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a-V,0s5 has been extensively explored as a Mgz+ intercalation host with potential as a battery cathode,
offering high theoretical capacities and potentials vs. Mg>*/Mg. However, large voltage hysteresis is
observed with Mg insertion and extraction, introducing significant and unacceptable round-trip energy
losses with cycling. Conventional interpretations suggest that bulk ion transport of Mg?* within the cathode
particles is the major source of this hysteresis. Herein, we demonstrate that nanosizing a-V,Os5 gives a mea-
surable reduction to voltage hysteresis on the first cycle that substantially raises energy efficiency, indicating
that mechanical formatting of the a-V,Os5 particles contributes to hysteresis. However, no measurable
improvement in hysteresis is found in the nanosized a-V,Os in latter cycles despite the much shorter
diffusion lengths, suggesting that other factors aside from Mg transport, such as Mg transfer between the
electrolyte and electrode, contribute to this hysteresis. This observation is in sharp contrast to the conven-
tional interpretation of Mg electrochemistry. Therefore, this study uncovers critical fundamental underpin-
ning limiting factors in Mg battery electrochemistry, and constitutes a pivotal step towards a high-voltage,
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1. Introduction

Rechargeable batteries, particularly those based on Li-ion chem-
istry, have spurred the development and commercialization of
devices requiring portable power sources, such as electric
vehicles (EVs)." Excitingly, EVs powered by Li-ion batteries are
predicted to become cost-competitive with conventional internal
combustion engine (ICE) vehicles in the near future, and more
recent EV models are approaching driving ranges achievable by
ICE vehicles.” Despite these significant advances, there is still a
clear desire to move beyond Li-ion batteries; the decarboniza-
tion of transport would be further accelerated by more energy-

“Department of Chemistry, University College London, London, UK.

E-mail: j.a.darr@ucl.ac.uk

bChemical Sciences and Engineering Division, Argonne National Laboratory,
Argonne, IL 60439, USA

‘Joint Center for Energy Storage Research, Argonne National Laboratory, Argonne, IL
60439, USA. E-mail: jeabana@uic.edu

Department of Chemistry, University of Iilinois at Chicago, Chicago, IL 60607, USA
‘Department of Physics, University of Illinois at Chicago, Chicago, IL 60607, USA
IDepartment of Chemistry and Chemical Institute for Functional Materials, Pusan
National University, Busan 46241, Republic of Korea

$X-ray Science Division, Argonne National Laboratory, Argonne, IL 60439, USA
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr03080a

This journal is © The Royal Society of Chemistry 2021

high-capacity electrode material suitable for Mg batteries with high energy density.

dense, lower-cost, and more sustainable rechargeable
technologies.>* The Mg battery is one potential technology able
to surpass Li-ion batteries in these respects; several studies
report that Mg metal deposits and strips with a lower tendency
to form dendrites, the presence of which preclude the use of
the energy-dense Li metal anode in Li-ion batteries.”” Hence,
the combination of the energy-dense Mg metal anode with a
suitably high energy-density cathode material, such as a metal
oxide, yields higher theoretical energy densities than Li-ion bat-
teries.> Moreover, the significantly greater earth-abundance and
availability of Mg (compared to Li) would mitigate concerns
regarding the relative scarcity of Li supply and lower the raw
materials cost of battery production.

Stable Mg”* intercalation hosts have largely consisted of
sulfide materials;*'® however, their operating voltages vs.
Mg>*/Mg are too low to give a higher energy density than Li-
ion batteries. Therefore, oxide intercalation hosts (which allow
higher voltages vs. Mg>*/Mg) are of great interest as potential
high energy-density cathode materials because of the potential
for high capacity with high reversibility and efficiency."* ™
However, the literature has contained significant discrepancies
in reported capacities and reactivities of metal oxides in Mg
battery systems. Detailed analysis has revealed that many lit-
erature reports of reversible Mg intercalation were more likely
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to result from parasitic electrolyte decomposition and proton
intercalation." Indeed, a recent perspective has highlighted
the disparity between reported capacities of Mg battery cath-
odes and the capacity verified by elemental, redox, and struc-
tural changes in the oxide host.'® For this reason, reported
capacities should not be directly equated with Mg intercalation
activity without robust supporting evidence. When these
requirements are taken into consideration, very few oxide
cathode materials have demonstrated large, reversible Mg>*
intercalation, in part due to the susceptibility of oxides to
undergo competing reactions with cycling, such as conversion
and MgO formation,"® both of which introduce irreversibility
and severe energy inefficiency."”

While many different structures and compositions of
vanadium oxides and phosphates have been investigated for
Mg batteries, most have only demonstrated reversible Mg inter-
calation in the presence of water (either in the electrolyte or
contained in the structure), such as VO, nanotubes,"®"°
f-Nav0;5,%° and VOPO,-xH,0.>" It should be stressed that a
functional Mg battery cannot contain water due to the irrevers-
ible formation of a passivation layer on the Mg metal anode,
essentially preventing reversible Mg plating and stripping.
Moreover, separate studies by Verrelli et al. and Lopez et al.
revealed that H,O impurities in the electrolyte did not increase
Mg intercalation in the a-V,05 and {-V,05 cathode materials,
respectively, and that any additional reactivity could be attribu-
ted to parasitic reactions and proton intercalation.'>??
Therefore, the postulated enhancement of Mg intercalation by
water inclusion has been cast in serious doubt, and rigorous
studies of electrode materials should be conducted in anhy-
drous environments.

Considering electrochemical cycling in dry conditions, Mg
intercalation has been confirmed conclusively within the
vanadium oxides o-V,05> layered V,Nb;30s5>" tunnel
{-V,05,""*° and spinel MgV,0,,%° using redox, elemental, and
structural probes, but only at elevated temperatures (50 °C or
110 °C).""* However, we note that other spinel compounds
(AM,0,4, where A = Mg or Zn, M = Cr, Co, Fe, Mn, V) have also
consistently demonstrated Mg removal on charge (~200 mA h
g 1)."?31 Comparing between these materials, the report of
a-V,05 is arguably the most striking with a high capacity of
300 mA h g™ at 110 °C, where this degree of Mg intercalation
was confirmed and quantified by a combination of EDS, FTIR,
XRD and XAS analysis.*® The voltage hysteresis of the first cycle
(1.35 V) was significantly higher than latter cycles (0.73 V), and
inspection of the a-V,0; particles revealed significant delamina-
tion of the a-V,0s5 layers following the first discharge: it can there-
fore be hypothesized that the delamination of a-V,0s reduced
the observed voltage hysteresis. However, this delamination was
suspected to have a detrimental impact on cycle stability, as the
capacity degraded rapidly to 230 mA h g™ after 20 cycles.

Given the above observations, it could also be hypothesized
that the kinetics of Mg insertion contribute to voltage hysteresis,
and that comparison of the electrochemistry of nanometric and
micrometric «-V,05 would clarify the relative contribution of
these kinetic effects.**>® Nanosizing the active material par-
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ticles effectively reduces the diffusion distance required for Mg
to penetrate the core of the particle, which should minimize the
diffusion overpotential within an Mg-ion cell and reduce the
degree of particle fracture with ion intercalation. Indeed, a
recent report revealed nanosizing {-V,Os results in reduced
voltage hysteresis and increased capacity when cycled in Mg-
containing electrolytes.”® Synthesized «-V,05 has typically
formed micron-long nanorods, micron-wide nanosheets and
hollow microspheres when prepared from solution without a
physical scaffold.****® In contrast, a-V,05 prepared as part of
a composite material has allowed for the formation of smaller,
semi-spherical nanometric a-V,0s5 crystallites, where the compo-
site material provided heterogeneous nucleation sites for V,05
crystallites and prevented their agglomeration and
fusion.>***? These templating agents have typically consisted
of carbonaceous materials (such as graphene),***°*' and nano-
metric oxides, such as ZrO, and TiO,.**>** Therefore, it is clear
that generating nanometric a-V,Os crystallites can be achieved
by use of templating agents such as TiO,, which can otherwise
be challenging using conventional synthesis methodologies.

Herein, we compare the Mg-ion electrochemistry of micro-
metric a-V,05 and an a-V,05-TiO, nanocomposite to evaluate
sources of voltage hysteresis as a function of cycling, and
reveal that the larger first cycle hysteresis can be avoided by
sufficiently nanosizing the crystallites of a-V,0s. Moreover, the
nanocomposite displayed an enhanced capacity retention,
negating the detrimental impact of delamination on cycle life.
Crucially, the voltage hysteresis of subsequent cycles of the
nanocomposite was similar to that of micrometric samples,
suggesting that additional kinetic or thermodynamic factors
contributed to the observed hysteresis in later cycles. Given the
lack of studies investigating diffusive contributions to hyster-
esis in Mg battery oxide cathode materials in dry conditions,
where Mg intercalation is demonstrated with elemental, redox,
and structural probes, this study is a critical step in determin-
ing the true limiting factors in cathode performance.

2. Experimental details

2.1. Synthesis

Synthesis: Two routes (labelled route 1 and 2, respectively) were
employed to synthesize nano-V,0s, which are discussed in
detail below. Route 1 involved the manufacture of a nanosized
VO, precursor via Continuous Hydrothermal Flow Synthesis
(CHFS), which was oxidized to a-V,Os in air in a subsequent
step. Route 2 involved the direct synthesis of a hydrated V,05
precursor in CHFS, which was heat-treated to remove interca-
lated water and produce a more crystalline a-V,0s.

Synthesis Route 1: VO, was synthesized via CHFS with an
identical method described in previous publications."” The
dried VO, powder was heat-treated at 600 °C for 5 hours (ramp
rate 1 °C min™") in air to produce V,05 with a 140 nm average
crystallite size.

Synthesis Route 2: A partially hydrated form of V,05 with a
TiO, seed was synthesized directly using CHFS incorporating a

This journal is © The Royal Society of Chemistry 2021
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Confined Jet Mixer (CJM) (diagrams of the CHFS mixing appar-
atus are included in Fig. S1a and S1bt).? Firstly, a TiO, sol was
formed by CHFS. Two aqueous, room temperature precursor
solutions of 0.6 M TiBALD (Aldrich, Dorset, U.K.) and 0.18 M
KOH (Merck, Darmstadt, Germany) were pumped from pumps
P2 and P3, respectively, at 40 mL min~" each to combine in a
tee-piece mixer. The combined precursors (at flow rate 80 mL
min~") flowed into the side arms of the CJM, where it com-
bined with an 80 mL min~" flow of deionized (D.L.) water
heated to 310 °C. Nanoparticles formed rapidly in flow under
transitional mixing conditions (Reynolds number of ~3390)
with a mixing temperature (Tpix) of 171 °C. The product sol
from the CJM then passed through a 1 m long outlet pipe,
giving a residence time of ca. 10.0 s at 171 °C, thereafter a
pipe-in-pipe countercurrent heat exchanger cooled the product
slurry to ca. 40 °C. Finally, the sol exited the apparatus via a
back-pressure regulator (24 MPa pressure, Tescom), which
maintained pressure throughout the CHFS apparatus. The pre-
cursors, concentrations and temperatures used in this reaction
are indicated by reaction conditions (“1)” in Fig. Sla.t The
product sol (0.15 M TiO, in suspension) was used directly as a
seed for the production of the nanocomposite.

To make the partially hydrated V,05-TiO, composite, the
same reactor apparatus was used, with identical flow rates
from each pump. However, the hot water feed was at 450 °C,
giving turbulent mixing dynamics (Reynolds number >6900)
and a reaction temperature of 335 °C. P1 was used to pump
0.5 M H,0, (Fisher, Loughborough, U.K.) to generate an oxi-
dizing environment. The P2 precursor was 0.08 M VOSO, (Alfa
Aesar, Loughborough, U.K.) and preformed 0.02 M TiO, sol,
and P3 pumped DI water only. The precursors, concentrations
and temperatures used in this reaction are indicated by reac-
tion conditions “2” in Fig. S1a.t

Post-synthesis, the slurries of VO, and V,05-TiO, were
allowed to settle, and placed in dialysis bags (Visking Dialysis
Tubing, Medicell Membranes Ltd, London, UK) suspended in
D.I. water. The D.I. water was regularly replaced to leach the
aqueous waste products from the slurries until the conduc-
tivity of the slurry supernatant was below 100 pS m™'. The
cleaned, wet pastes were freeze-dried by heating from —60 °C
to 25 °C over 24 h under vacuum (<13 Pa, VirTis Genesis 35
XL, SP Scientific, New York, U.S.).

The freeze-dried, hydrated V,05-TiO, composite was heat-
treated at 450 °C for 5 hours (ramp rate 1 °C min™") in air to
produce the V,05-TiO, composite with an average V,05 crystal-
lite size 25 nm.

2.2. Physical characterization

XRD analysis of the pristine powders was collected using a
Stoe StadiP diffractometer in transmission mode (coupled 6-
20 geometry), using Mo-K, radiation, with the sample sand-
wiched between two plastic foil disks held together with a thin
layer of silicon grease. A pre-sample Ge (111) monochromator
selected the Mo K, radiation only (A = 0.709 A) and included a
0.5 mm collimator restricted to 3 mm height. The sample was
rotated in the beam, and the diffraction intensity recorded

This journal is © The Royal Society of Chemistry 2021
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using a Dectris Mython 1k silicon strip detector covering 18°
in 20. Patterns were collected in the range 2-40°, with a step
size of 0.5° in 20 and a collection time of 20 s per step.
Rietveld refinement (to extract lattice parameters and deter-
mine site occupancies) was performed with Material Analysis
Using Diffraction (MAUD) software.*

XRD patterns of the pristine, discharged and charged
powders/electrodes were collected at the Advanced Photon
Source (APS) at beamline 11-BM. The powder or electrode
samples were loaded into Kapton capillaries for data collec-
tion, where the calibrated wavelength of X-ray radiation was
0.412799 or 0.457854 nm.

V L, ;-edge and O K-edge XAS was performed at the beam-
line 4-ID-C, Advanced Photon Source, Argonne National
Laboratory, USA. At 4-ID-C, spectroscopy was completed simul-
taneously in both the Total-Electron-Yield (TEY) and Total-
Fluorescence Yield (TFY) mode utilizing photocurrent for the
TEY and a silicon drift diode detector for the TFY, in order to
make direct surface to bulk comparisons. Data were obtained
at a spectral resolution of ~0.2 eV, with a 2 s dwell time. 3
scans were performed on each sample, at each absorption
edge, and scans were averaged in order to maximize the signal
to noise ratio. The V L, ;- and O K-edges were scanned in the
range 500 to 560 eV. The V and O energy scales were normal-
ized using a SrTiO; standard.

Scanning transmission electron microscopy (STEM)
imaging, energy dispersive X-ray (EDX) and electron energy
loss (EEL) spectroscopy were performed on an aberration-cor-
rected JEOL JEM-ARM200CF, equipped with a cold field emis-
sion gun operated at 200 kV, which allows a 73 pm spatial
resolution and a 0.35 eV energy resolution. The microscope is
equipped with high and low angle annular dark field detectors
(HAADF/LAADF), bright field detector (BF), post-column Gatan
Continuum spectrometer and an Oxford XMAX100TLE silicon
drift detector (SDD). Imaging of the V,05 samples is done
along specific zone axes, which show unmixed atomic
columns. STEM images were acquired simultaneously in
HAADF, LAADF and ABF modes to identify both heavy
elements, as well as light elements. The collection angles for
HAADF, LAADF and ABF detectors were set at 90-370, 40-160
and 14-28 mrad, respectively. The EELS spectra were collected
using a Gatan Quantum imaging filter with a convergence
angle of 30 mrad and a collection angle of 35 mrad. The TEM
samples were prepared in a glovebox under an argon environ-
ment to prevent any changes to the sample structure as the
result of exposure to oxygen.

2.3. Electrochemical characterization

Electrodes were prepared by hand-grinding the samples,
carbon black (Denka), and polyvinylidene difluoride (PVDF)
(Kynar) in N-methylpyrrolidone (NMP) (Sigma-Aldrich) in a
60:20:20 wt% ratio, which were then cast on 1/2” stainless
steel 316 mesh electrodes and allowed to dry overnight in air.
These were pressed (8 tons) and dried at 100 °C overnight
under vacuum in the glovebox antechamber, and possessed

active material loadings in the range 2.50-2.75 mg cm™>.
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Mg-ion coin cells contained an Activated Carbon Cloth
(ACC) as a counter electrode (ACC-5092-20, Kynol, New York,
US), and a glass fiber separator (VWR, grade 691). Discharge/
charge of the cells was carried out at 110 °C in 0.5 M Mg
(N(S0O,)2(CF3)5)2-(CoHoN)(N(SO,),(CF3),) (Mg(TFSI),-PY,,TFSI)
electrolyte with low H,O content (<50 ppm), with lower and
upper voltage limits of —1.7 V and 1.2 V vs. carbon, respect-
ively. The charge/discharge rate was galvanostatically con-
trolled by a Biologic VMP3 potentiostat.

After oxidation or reduction of the electrodes, they were
recovered and rinsed in acetonitrile five times, and dried at
room temperature before XAS, XRD and EDX characterization.

a)

Intensity

View Article Online

Nanoscale

3. Results and discussion

A two-step process utilizing Continuous Hydrothermal Flow
Synthesis (CHFS) successfully produced a micrometric a-V,05
sample and a nanometric a-V,05-TiO, composite as described
in the Experimental section. PXRD analysis revealed the
materials crystallized in the orthorhombic, a-V,05 polymorph
with the Pmmn space group (Fig. 1a, reference pattern PDF 01-
072-0433). Very weak additional diffraction peaks were
observed in the V,05 sample, which were tentatively assigned
to trace V4Oq;. This impurity may have arisen from the ten-
dency for metal oxides to be reduced close to their melting

V,0;-TiO, composite

* *

V,04 sample

a-V,05 Reference

1]

5 10 15

20
20/°

1 : 1
25 30 35

Fig. 1

(a) XRD patterns (Mo-Ka radiation) of the V,0s5 and V,05-TiO, materials, with an a-V,0Os reference pattern (PDF 01-072-0433). TiO, diffrac-

tion peaks are indicated with asterisks (*), and the minor impurity peaks assigned to V¢O;; indicated with ®; (b) TEM images of V,Os; (c) TEM images

of V205—Ti02.
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points (the melting point of a-V,05 is 690 °C). The inclusion of
the TiO, sol was evident in the PXRD pattern of the V,05-TiO,
composite, which displayed additional broad peaks consistent
with anatase TiO, (reference pattern PDF 01-070-6826).
Rietveld refinement of the three samples revealed lattice para-
meters consistent with literature values (Table S1 and Fig. S2t)
for a-V,0s5, and were able to provide average crystallite dia-
meters, d, calculated from peak fitting within the refinements
(which also accounted for instrumental broadening). These
refinements gave d values of 140 nm and 25 nm for the V,05
sample and the V,05-TiO, composite, respectively. A slight
expansion of the a and c¢ lattice parameters was evident in the
V,05-TiO, composite compared to the other samples, which
could either result from doping of Ti in the V,05 structure, or
from lattice-matching effects at the V,05-TiO, interface. It has
been reported by Kryukova et al. that the V,0s-anatase inter-
face forms along the V,05 (301) and TiO, (110) lattice planes;
as the d-spacing for the latter (2.68 A) exceeds the former
(2.61 A), it would be expected that the @ and c lattice constants
would expand in the V,05-TiO, composite due to lattice
mismatch and resulting strain at the interface, although
the possibility of Ti doping within the V,05 lattice cannot be
ruled out.**

TEM analysis revealed the V,05 sample generally formed
large rods (ca. 500 nm long with widths from 50 nm to
200 nm), although a small proportion of smaller particle clus-
ters (ca. 20 nm diameter) were also present (Fig. 1b). In con-
trast, the V,05-TiO, composite formed a mixture of thin rods
(with lengths in the range 200 nm to 400 nm and ca. 50 nm
wide) and clusters of smaller particles ca. 20 nm in diameter
(Fig. 1c). Given Rietveld analysis found an average particle size
of 25 nm for the V,05-TiO, composite, it is suggested that the
smaller particles were the majority phase in the sample. EDS
analysis of a 250 nm cluster of the V,05-TiO, composite con-
firmed a molar ratio of 0.9:1 V,05: TiO, (Fig. S37), which was
vanadium-deficient compared to the precursor solution (2:1
V,05:TiO, ratio). Rietveld phase analysis corroborated the
observations from EDS, revealing an approximate molar ratio

V,05-TiO, composite
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of 0.75:1 of crystalline V,05:TiO, in the composite, and
suggested the hydrothermal conversion of the vanadium pre-
cursor was approximately 50% of that of Ti. EDS mapping of
this cluster revealed a relatively homogenous distribution of V
and Ti, which implied intimate mixing of the V,05 and TiO,
phases on the nm-scale, and that the TiO, nanoparticulate
phase successfully acted as a nucleation seed for V,0s.

Raman spectroscopy was used to further elucidate local
structural differences between the V,0s5 and V,05-TiO,
samples. All peaks in the Raman spectrum of V,05 could be
indexed with good agreement to crystalline V,0j5 (Fig. 2).*>*® In
contrast, the Raman peaks were both broadened and slightly
red-shifted in the V,05-TiO, composite compared to the V,05
sample, and contained contributions from the anatase phase
(Table 1).*” This observation suggests that the V,05-TiO, com-
posite not only possessed smaller crystallite sizes than the V,05
sample, but a greater degree of crystalline disorder.>®

Electrochemical analysis of the two materials under study
was performed in conditions previously found to give high
degrees of Mg insertion (110 °C in 0.5 Mg(TFSI), in PY;,TFSI
ionic liquid electrolyte).>*** For the first discharge/charge
cycle of the V,05; sample, the behavior resembled that
observed in bulk o-V,0; previously by Yoo et al,?
capacity of >200 mA h g~ with a very large calculated voltage
hysteresis of 1.68 V (Fig. 3a). The hysteresis was quantified
with eqn (1), where AV is the voltage hysteresis, Ccpay is the
charge capacity, and Cp;s is the discharge capacity.

ie. a

Ay — [y v(c)de
Cchar

Chis
o y(C)de
Cpis

(1)

This hysteresis manifested as a single prominent maximum
at a low potential of 1.03 V vs. Mg>*/Mg in the dQ/dV plot, fol-
lowed by maxima at 2.4 V and 3.1 V vs. Mg>"/Mg on the sub-
sequent charge cycle (Fig. 3c). On the second cycle of the V,05
sample, the calculated hysteresis was much reduced (0.98 V,
Fig. 3a), as indicated by changes in the dQ/dV plot: a new
maximum appeared at 2.15 V vs. Mg>*/Mg on discharge, and

N

TiO, sol

Intensity

V,05 sample

N

w

1100 1000 900 800 700

600 500 400 300 200

Wavenumber / cm™

Fig. 2 Raman spectra of the V,05 sample, a TiO; sol reference, and the V,05-TiO, composite, showing the Raman spectra analyzed in the range

200-1100 cm™.
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Table 1 Vibrational frequencies of Raman peaks for samples the V,05 sample, a TiO; sol reference, and the V,05-TiO, composite

Symmetry Vibrational mode V(600/140)/cm™" TiO, sol/em™ V-Ti(450/25)/cm™"
Ayg, Byg V=0 stretching 994 — 993

Big, Bag V-O-V asymmetric stretching 698 — 694

E, Ti-O stretching — 637 642(br)

A V-0 stretching 526 — 521

Asg, Big Ti-O stretching — 516 —

A V-O-V symmetric stretching 479 — 471

A V-0O-V angle bending 405 — 405

Big O-Ti-O angle bending — 396 —

Bag, Asg Ladder puckering and V=0 swinging 301 — 299

Big, Bag Ladder distortions 283 — 281

2.45 and 3.1 V vs. Mg”*/Mg on charge (Fig. 3c). In contrast, the
V,05-TiO, composite possessed significantly reduced hyster-
esis in comparison to the V,05 sample on the first cycle (1.05
V, Fig. 3b), but only reduced by a small amount on the second
cycle (0.81 V). This was reflected in the dQ/dV profiles of the
V,05-TiO, composite, where the first cycle was almost identi-
cal to the second (Fig. 3d). It should be noted, however, that
the hysteresis of the V,05-TiO, composite on the second cycle
(0.81 V) was similar to the previous report of micrometric par-
ticles on the second cycle (0.73 V). The capacity of the V,05—
TiO, composite (normalized to the mass of V,05) was signifi-
cantly enhanced compared to the V,05 sample (Fig. 3e and f),
although there was greater cycle-to-cycle variation in capacity
for the V,05-TiO, composite, with values appearing to oscil-
late between values ca. 275 and 245 mA h g~'. This implied
there was potentially a variance in the resistance of
electrical contacting of the V,05-TiO, electrode between
cycles. This is evidenced by the voltage spike, followed by a
subtly different discharge voltage value, visible on the dis-
charge step of cycle 20 (Fig. 3). Therefore, this variable contact-
ing contributed to the voltage hysteresis, meaning specific
cycles achieved a lower capacity before reaching the voltage
limit. Overall, the V,05-TiO, composite achieved an average
capacity of 270 mA h g™" over 20 cycles at C/20, i.e. higher than
that observed in the V,05; sample (230 mA h g™' over 8
cycles).">*?

To investigate structural, compositional, and redox changes
in the V,05-TiO, composite, electrodes of the material were
harvested following discharge and a discharge-charge cycle for
ex situ analysis. The electrochemical response of the electrodes
generated for this purpose is shown in Fig. S4.f Comparing
PXRD patterns of the pristine V,05-TiO, composite with syn-
chrotron PXRD of the discharged and charged electrodes
revealed significant loss of crystallinity with Mg insertion and
removal (Fig. 4a), with the majority of the remaining features
corresponding to the anatase TiO, phase. This is consistent
with the previous observations made by Yoo et al; in their
study, the diffraction peaks of macroscopic V,0s5 were signifi-
cantly broadened with cycling. Careful examination of the dis-
charged electrode PXRD pattern revealed a peak at Q =
1.92 A~ (highlighted by the red dot in Fig. 4b), which corres-
ponds exactly to the most intense diffraction peak of the dis-
charged MgV,0; phase.”® This peak disappeared with char-
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ging, and the most intense diffraction peak of «-V,05 reap-
peared at Q = 1.84 A™* (highlighted by the blue dot in Fig. 4b).
Therefore, PXRD provides some evidence for similar structural
changes occurring with Mg insertion and removal in the V,05-
TiO, composite compared to the microscale V,0s reported
previously.

XAS analysis was conducted on the pristine, discharged and
charged electrodes of the V,05-TiO, composite on the V and
Ti L, 3- and O K-edges (Fig. 4c and d). XAS data were collected
using both total electron and fluorescence yield detectors.
Signals from total electron yields (TEY) correspond to the
chemical state of the first 5-10 nm into the electrode, whereas
total fluorescence yields (TFY) probes approximately 100 nm
deep, thus having a notable contribution from the bulk crystal
structure, especially considering the particle size of the
materials. The Ti L, ;-edge of all V,05-TiO, samples and elec-
trodes (Fig. S51) was consistent with a Ti'" state, indicating
TiO, did not contribute to redox activity, and is not discussed
further. The V L-edge is characterized by V L; and L, spectral
features, which correspond to transitions from V core 2p3), (L3,
~519 eV) and 2py;, (Lp, ~525 eV) levels to unoccupied V 3d
states (electron yield, Fig. 4c), which are split by a spin-orbit
coupling of the V 2p atomic orbitals of about 7 eV. These para-
meters were similar to the V,05 standard shown and to other
experimental and theoretical reports of oxides with
V112348755 The signal of V L, 5 features in fluorescence yield
(Fig. 4d) was less intense due to self-absorption effects, but
had similar positions and shapes as the electron yield. This
similarity of peak position and shape indicates that V>* existed
at the surface and the bulk.

For the discharged V,05-TiO, composite electrode, the V L;
and L, features generally red-shifted in both fluorescence and
electron yields. In TEY mode (Fig. 4c) the L; feature broadened
and red-shifted by about 1 eV; meanwhile the center of gravity
of the L, feature red-shifted by 0.5 eV and a shoulder near 523
eV appeared. Overall, the V L-edge spectra for discharged
V,05-TiO, are similar to compounds containing V>*,'*3%31-3¢
Since the expected state is V' following discharge, these
results suggests that the surface of the electrodes was at least
partially reduced beyond V**. Over-reduction of the V,Os
surface was also observed for macroscopic V,0s particles pre-
viously.”® In TFY mode (Fig. 4d), the changes in V L; and L,
features were smaller than observed in TEY, again supporting

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Voltage profiles of (a) the V,0O5 sample and (b) the V,05-TiO, composite; dQ/dV plots of (c) the V,05 sample and (d) the V,05-TiO, compo-
site; capacity as a function of cycle number for (e) the V,Os sample and (f) the V,05-TiO, composite. All electrochemical measurements were per-

formed at 110 °C.
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(a) XRD patterns of the pristine V,05-TiO, composite and the magnesiated V,05-TiO, electrode (b) Voltage vs. capacity plot for the V,05—

TiO, discharged electrode. The red dot highlights a peak in the discharged PXRD pattern at Q = 1.92 A™%, and the blue dot highlights a peak in the
charged PXRD pattern at Q = 1.84 A%, (c) TEY XAS for the pristine, discharged and charged electrodes, corresponding to surface states for the V Loz
and O K edges of V,05-TiO, samples, compared to an a-V,Os standard. (d) TFY XAS for the pristine, discharged and charged electrodes, corres-
ponding to bulk states for the V L, 3 and O K edges of V,05-TiO, samples, compared to an a-V,0s standard.

that the surface was reduced more than the bulk. Overall, these
results suggested that significant redox reactions occurred in
both the surface and bulk of the particles. For the charged elec-
trode, the L; feature was blue-shifted to 518.5 eV and the center
of gravity of the L, feature blue-shifted by 0.4 eV in TEY mode
(Fig. 4c). Blue-shifts were also observed in TFY mode (Fig. 4d),
although the degree of oxidation was lower than was observed
in TEY mode. Overall, the original oxidation state of V was not
recovered on charge, implying that V only partially re-oxidized
back to the V' oxidation state following charge, and that the
reaction was somewhat diffusion limited due to the relatively
high reactivity of the surface compared to the bulk. This minor

10088 | Nanoscale, 2021,13,10081-10091

irreversibility, and inability to obtain the original transition
metal oxidation state on charge, was further evidenced by
changes in the O K-edge on discharge and charge (ESIt). This
irreversibility has been commonly observed in metal oxide elec-
trodes with Mg electrolytes.>*>*

Fig. 4c and d also depicts integrated O K-edge X-ray absorp-
tion spectra acquired for pristine and electrochemically cycled
V,05-TiO, samples, compared with standard a-V,0s.” O
K-edge features result from excited electron transitions from
the core O 1s levels to unoccupied O 2p states which start to
form the conduction band (528-555 eV).®° O K-edge spectra
are divided into two parts. The first part, called O 2p-M 3d

This journal is © The Royal Society of Chemistry 2021
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region goes from absorption edge to 5-7 eV above the
threshold. Since this region is attributed to O 2p states, which
are hybridized with V and Ti 3d states, the many spectral lines
present resulted from the crystal field splitting of d orbitals of
both metals. Despite that fact, the spectral feature ascribed to
the t,, band (530.2 eV) is present for both a-V,05 and pristine
V,05-TiO, in both electron and fluorescence yields. This sup-
ports V L-edge analysis, where V°* existed at both the surface
and bulk levels. The second region appears at higher energies
and is attributed to O 2p states mixed with metal 4sp states.®
For the discharged electrode, the t,, band (530.2 eV) reduces
in intensity in electron yield as the lines between 532-535 eV
move to slightly higher energy. This trend was also observed in
the electrochemical reduction of V,05 to form MgV,05."° In
fluorescence yield, the spectral line at 531.5 eV gains signifi-
cant intensity, and the peak at 532.8 eV remains quite promi-
nent. Correspondingly, the O 2p-M sp red-shifted by ca. 1 eV
upon discharge, consistent with a decrease of the binding
energy of the core electrons when the compound was reduced.
For the charged electrode, the t,, band (530.2 eV) spectral
event increased in intensity relative to the other spectral fea-
tures for both electron and fluorescence yields. Similar
phenomena were observed when MgV,0; was charged, consist-
ent with Mg>" deintercalation and V oxidation."® The fact that
the spectrum did not return to the pristine state indicated
chemical irreversibility, consistent with V L, ;-edge
observations.

EDS analysis was performed on the pristine, discharged and
charged V,05-TiO, composite electrodes to investigate changes
in stoichiometry with electrochemical cycling. The electron
image revealed the structure of the composite was retained after
discharge (Fig. S6at), with no evidence of the delamination that
affected previous reports of micrometric a-V,05.>* In keeping
with the electrochemistry, the Mg content of the V,05-TiO,
composite increased on discharge and decreased on charge,
and EDS mapping revealed a uniform dispersion of Mg within
individual particles upon discharge, consistent with Mg interca-
lation (Fig. S6b-et). Quantification of the Mg content relative to
V revealed significant particle-to-particle variation in the dis-
charged electrode, whereas the charged electrode revealed a
much smaller variance (Tables S2 and 37). This observation was
reflected by the error bars in the average compositions,
Mgo.2514)V205 and Mggo7511)V205 for the discharged and
charged states, respectively. Given the significant variation in
Mg content observed in the discharged electrode, it is unclear
whether the average Mg content found by EDS accurately
described the element quantity and distribution in the sample.
However, if this Mg content is representative of the discharged
electrode, this would suggest a significant proportion of the
observed electrochemical capacity arose from parasitic side-reac-
tions. We suggest that specific a-V,05 particles in the electrode
underwent significant Mg intercalation, and that further studies
should be conducted to quantify the degree of Mg intercalation
within cycled Mg-ion electrode particles.

Overall, the electrochemical analyses revealed the positive
impact of TiO, inclusion on the a-V,0s5 cathode material first

This journal is © The Royal Society of Chemistry 2021
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cycle hysteresis. As TiO, was proven to be electrochemically
inactive by XAS analysis, and the changes to the V,05 unit cell
and crystallinity were relatively modest with TiO, inclusion, we
suggest the principle benefit of TiO, to the electrochemistry
was nanosizing the a-V,05 phase. This implies that the energy
required to delaminate the V,0s layers contributed signifi-
cantly to the first cycle hysteresis observed in micrometric
V,05 samples.”® However, there was no clear benefit to hyster-
esis of nanosizing beyond the first cycle. The greater effect of
nanosizing on the first-cycle hysteresis (as opposed to later
cycles) is supported by a previous investigation of {-V,05: while
reducing particle size from 150 nm-wide, micron-long rods to
100 nm diameter crystallites significantly reduced the first-
cycle voltage hysteresis from 1.65 V to 1.15 V, the effect on the
second cycle was much smaller (reduced from 1.29 V to 0.94
V).>® Therefore, the presence of voltage hystereses >0.7 V, even
at elevated temperatures (110 °C) and with significantly nano-
sized particles, indicates that other energetic barriers contrib-
ute to Mg intercalation in V,0s. These barriers could originate
from either inherent kinetics (such as Mg transfer from elec-
trolyte to electrode) or thermodynamic factors associated with
the electrochemical reactions that are not affected by particle
size.

While these additional sources of hysteresis can be probed
using techniques such as electrochemical impedance spec-
troscopy (EIS) or potentiostatic intermittent titration (PITT)
within Li-ion systems, the lack of fully stable electrolytes at the
high voltages provided by metal oxides preclude their exploita-
tion to investigate these phenomena in Mg batteries. It is
suggested that future works should seek to probe transfer of
Mg between the electrode and the electrolyte in carefully con-
trolled conditions to enable the identification and quantifi-
cation of these contributions. For example, use of EIS/PITT
with thin-films of metal oxides with well-defined interfaces
with the electrolyte may enable the subtraction of any electro-
lyte decomposition effects, and allow for extraction of the kine-
tics of Mg transfer and a greater understanding of the sources
of hysteresis during cycling of metal oxides in Mg batteries.

4. Conclusions

The effect of crystallite size on the electrochemistry of a-V,05
in Mg electrolytes was investigated using Continuous
Hydrothermal Flow Synthesis (CHFS). Seeding of the V,0;
using a TiO, sol in the CHFS process successfully reduced the
crystallite size to 25 nm, which reduced the first cycle voltage
hysteresis from 1.66 V to 1.08 V, and increased the achievable
stable cycle capacity up to 310 mA h g~' compared to 230 mA
h ¢! observed for micrometric V,05. However, the observed
hysteresis on later cycles remained high (0.81 V on the second
cycle), showing no improvement in hysteresis compared to
micrometric «-V,0s5. Therefore, this study reveals that nanosiz-
ing a-V,05 was only partially able to mitigate the energy bar-
riers to Mg insertion and removal, and that these additional
sources of hysteresis are likely to contribute to the observed
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hysteresis. Indeed, mechanical formatting of the a-V,O5 par-
ticles appears to significantly contribute to the first cycle hys-
teresis. Therefore, the conventional assertion that bulk trans-
port of Mg within oxide cathodes limits electrochemical Mg
insertion appears to be an oversimplification. As a result,
other sources of hysteresis (such as Mg transfer between elec-
trode and electrolyte) should be investigated to advance a-V,05
towards a practical Mg battery cathode material.
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