rep-
resented by blue circles. a-V,05 consists of (001) sheets,
comprised of [010] chains of edge-sharing square-based pyra-
mids in which each V lies close to the base and is bonded to five
O atoms. For each pyramid there is an sixth oxygen atom
present but it is slightly too distant to form the appropriate
bond for an octahedral geometry.>**

In the (001) schematic of a-V,05 of Fig. 4d, half of the
pyramids point down towards [001], (marked ‘@’; the flat base of
the pyramid is visible), and half point upwards towards [001],
(marked ‘b’; apex and facets of the pyramid are visible). The
horizontal [010] chains of pyramids have apices that alternate in
an up-up-down-down b-b-a-a sequence. As the a-b chains
connect at pyramid corners, there is also a row of empty sites,
marked ‘c’ in Fig. 4d. This a-b-c, filled-filled-vacant stacking
sequence is evident in the ADF-STEM images in Fig. 4c and d.
The two rows of pyramids with central V>* atoms can be seen
with bright contrast, while the third, empty, row is much darker
in comparison. A multislice simulation of the ideal a-V,Os
structure is also shown on the left of Fig. 4d connecting the
atomic model to the experimental image and as an overlay in
Fig. 4c. Further information on the crystal structure of a-V,05
and BF-STEM images are given in ESI8, Fig. S8 and S9.t

8520 | J Mater. Chem. A, 2022, 10, 8515-8527

Fig. 4c, and at higher resolution in Fig. 4d, also shows the
presence of a change in structure at the edge of a (010) facet,
noting it was not possible to resolve this feature on all facets of
a NB or indeed on all NBs. The atom arrangement appears
consistent with a rock-salt type structure, VO, where V is now
octahedrally coordinated to six O atoms, forming a structure of
close-packed edge-sharing octahedra as shown in the top and
right schematics in Fig. 4d. Rock-salt VO can be produced in
bulk form,® with a range of stoichiometry VO, (0.8 <x < 1.3) and
high concentrations of both V and O vacancies.®® As is apparent
from Fig. 4d, the [010] rows of atoms are continuous throughout
the NB, but in the VO region there is no row of empty sites and
the [001] view shows a square array of bright atom columns.
This image is in excellent agreement with the multislice simu-
lation that bridges the gap between the structural model and
experimental image on the right of Fig. 4d. The VO structure
often appears noticeably brighter than the bulk of the crystal
(see also ESI9, Fig. S107), which is also consistent with the
higher density of oxygen-depleted VO, in comparison with a-
V,0s. From Fig. 4d information on the lattice mismatch
between VO and o-V,05 along [100] can also be obtained; the
plane spacing of V,05 is 11.512 A while that of VO is 4.075 A,
giving a 3 : 1 matching with a misfit of 6%. However, despite the
difference in crystal structure the VO region appears coherent

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Morphology and analysis of electrodeposited and thermally annealed V,Os. (a and b) ADF-STEM and BF-STEM images of high coverage
V,0s on a BDD TEM support, forming a dense mat of acicular crystals. (c) XPS spectrum and curve fitting of the O 1s and V 2p3,, peaks. (d) w-26
XRD pattern identifying the deposit as the orthorhombic V,Os structure.

with the a-V,05 crystal, with an orientation relationship
[100]yo//[100]y,0,, [001]vo//[001]y,o. Other examples of VO
formation on a NB edge are given in ESI9, Fig. S10.}

It is interesting to compare the macroscale (XRD and XPS)
with the atom scale (ac-STEM and EELS) data in Fig. 3 and 4.
XRD which is a bulk measurement indicates the formation of a-
V.05 crystals. XPS which is sensitive to only the first few surface
layers®® confirms this, via observation of a dominant V°*
oxidation peak, but also indicates the presence of a small
amount of V** but no V**(as expected for VO). For crystals
subject to thermal annealing, under both UHV (thermal
reduction) and in air, loss of oxygen and the formation of V**
oxidation states has been previously documented, using XPS,
EELS and DFT,”**% with DFT predicting loss of vanadyl
oxygens and formation of a V-O-V bond between layers upon
thermal reduction.®**® However, given that XPS does not show
a V>* signature, VO presence must be at levels below the
detection sensitivity of XPS in the area of the XPS measurement.

This journal is © The Royal Society of Chemistry 2022

This fits in with our TEM observations that the VO layer is not
present on all NBs imaged or indeed all facets.

It is also important at this stage in the discussion to consider
the possible effect of the electron beam on the ac-STEM data. In
previous high resolution TEM studies, a-V,05 subject to high
doses of electron irradiation in UHV for long periods of time
(minutes to tens of minutes), resulted in a transition to rock-salt
VO.>***7° By lowering the flux of electrons it was possible to
observe the intermediate phases V,0, and V¢O,3 before reach-
ing VO.>® However, in our study, the radiation dose in our work
is approximately three orders of magnitudes smaller than
previous work, and imaging was for much shorter periods of
time (10 ps per pixel), see ESI9.1 When the VO structure was
present it was observed immediately and noticeable structural
changes in the NBs were only seen after having made several
passes over the NB with the electron beam. This suggests that
the thermal anneal was responsible for the observed atomic
rearrangements.
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Fig. 4 ADF-STEM of electrodeposited and thermally annealed a-V,Os. (a) Electrodeposited and thermally annealed a.-V,0Os on BDD with high
coverage, forming a mat of acicular crystals with lengths 15-221 nm. (b) A single a-V,0s5 NB seen edge-on, with (001) facets and long axis parallel
to [010]. (c) Another NB viewed face-on, close to the [001] axis, showing distinctive double-layers of vanadium (inset: multi-slice simulation of
[001] -V,0s). An altered layer 1-2 nm in thickness is visible at the (010) facet. (d) The altered layer at the (010) facet has an appearance consistent
with rock-salt VO, with octahedral coordination of vanadium (orange) to oxygen (blue).

Characterisation of the o-V,05; NBs during one cycle Li
intercalation and deintercalation

The first lithiation (discharge) and de-lithiation (charge) cycle
for electrodeposited and annealed @-V,05 NBs on a BDD elec-
trode was investigated galvanostatically by cycling between
+3.6 V and +1.5 V vs. Li|Li" at a C/10 current rate (see experi-
mental section). The discharge-charge curve of the «-V,05 NBs
is presented as a potential (y axis) versus composition (top axis),
represented as a number of intercalated Li (i.e. AxLi in Li,V,0s)/
specific capacity in mA h g~' (bottom axis) and is shown in
Fig. 5 for the first discharge (lithiation - left hand side) - charge
(delithiation - right hand side) cycle.

During discharge, the electrode is cycled to less positive
potential values to promote intercalation/insertion of Li* ions
into the «-V,05 material (lithiation). Fig. 5a shows a series of
distinct potential plateaus, which demonstrate the formation of
different Li,V,0Os phases. The galvanostatic profile shows
various sloped regions associated with the following sequence
of transitions; &« — ¢ = & — vy — w, Li,V,0s. The first three

8522 | J Mater. Chem. A, 2022, 10, 8515-8527

transitions describe the Li,V,0s phases with increasingly
puckered layers of VO5 square-based pyramids, as the number
of Li" intercalated per unit cell increases.’**** The fourth
represents the formation of the rock salt w-Li;V,05 phase. In
a similar manner to the structural transition o-V,05 — VO, we
expect this phase transition to involve conversion of VO5 square-
based pyramids to VOg octahedra. This is accompanied by the
expulsion of a fraction of V atoms into unoccupied rows, most
likely driven by exchange with Li*, where they also become
octahedrally coordinated. Complementary CV data showing the
voltammetric response of the NBs during the first discharge/
charge cycle, in a solution of 1 M LiCl + 1 M LiClO, in 1:3
mixture of water and MeCN, is shown in ESI10, Fig. S11.}

A maximum discharge specific capacity of 440 mA h g~ was
achieved during the first galvanostatic cycle (on discharge/
lithiation) which is as expected if all the material was con-
verted to w-Li;V,0s. A number of Li* per V,05 (AxLi) in Li, V,05
of ~3.0 was also achieved. The lithiated V,05 material, obtained
after discharging, was further investigated by STEM and

This journal is © The Royal Society of Chemistry 2022
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LIClO4 in 1 : 3 mixture of water and MeCN at C/10 rate.

macroscale XPS and XRD characterisation. The XPS data of
the V region is presented in Fig. 6 and the survey spectrum as
well as the XPS data of the Li and O regions are shown in ESI11,
Fig. S12 and S13.f Curve fitting of the core XPS spectrum in
Fig. 6 between 510 eV and 535 eV, and comparison with Fig. 3a,
reveals the changes in the valence state of vanadium upon
lithiation. In particular, the dominant V 2p;,, peak at ~517 eV
can now be deconvoluted into three peaks; the solid red, orange
and yellow fitted curves indicate V°* (517.5 eV), V** (516 eV) and
V3" (~515.5 eV). The data shows a substantial increase in the
V43" valence states compared to the pristine material (Fig. 3a).
In addition the XPS signal for lithium (Fig. S13 in ESI11;}
between 60 eV and 52 eV) confirms lithium incorporation into
the material. The presence of V***" highlights the formation of
w-Li3V,05.%** The XRD w-20 plot of the material after the first

discharge (lithiation) is also shown in ESI11, Fig. S14,T and is
similar to that previously reported by Delmas et al.*® after one
cycle.

To reveal the atomic structure of the resulting lithiated NBs
after the first full discharge, STEM images were again recorded.
Fig. 7a shows the conversion of the NB to the rock salt w-LizV,05
phase. In structure, this appears very similar to the VO region at
the (010) edge of the a-V,0s NBs (Fig. 4b-d). In this lithiated
material, with a nominal Li; : V, ratio, we may expect V atoms to
be replaced by Li in three out of every five octahedra.® There are
relatively few octahedra in a crystal of only 10-20 nm thickness.
Thus, statistical variations in the V occupancy of individual
atom columns should also be readily visible since high atomic
number atom columns give a larger contrast than low atomic
number ones. This is shown in the bottom half of Fig. 7a and is
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—— Envelope
S
S V 2py,
-3’ - -
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Fig. 6 XPS study of the structure of the V,Os5 NBs after lithiation (discharge). XPS spectrum and curve fitting of the V 2p of the V,O5 NBs after

lithiation showing the V 2pz,, and the V 2p,,, regions.
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consistent with a mixture of randomly arranged LiOs and VOq
octahedra in the w phase. This interpretation is also supported
by multislice simulations performed using a random structure
model overlaid on the images (outlined in green in Fig. 7a). The
w-Li3V,05 structure has the same orientation relationship with
respect to the crystal shape as the VO region, but now extends
over all of the NB. The lattice parameter of »-Li;V,0s5 is 4.095 As
only slightly larger than that of VO, giving a misfit of 7% to a-
V,0s. EELS spectrum of the lithiated materials recorded from
the centre of the lithiated NB also shows a change in vanadium
oxidation state,* Fig. 7b (green line). The V 2p,, peak has
moved by ~1.0 eV indicating a V**/V** valence state, as expected
for formation of w-LizV,05,%** and consistent with the XPS data
(Fig. 6 and ESI11, Fig. S137).

The galvanostatic charge profile in Fig. 5b shows several
plateaus during the delithiation process at slightly different
potential values in comparison with the first discharge process
suggesting differences in the dynamics of the mechanism of Li"
intercalation/deintercalation during a single charge-discharge
cycle. A maximum charge specific capacity of 439 mA h g~ * was
achieved, which indicates recovery of the starting material, o-
V,0s." To further investigate the status of the material after one
discharge/charge cycle, ADF-STEM was employed to image
individual NBs of the fully charged material (after the first
delithiation), Fig. 7c, whilst XPS and XRD measurements were
made on the bulk material (ESI12, Fig. S15 and S16%). The ADF-
STEM image of a typical NB after the first delithiation process
reveals restoration of the original a-V,Os structure but also
shows retainment of the thin rock-salt surface layer (VO) (visible
at the (010) facets in Fig. 7c, ¢f Fig. 4c and d). Additionally, EELS
spectrum of the delithiated materials recorded from the centre

(b)

View Article Online
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of the V,05 NB also shows a change in vanadium oxidation
state, Fig. 7b (orange line). The V 2p,,, peak appears at 519 eV
indicating a V> valence state, as expected for formation of a-
V,0s. Both the macroscale XPS data (ESI12, Fig. S151) and XRD
(ESI12, Fig. S16t) data are also very similar to the pristine a-
V,0;5 XPS and XRD data recorded in Fig. 3c and d, indicating no
remaining lithiated phases and removal of Li*. Finally, whilst
the focus of the work was primarily on the first cycle discharge/
charge response of electrodeposited a-V,0s we also recorded
preliminary STEM experiments and electrochemical data,
exploring the second discharge process, shown in Fig. 8 and
ESI13, Fig. S17 - S19.1

The second discharge curve shows a similar behaviour to the
first discharge profile (ESI13, Fig. S1771), with a discharge
capacity of 439 mA h g~ " achieved. However, the morphology of
the NBs has changed (Fig. 8a, b and ESI13 Fig. S18-S197), with
the crystals becoming more equiaxed and having lower aspect
ratios. A high magnification of the crystals after the second
lithiation, Fig. 8b, indicates that the cubic w-LizV,05 phase is
once again obtained and represents the majority of NBs inves-
tigated with STEM. The change in morphology is quantified in
ESI13, Fig. S20 and S21.1 The variable occupancy of the Li/V
octahedral sites is again apparent from the variable intensity
of the atom columns in Fig. 8b. The multi-slice simulation is
shown as an inset. Fig. 8c shows the orientation of the LiOg/VOg
octahedra in the [211] view of the lithiated material and corre-
spondence with the simulated disordered w-Liz;V,0s. Whilst
this observation is interesting, it is clear further investigation is
required to understand the impact this morphology change has
on the ability of the material to undergo repetitive reversible
cycling between o-V,05 and w-LizV,0s. Furthermore, some
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Fig. 7 ADF-STEM of lithiated-delithiated vanadium oxide NBs. (a) After first lithiation, showing the rock-salt w-LizsV,Os phase. The variable
occupancy of the Li/V octahedral site in the rock-salt w-LizV,Os phase is apparent from the highly variable intensity of the atom columns in the
enlarged ADF-STEM image. Overlays show a multislice simulation of a random disordered rocksalt structure model. (b) Vanadium and oxygen
EELS spectra for lithiated and de-lithiated material showing changes in vanadium valence state (see text). (c) After one delithiation, showing
reversion to the a-V,0s5 phase and retainment of the VO surface layer. Multislice simulation shown as an inset.
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Fig. 8 ADF-STEM of vanadium oxide NBs after a second lithiation. (a) Crystal morphologies become noticeably more equiaxed (see also ESI13
Fig. S18+). (b) The material has the rock-salt w-LizV,0Os phase and as before the variable occupancy of the Li/V octahedral site is apparent from the
variable intensity of the atom columns, Multi-slice simulation shown as an inset. (c) Orientation of LiOg/VOg octahedra in this [211] view and

correspondence with the simulated disordered w-LizV,Os5 structure.

unidentified ordered structures were occasionally seen (see
ESI13, Fig. S1971).

Conclusions

A mixed solvent method, in combination with an electro-
chemical potential pulse technique, was developed to deposit
amorphous V,05 NBs, with thermal treatment used to trans-
form the amorphous V,0s into crystalline a-V,0s. The optimal
temperature for this process was determined by in situ heating
TEM. The resulting a-V,05 NBs had thicknesses of 10-20 nm,
lengths 15-221 nm (mean 134 nm) and widths 5-37 nm (mean 9
nm). For successful electrodeposition, it was necessary to
supress the oxidation of water, achieved through the use of BDD
electrodes and a mixed aqueous - aprotic (DMF) solvent, and
employ a potential pulse sequence. STEM of the pristine
material revealed that the NBs were (in the majority) a single
crystal of a-V,05 with a [010] long axis and (100) and (001) faces.
A thin surface layer, 1-2 nm in thickness, was found on some
NBs in edge regions, with an appearance consistent with a few
monolayers of rock-salt VO coherently strained to match the
underlying a-V,05 crystal. It was however undetectable in XPS
suggesting it was not a significant presence. Further work to
understand its significance and origin is underway.

Single cycle charge-discharge data indicated a specific
capacity consistent with the reversible incorporation of three Li"
per unit cell ie. formation of rock-salt w-LizV,0s. This was
confirmed by ac-STEM images of fully lithiated material, which
showed not only the rock-salt structure but also variable
intensities of atom columns in annular dark field images,
indicating a disordered and locally variable composition. Upon
full delithiation, @-V,05 was recovered, also evidenced using
XPS and XRD, highlighting the one cycle & < ®w < o phase
reversibility of this nanostructured electrodeposited material.
VO surface layers were also again observed in the delithiated
material. Preliminary second cycle ac-STEM lithiation studies
again revealed formation of the w phase but interestingly this
was accompanied by a morphology change, with the NB crystals

This journal is © The Royal Society of Chemistry 2022

becoming more equiaxed. Further studies are required to
establish whether this electrodeposited nanomaterial is a viable
battery cathode, when run over many cycles.

Finally, this investigation has demonstrated the importance
of STEM as an analysis technique to better understand material
transformation in hybrid aqueous/nonaqueous batteries and
the potential for using electrodeposition as a synthesis meth-
odology for battery related materials.
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