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ABSTRACT: As one of the beyond-lithium battery concepts, hybrid I & 1

metal-ion batteries have aroused growing interest. Here, TiNb,O, (TNO)

and VNb,O,s (VNO) materials were prepared using a high-temperature " S 0 Mg

solid-state synthesis and, for the first time, comprehensively examined in ¢

hybrid Mg—Li batteries. Both materials adopt ReOj-related structures = =

differing in the interconnection of oxygen polyhedra and the resulting W= 2

guest jon diffusion paths. We show applicability of the compounds in ~ Mg

hybrid cells providing capacities comparable to those reached in Li-ion Gse WE B

batteries (LIBs) at room temperature (220 mAh g~' for TNO and 150 f‘gm T T— [

mAh g™' for VNO, both at 0.1 C), their operability in the temperature H '4 w% i

range between —10 and 60 °C, and even better capacity retention than in ™| - Libatery i R
O ldnbiiuid wel, 33, s 0

pure LIBs, rendering this hybrid technology superior for long-term
application. Post mortem X-ray photoelectron spectroscopy reveals a
cathode—electrolyte interface as a key ingredient for providing excellent electrochemical stability of the hybrid battery. A significant
contribution of the intercalation pseudocapacitance to charge storage was observed for both materials in Li- and Mg—Li batteries.
However, the pseudocapacitive part is higher for TNO than for VNO, which correlates with structural distinctions, providing better
accessibility of diffusion pathways for guest cations in TNO and, as a consequence, a higher ionic transport within the crystal
structure.
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1. INTRODUCTION Mg—Li batteries have been studied by many researchers.”

As lithium-ion batteries have become one of the most Firstly, considerable efforts were made using Chevrel phase

widespread energy storage technologies in recent decades,
the shortage of needed resources represents a potential future
scenario. To circumvent this issue, changes to the composition
of conventional electrode materials appear as the quickest and
easiest solution at first glance. A further important approach is
found in the possibility of replacing the typical lithium-ion
battery chemistry itself. Nonaqueous magnesium-ion batteries
have attracted substantial interest since they were successfully
introduced by Aurbach’s group in 2000." However, their
applicability is still very ambitious, as positive electrode
materials which can reliably insert divalent cations are only
rarely known.” A very promising approach to overcome this
issue is the concept of hybrid Mg—Li batteries, which contain a
dual-salt electrolyte that provides both Mg- and Li-ions and
therefore allows the use of known lithium intercalation
compounds together with Mg anodes. This concept had
been proposed for the first time in 2014 using a LiFePO, Received:  August 12, 2020
cathode, which inserts Li only, while Mg carries out the anodic Revised:  September 22, 2020
reaction, as concluded from post mortem X-ray diffraction Published: November S, 2020
(XRD) investigations.” However, stable operation over only

seven cycles was demonstrated in that work, and significant

optimization was required for broad applicability. Since then,

MogSg as a cathode, showing two reaction plateaus at 1.7 and
1.3 V during Mg insertion.” Using this material, long-term
operation of 3000 cycles was realized, and the insertion
mechanism was clarified as a concentration-dependent co-
insertion of Li and Mg>° Similarly, studies on MgCo,O,
revealed intercalation of both cations in the cathodic redox
process.” With the application of different TiO, polymorphs, it
was understood that the structure and morphology strongly
influence the electrochemical behavior in hybrid cells.® For
conversion systems, the concept of a hybrid Mg—Li battery
seems to be applicable as well. For example, in FeS, conversion
cathodes, the exclusive cathodic participation of Li was
proposed.” As of now, many hybrid Mg—Li batteries have
been reported with partially outstanding properties,'® but a
systematic comparison of underlying electrochemical processes
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and mechanisms in Li- and hybrid Mg—Li batteries is still not
performed.

One of the important issues concerning Mg—Li batteries is
their electrolyte. Still, there is no standard electrolyte system
for hybrid Mg—Li batteries. It was known that Mg can be
reversibly deposited from ethereal solutions containing
Grignard reagents RMgX with R = alkyl or aryl and X = Cl
or Br, which however, show weak anodic stability (<1 V)."" A
further electrolyte design toward an enhanced stability window
led to a so-called “all-phenyl-complex” (APC) electrolyte
family, representing tetrahydrofuran (THF) solutions of
PhMgCl,—AICl; with different species proportions, which
exhibit highly reversible Mg deposition with almost 100%
cycling efficiency, low overpotentials of less than 0.2 V, and an
electrochemical window of about 3 V.'* For hybrid Mg—Li
batteries, LiCl in different concentrations is usually added as a
Li source.* However, these electrolytes are not suitable for
cathode materials having intermediate cell potentials since
noninert current collectors and steel battery housings become
unstable above 2.2 V.">'*

Therefore, for operation in conventional cell designs,
electrode materials having a reaction potential below 2 V vs
Mg**/Mg would be preferable. Of course, this significantly
reduces the potential energy density of the battery. However,
other parameters like cost and enhanced long-term cycling life
of a Mg—Li battery can compensate for the loss in energy
density.

At the moment, not much is known about the applicable
temperature range of hybrid Mg—Li batteries. Although the
APC electrolyte without any Li-salt has been found to be stable
up to 180 °C'” and a positive effect of high temperatures on
the performance of Mg batteries with APC electrolytes has
been reported,'® only the low-temperature range was
investigated for hybrid Mg—Li batteries with an APC
electrolyte and Li-salt so far."”

Recently, a group of oxidic compounds, known as Wadsley—
Roth phases, have gained a lot of attention as electrode
materials for Li-ion batteries because of their exceptionally
large capacities at high current densities. They crystallize in
ReOjs-like structures with shear planes, leading to blocks of
corner-sharing octahedra, which are connected to each other
via edges. A facilitated Li-diffusion within the crystal structure
is supposed to be the reason for the high rate capability. The
best-known examples are Nb,Os'® and Ti,Nb,,O,,, materi-
als,"” which show a large pseudocapacitive contribution to the
entire specific capacity in Li batteries. However, there is no
information about electrochemical behavior of such materials
in hybrid Mg—Li batteries.

Hence, we investigated TiNb,O, (TNO) and VNb,O,;
(VNO), both adopting ReOs-like structures, as electrode
materials and model systems to evaluate the influences of slight
structural differences on their electrochemical behavior in
Mg—Li hybrid batteries. TNO is currently under extensive
investigation in lithium-ion batteries since it was proposed by J.
B. Goodenough as the successor of the well-known Li,TisO,,
in 2011.°° Its large capacity and favorable smooth potential
curve render it a very promising material for the next
generation of batteries. VNO has been studied much less,
but recent reports show encouraging electrochemical perform-
ance in Li batteries.”' > The crystal structure of both
materials consists of edge- and corner-sharing ReOj;-type
octahedra, where the VNO structure is distinct from the TNO

structure as the vanadium cation is tetrahedrally oxygen
coordinated.

Herein, we report an in-depth investigation of the
electrochemical behavior of TiNb,O, and VNb,O,s with the
aims to (i) test their applicability in hybrid Mg—Li batteries in
a broad temperature range, (ii) compare kinetic characteristics
of both materials in Li- and hybrid Mg—Li batteries, (iii)
provide the proof of correlation with the structural issues of the
cathodes, and (iv) evaluate the ability of electrodes for a long-
term cycling under moderate current rates.

2. EXPERIMENTAL

2.1. Synthesis and Characterization. Micro-sized
TiNb,O, and VNbyO,; were prepared by solid-state reactions
using stoichiometric amounts of TiO, (Chempur, 99.9%),
Nb,O; (Alfa Aesar, 99.9985%), and NH,VO; (Alfa Aesar,
99%). Pellets made from the reactants were placed in alumina
crucibles and heated up to 1350 °C for 40 h in air, followed by
slow cooling.

For a sol—gel synthesis of nano-sized TiNb,O,, stoichio-
metric amounts of titanium(IV) isopropoxide (Acros Organics,
>98%), which was dried over molecular sieves for three days,
and niobium pentachloride (Alfa Aesar, >99.9%) were stirred
in water-free isopropanol at room temperature. After
evaporation of the solvent, the resulting gel was dried at 80
°C and calcined for two hours at 800 °C.

For phase analysis, powder X-ray diffraction (XRD) was
carried out using a STOE STADI P diffractometer equipped
with a position-sensitive linear wire detector with Co K
radiation (4 = 1.78896 A) in transmission mode. Scanning
electron microscopy (SEM) was applied to characterize
particle morphologies. Therefore, a ZEISS Leo Gemini 1530
microscope was used with an in-lens detector at an acceleration
voltage of 15 kV. EDX spectra were obtained using a Bruker
EDXS spectrometer.

2.2. Neutron Powder Diffraction Studies. Elastic
coherent neutron powder scattering was performed on the
high-resolution powder diffractometer SPODI at the research
reactor FRM-II (Garching, Germany) with monochromatic
neutrons at 4 = 1.5481(1) A wavelength. Measurements were
performed in Debye—Scherrer geometry.”* The powdered
samples (ca. 2 cm®) were filled into a vanadium container of 10
mm diameter. Diffraction data were collected in air at 25 °C
and then corrected for geometrical aberrations and the
curvature of the Debye—Scherrer rings. For both diffraction
studies, structural parameters were determined by Rietveld
analyses based on all available reflections using the Fullprof
program implemented in WinPLOTR software.”

2.3. Electrochemical Investigations. Electrochemical
tests were performed in two-electrode Swagelok-type cells
using a VMP3 potentiostat (Biologic Instruments) in a
temperature window between —10 and 60 °C. Electrodes
were prepared by compacting a mixture of the active material
with Super P 65 carbon (BASF) and PTFE (Aldrich) in an
80:10:10 weight ratio onto a stainless steel or copper current
collector. Magnesium and lithium chips (99.9%, G-Materials)
were carefully mechanically polished and used as anodes. A
glass fiber cloth (Whatman, GF/D), soaked with the
electrolyte, served as a separator. All-phenyl-complex (APC)
electrolytes were prepared by the reaction of stoichiometric
amounts of AlCl; (99.985%, Alfa Aesar) and phenylmagnesium
chloride (Sigma Aldrich) in THF (>99.9%, Sigma Aldrich).
For a comparison of different lithium sources, LiBH, (>95.0%,
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Figure 1. Neutron diffraction patterns of (a) TiNb,O, and (c) VNb,O,; with the difference curve (blue) between the experimental data (red) and
calculated (black) curves. The corresponding crystal structures are shown in the insets. In TiNb,O,, Ti and Nb randomly occupy corner- and edge-
sharing oxygen octahedra, whereas in VNbyO,;5, VO,-tetrahedra are connected with NbOg-octahedra via corners, and NbOg-octahedra are corner-
and edge-sharing with each other. SEM micrographs of (b) TiNb,O, and (d) VNbyO,;. Possible guest ion diffusion paths are indicated for (e)
TiNb,O; and (f) VNb,O,; with blue arrows representing unhindered paths and red arrows representing blocked paths. The cross-in-circle symbol
indicates directions perpendicular to the drawing plane, which are available for undisturbed diffusion. Ti, Nb, and V atoms are depicted as blue,
green, and red spheres, respectively. Oxygen atoms are drawn as small red spheres.

Sigma Aldrich) and LiCl (99.9%, Alfa Aesar) were added to
these solutions. The standard electrolyte was composed of 0.4
M (PhMgCl),-AlCl; + 1.5 M LiBH,. Since a comparison
confirmed similar, slightly improved electrochemical behavior
when 1.25 M LiCl (see Figure S1) was used, this salt was used
for further electrolyte preparation. Galvanostatic cycling with
potential limitation (GCPL) was carried out in various
potential windows, usually 0.3—1.4 V vs Mg*"/Mg for TNO
and 0.12—1.4 V vs Mg**/Mg for VNO, using multiple C-rates,
where 1 C denotes the current necessary to insert 1 Li* or 0.5
Mg** per formula unit within one hour. Cyclic voltammetry
(CV) was performed within the same potential windows as
that applied for GCPL at scan rates ranging from 5 to 100 pV/
s.

For galvanostatic intermittent titration (GITT) experiments,
three-electrode Swagelok-type cells with metallic magnesium
were used as both counter and reference electrodes. A current
of 0.05 C was applied for 10 min. Before the next titration step,
a rest period of 12 h followed to allow the determination of an
open-circuit voltage (OCV) value near-equilibrium conditions.
Chemical diffusion coefficients were calculated according to

(5]

4

T

m-V,
M-A

AE,
L4
T dJt

D= I§

25241

where m denotes the mass of the active material, M is its molar
mass, V, is the molar volume, and A is the electrode surface
area. AE, corresponds to the difference in OCV between two
titration steps and 7 denotes the duration of the applied

current pulses.”” The term &
P dJt

the first half of a titration step. An example of a GITT titration
step is provided in Figure S2.

2.4. X-ray Photoelectron Spectroscopy. For X-ray
photoelectron spectroscopy studies, a PHI 5600 CI system
with an Al K monochromatized X-ray source at 350 W and a
hemispherical analyzer at a pass energy of 29 eV were used.
The system base pressure was about 10~ mbar. Low energy
electrons were used to minimize surface charging. The binding
energy scale was corrected with respect to the C 1s peak
position of adventitious carbon at 284.8 eV. A quantification of
elemental concentrations was performed using standard single
element sensitivity factors.”® Depth profiling was carried out by
sputtering with Ar* ions at 3.5 keV, yielding an approximate
erosion rate of 3 nm/min, as calibrated for a SiO, reference.

was calculated by derivation of

3. RESULTS AND DISCUSSION

3.1. Solid-State Synthesis. After calcination at 1350 °C,
the ground TNO powder shows a yellowish color, while VNO
appears light brown. To reliably distinguish the positions of
different transition metals and their occupancy within the

https://dx.doi.org/10.1021/acs.jpcc.0c07373
J. Phys. Chem. C 2020, 124, 25239—25248
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Figure 2. Charge—discharge curves of (a) TiNb,O, and (b) VNbyO,s in Li- and hybrid Mg—Li batteries, and discharge capacities with
corresponding Coulombic efficiencies for (c) TiNb,O; and (d) VNbyO,;. All curves were obtained using a 0.1 C current at 25 °C.

crystallographic framework, neutron powder diffraction was
applied. Figure 1 shows the NPD patterns of both compounds
and the corresponding Rietveld analysis. Both compounds
were obtained as phase-pure samples, also proven by XRD.
The structure of TNO can be indexed to the monoclinic C2/m
setting (ICSD 48109), while VNO crystallizes in a tetragonal
lattice in the space group 4 (ICSD 73802).””** Detailed
structural information for both compounds is presented in the
Supporting Information, Table S1.

As apparent from the SEM micrographs (Figure 1b,d), the
high-temperature synthesis results in large particles in the
range of 10—30 um with irregular shapes for TNO and a
preferred rod-like morphology for VNO. Similar to the related
T-Nb,Os, well-known for its open network of Li diffusion
pathways,” TNO and VNO provide a comparable host
structure with some distinctions. Obviously, TNO allows
cation diffusion along the b-axis and VNO along the c-axis
(Figure le/f). Additionally, the migration in the h0! planes of
TNO is favored, in contrast to VNO, where those paths are
blocked by edge-sharing NbOg octahedra.

3.2. Electrochemical Characterization. Galvanostatic
discharge—charge profiles of both micro-sized materials are
shown in Figure 2. Note that these curves represent the
situation after a formation cycle, as in the case of VNO an
irreversible capacity loss occurs in the initial discharge, see
Figure S3, which is usually attributed to an irreversible redox of
V" to V** and the associated change to octahedral V—O
coordination.”> Obviously, TNO (Figure 2a) as well as VNO
(Figure 2b) exhibit a lower voltage in hybrid Mg—Li batteries
compared to a conventional Li-ion setup due to the difference
of Mg**/Mg and Li*/Li redox couples of approximately 0.7 V.
However, the specific capacity of VNO is significantly lower in
the case of the hybrid cell, TNO delivers almost the same
capacity as in pure Li cells.

Figure 2¢,d shows the cycling behavior of micro-sized TNO
and VNO, respectively. Interestingly, hybrid Mg—Li cells
reveal better capacity retention than Li-ion batteries, already at
very low current densities and thus, nonstressful conditions for
the anodic side. In the case of TNO, higher capacities for the
hybrid battery were observed already after 25 cycles, compared
to the pure Li battery. Several issues can contribute to the
observed phenomena, such as different long-term electrolyte
stabilities, different storage mechanisms, or most probably,
different properties of the formed cathode—electrolyte inter-
face (CEI). To compare the diffusion phenomena in TNO and

25242

VNO in both battery types, chemical Li-diffusion coefficients
in TNO and VNO electrodes were measured at room
temperature using the GITT technique (Figure 3). For the
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Figure 3. Chemical diffusion coefficients in (a) TiNb,O, and (b)
VNbyO,; in hybrid Mg—Li batteries, determined from GITT
measurements. The corresponding galvanostatic titration curve is
indicated by shaded lines.

calculations, it was assumed that only Li cations were inserted
into the solids since magnesium diffusion coeflicients in oxides
at room temperature are well below ~107° cm? s7.*° Since
micro-scale materials have been used, the semi-infinite
diffusion model used in fundamental work® is applicable.
Assuming a diffusion length of 1 ym and an average diffusion
coefficient of 1075 cm? s™! yields ¢ = */D of 10® s, which by
far exceeds the duration of GITT pulses of 360 s and the
corresponding relaxation times, thus fulfilling the criteria for
semi-infinite diffusion.

In both compounds, diffusion coeflicients range from ~5 X
107" to ~107'® cm? s7! and are dependent on the cell voltage,
showing a sharp minimum, which matches well with the
plateau observed in the discharge curves at roughly 0.85 V vs
Mg**/Mg (TNO) and 092 V vs Mg*/Mg (VNO). Li
diffusivity in TNO seems to be slightly higher than in VNO,
varying between S X 1072 cm” s™' and ~107" in the potential
window of 1.1—0.47 V vs Mg“/Mg. These values are in
accordance with the presence of other crystallographic
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Figure 4. Rate capability tests of (a) TiNb,O; and (b) VNbyO,; at different temperatures in Li batteries (LP30) and (c, d) in hybrid Mg—Li

batteries (0.4 M APC + 1.5 M LiBH,).
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Figure 5. Cyclic voltammograms of (a) TiNb,O, and (b) VNbyO,; in Li batteries, and (c) TiNb,O; and (d) VNbyO,s in hybrid Mg—Li batteries
at room temperature and a scan rate of 0.1 mV s™'. The colored area represents the charge fraction that exhibits capacitive kinetics.

directions in TNO, offering additional charge carrier transport
abilities, apart from the obvious cation diffusion path along the
b-axis. However, VNO material barely supports diffusion
pathways other than the one along the c-axis. A comparison
with Li diffusion coefficients in Li batteries, shown in Figure
S4, reveals that in average, hybrid Mg—Li batteries with both
materials display a smoother trend and more stable behavior in
the operated potential window. Note that Dy; available from
the literature for the TNO material in Li cells provide similar
values of ~107°=107"¢ cm? s7',>* although they represent
averaged values for the entire potential window, elaborated
from electrochemical impedance spectroscopy (EIS) measure-
ments on nano-structured materials. Similar values in the range
of 10™'S cm?* s™! have been reported for VNO nanoribbons.'

The rate performance of both TNO and VNO compounds
in Li- and hybrid Mg—Li batteries at temperatures of —10, 25,
and 60 °C was studied, see Figure 4. It is evident that hybrid
Mg—Li batteries with both TNO and VNO materials show a
more stable cycling behavior than Li batteries at all
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temperatures. Generally, in both battery types, capacities of
TNO and VNO significantly depended on the cycling rate,
owing to a nonoptimized composite morphology. However,
both materials in hybrid Mg—Li batteries demonstrate better
capacity retention compared to Li batteries (Figure 4c,d).
Although VNO yields much lower capacities in the case of the
hybrid Mg—Li battery, and a more severe temperature
dependence as compared to the Li battery (Figure 4d), it
provides higher capacity retention and higher reversibility in
the dual-salt setup. When cycled at 0.1 C again after the rate
capability test, both materials return to their initial trend for
Mg—Li batteries, which is not observed for the Li cells.
Compared to the recently published application of
Li;V,(PO,); in hybrid Mg—Li batteries, which deliver
approximately 130 mAh g™' at a current density of 1 C, our
materials exhibit slightly lower capacities, which is mainly
attributed to the nonoptimized electrode fabrication. More
importantly, our results demonstrate the successful operation
at 60 °C with even enhanced performance. A comparison
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between TNO and VNO leads us to the main conclusion that
TNO behaves in a less temperature-dependent manner in both
battery types, indicating a less diffusion-controlled mechanism.

As already mentioned in the Introduction section, Wadsley—
Roth phases are known for their relatively weak dependence of
the specific capacity on the current density, compared to other
classes of electrode materials. The reason for this is a
significant pseudocapacitive contribution to the total capacity.
To distinguish between capacitive and diffusion-limited
processes, we carried out sweep-dependent cyclic voltammetry
measurements. At an increasing sweep rate, the intensity of the
current response as well as the peak positions might change,
allowing a quantitative determination of contributions to the
storage mechanism. The current response in cyclic voltamme-
try represents a superposition of double-layer charging,
pseudocapacitive currents, and diffusion-limited currents.
Generally, the measured current i follows a power-law relation
with the sweep rate v:’'

i=a’ (1)

An expontential coefficient of b = 0.5 represents a completely
diffusion-controlled process, while for an exclusively capacitive
reaction, b = 1. In our case, b adopts values between 0.6 and
0.7 (see Figure SSa for an example), indicating the presence of
both diffusion-limited and capacitive currents.

As capacitive currents (k;) relate linearly with v and
diffusion-controlled currents (k,) exhibit a square root relation
with v, eq 1 can be expanded to™

i=kyv+ kzvl/z (2)
By measuring CVs at various sweep rates, a linear fit of i/v'/* vs
v'/% can be performed according to

i/ = k' + k, 3)

This allows obtaining k; as the slope and k, as the y-axis
intercept.

An example of such a linear regression is given in Figure SSb.
By performing these calculations, a separation of diffusion-
limited currents from capacitive currents is quite easy since the
former exhibit a square root sweep rate dependence and the
latter linear sweep rate dependence. A separation between
charging of the electrochemical double-layer and pseudocapa-
citive currents is less trivial since both processes follow the
same time constant. However, since the effect of pure double-
layer capacitance is usually 1 or 2 orders of magnitude smaller
than the one of pseudocapacitance, its influence is neglected in
further discussion.’® Figure 5 shows the CV measured at 100
uV s~ with the capacitive storage contribution obtained by
calculating k; and k, at different potentials, shown as a blue-
colored area. In lithium batteries, TNO and VNO exhibit
similar capacitive fractions, see Figure Sa,b. In hybrid Mg—Li
batteries, a very close capacitive storage value is observed for
TNO, thus confirming a similar charge storage mechanism in
both battery types. For VNO, a slight decrease of the capacitive
contribution might be interpreted as decelerated kinetics in
Mg—Li batteries. However, we suppose it originates mainly
from the different potential cutoff during measurements in
both kinds of cells.

The capacitive behavior of TiNb,O, in Li-ion batteries has
already been discussed in a previous report.” Interestingly, the
capacitive contribution of 77% to the total capacity for micro-
sized TNO (present work) is significantly higher than that for

nano-sized TNO materials. For example, a capacitive
contribution of about 57.5% was detected for TNO nano-
particles of 60 nm,*® or 53%,*° both studied at the same scan
rate of 0.1 mV s~

Note, the capacitive contribution does not necessarily imply
an adsorption-based reaction as it is present in typical
supercapacitor electrodes. Instead, the term “intercalation
pseudocapacitance” has been defined by Augustyn et al,’’
referring to an intercalation mechanism which, however,
follows a capacitive time constant. They attributed this
behavior, first observed in T-Nb,Os, to its open structure,
which allows rapid bulk diffusion on a timescale that is usually
observed for capacitor materials only. TiNb,O; exhibits mostly
a tunnel-like structure with an unhindered pathway for cations
along one direction and partially limited pathways for other
directions, thus providing less accessibility for guest cations
than T-Nb,Og and, consequently, a less capacitive behavior.
Compared to VNbyO,s, however, the Ti-containing compound
shows almost one and a half as large capacitive contribution,
which we also attribute to differences in the crystal structures.
While the TNO structure consists mainly of corner-shared
oxygen polyhedra and offers possible diffusion channels in
several directions, the VNO structure contains more rigid
edge-shared oxygen octahedra and is strictly limited to 1D
diffusion.

As already mentioned, especially for TNO, there is almost
no difference in the capacitive-like charge fraction in the two
electrolyte systems used in Li- and Mg—Li batteries. The key
to understanding this lies in the consideration of desolvation
energies of Li and Mg cations and ionic conductivities of
corresponding electrolytes. Desolvation energies for Mg
cations in Cl -containing THF solutions lie between 46 and
61 kJ/mol’® and are even lower than desolvation energies for
Li cations in carbonate-based electrolytes with LiPF (~70 kJ/
mol).”” Room temperature ionic conductivities of the LP30
electrolyte (10 mS cm™)*" and APC composed of 0.8 M
PhMgCl and 04 M AICl; in THF (4 mS em™)"? are
comparable and can partially explain the observed similarities
in the capacitive contribution. Although the influence of the Li
salt (LiBH, or LiCl) present in the APC electrolyte on the
conductivity is still unknown, the obtained results demonstrate
that APC + LiCl electrolytes in hybrid Mg—Li batteries
perform just as well as LP30 in Li batteries. In other words, our
results prove that the hybrid battery concept allows to
overcome poor kinetics of multivalent ion batteries by
employing materials with a big capacitive contribution and to
boost their performance to the range of LIBs.

3.3. Cathode—Electrolyte Interface (CEl) Studies. The
comparison of electrolyte properties and charge storage
mechanisms in TNO and VNO in Li- and hybrid Mg—Li
batteries revealed large similarities, which are responsible for
satisfactory performance of these materials in hybrid batteries.
However, the reason for the better cycling behavior of hybrid
batteries on the long-timescale is still not clear. To clarify the
more stable cycling of TiNb,O, and VNbyO,s; in Mg—Li
batteries, the electrodes were investigated by post mortem X-
ray photoelectron spectroscopy (XPS) analysis. Figure 6
presents XP spectra obtained at a TNO surface in the first
discharged state and after 50 cycles, also in the discharged
state, meaning a cutoff of Li batteries at 1 V and Mg—Li
batteries at 0.3 V and their immediate disassembling. The
spectra of VNO electrodes after the same testing procedure are
given in Figure S7. First, Li battery CEI is discussed. The C 1s
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Figure 6. X-ray photoelectron spectra of the surface of a TNO
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energy ranges.

spectra (Figure 6a) reveal a significant contribution of organic
and inorganic carbonates in the discharged state. This
observation is in agreement with typical interface compositions
in LIBs, as the presence of ethylene carbonate usually results in
a formation of lithium ethylene dicarbonate (LEDC).*" A large
contribution in the F 1s spectrum (Figure 6¢c) is assigned to
LiF formation,?® which is also confirmed in the Li 1s binding
energy (BE) region (Figure 6e).*” The Nb 3d spectrum
confirms the presence of Nb on the surface (Figure 6g),
indicating that the interface has a limited thickness in this state,
estimated to be less than 20 nm, which is penetrated by a Nb
signal from the bulk mater1a1 The P 2s signal indicates the
presence of phosphates,” as the decomposition of LiPFg
usually results in P—O and P—F-containing species."* After
50 cycles, the contribution of carbonates, initially visible for the
LIB, has decreased, and mainly C—C bonds remain (Figure
6b), although a slight shift to higher energies might be caused
by the formation of C—OH bonds, suggesting that a growing
organic layer buries the electrode surface. This hypothesis is
confirmed by the diminishing signal of LiF (Figure 6d), which
is much less intense than after the first discharge. Similar
behavior is found for the Nb 3d BE region.

The C 1s spectra of TNO in a hybrid Mg—Li battery reveal
mostly pure carbon and no carbonates. A considerable LiF
signal cannot be noted in either the F 1s spectrum or the Li 1s
spectrum instead, the neighboring Mg 2p signal allows
concluding the presence of MgCl,, as confirmed by the CI
2p spectrum. However, the Cl 2p spectrum cannot distinguish
between MgCl, and phenyl chloride. After 50 cycles, a strong
increase of the MgCl, peak is recognized in both Mg 2p and Cl
2p binding energy (BE) regions, indicating the growth of the
chloride layer. For the hybrid Mg—Li battery, the Nb signal has

decreased clearly after S0 cycles as compared to the discharged
state, confirming interface growth.

Figure 7 presents the XPS quantification results of the
collected data. A quite strong difference of the C content

MW Li

discharged mF
mAl
Mg
mCl
mC

mO

Figure 7. Elemental concentration of electrode surfaces according to
XPS measurements of TNO and VNO electrodes after the first
discharge and after 50 cycles in pure Li batteries and hybrid Mg—Li
batteries.

between the TNO and the VNO samples cycled in hybrid
Mg—Li batteries can arise from different cycling conditions: as
batteries with VNO are cycled in a wider voltage window, a
stronger electrolyte decomposition takes place, resulting in a
larger fraction of organic decomposition products on the
electrode surface.”* In general, we see a domination of Li
and F in lithium cells, resulting mainly from the decomposition
of the LiPF; salt. However, this LiF layer is just formed in the
first few cycles, and the organic decomposition products
formed henceforth cover the early-stage CEIL Finally, the
multilayer CEI, consisting of an inorganically dominated inner
layer and the mainly organic outer layer affects the cycling
stability of the materials in pure Li batteries negatively. In
contrast, in hybrid cells, the formed interface contains Mg and
Cl, both in proportions that still increase during cycling. It is
known that chlorides can provide lower activation energies for
the movement of positive charge carriers, as compared to
fluorides.*® We therefore, believe that the different character-
istics of the electrode—electrolyte interlayer in the case of
hybrid Mg—Li cells play a key role in providing supported
diffusion for cations, leading to better cycling stability. Figure
S8a provides depth profiles of XPS quantifications in the
discharged state for hybrid batteries, as well as Li batteries, and
Figure S8b gives depth profiles after cycling. In all cases, Nb,
Ti, and V are only in traceable amounts, while carbon makes
40—70% of the interface, indicating a thick interface that
exceeds the sputtered depth of up to 100 nm. However, the
amount of Nb in Li- and hybrid Mg—Li batteries after cycling
is comparable at the same sputtering depth, pointing at a
similar thickness of the interface in both battery types. EDX
elemental mappings of cycled electrodes provide further
evidence for (i) the spatial distribution of Mg and Cl,
superposing each other and (ii) the increasing signals of Mg
and CI after several cycles, confirming the growth of an
inorganic-based CEI, see Figure S9.

It is reasonable that an optimized synthesis, producing an
interconnected network of smaller particles will result in
improved performance. Figure S6 shows the cycling perform-
ance of TNO, obtained from a sol—gel synthesis using the 0.4
M APC + 1.25 M LiCl electrolyte. At a high current of 1 C, the
cell initially delivers 150 mAh g™ and capacity retention of
90% after 100 cycles. The rate capability test (Figure S6 inset)
demonstrates reduced rate dependence compared to the
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micro-sized material and an initial capacity of more than 300
mAh ¢! at a 0.1 C current.

4. DISCUSSION

The concept of Mg—Li hybrid batteries implies two competing
mechanisms for charge storage: on the one hand, a combined
insertion of both ion types into a host material and on the
other hand selective charge storage, where only one type of
ions (mostly Li) is involved in the insertion reaction. By
increasing the particle size, one can facilitate Li insertion over
Mg insertion. It is well-known that Li and Mg co-intercalation
can occur into nano-sized oxide materials, as it was reported,
for example, for a Li, TisO, spinel with nano-morphology.”” In
contrast, only Li-intercalation takes place in a micro-sized
Li,TisO,;, material because the Li-diffusion in solids is
generally expected to be orders of magnitude faster than Mg
diffusion.”® Within the same structural family, the electro-
chemical performance is highly dependent on detailed crystal
features. Thus, it is not surprising that TNO outperforms VNO
as it offers two additional dimensions for cation transport,
reflected in a higher Li-diffusion coefficient. However, it is
surprising that the Li-diffusion coefficient for each material
determined in hybrid Mg—Li batteries is very similar to the
value for Li batteries. It means Mg cations from the electrolyte
do not influence the diffusion process significantly within the
oxide electrode. However, TNO shows lower capacities in
Mg—Li batteries in comparison to Li cells at the same rate for
the first couple of cycles. This relates more probably to the
cathode—electrolyte interface, which contains more LiF at the
beginning of cycling in the case of Li cells, which is
advantageous for stable cycling.”” However, this is gradually
substituted by carbonates during cycling, leading to the
observed capacity loss. In contrast, the MgCl, amount in the
CEI of TNO increases with cycling, thus supporting Li-
diffusion and stabilizing the cycling process.

Both materials operate at low potentials, sacrificing energy
density. However, according to state of the art in electrolyte
development, high potential hybrid batteries are still a subject
of future developments. As in the proof of concept by Yagi et
al,” the LiFePO, material operates at relatively high potentials,
requiring the use of inert current collectors as the used
electrolyte contains reactive chloride species. The need for Pt
current collectors makes any prospects for industrial
application unlikely.

Unfortunately, none of the proposed Mg—Li hybrid batteries
that exceed a voltage of 2 V can circumvent this issue. Instead,
current collectors made of molybdenum® or glassy carbon”'
are presented, which are as uneconomical as platinum. As long
as noninert steel or copper cell parts are used, the APC-based
Mg electrolyte is still the only serious candidate, and the cell
chemistrzr has to be limited to a range within 0—2 V to ensure
stability.” Therefore, apart from continuing the search for new
electrolytes, the consistent strategy is the exploration of
materials with high specific capacities to compensate for the
lower voltage while still reaching high energy densities.
Although rare, our observation of superior cycling performance
in a dual-salt system relative to a single salt system is not
unique. Recently, hybrid Na—Li electrolytes have been
investigated, producing a favorable nondendritic, reversible
deposition of Na only in the case of the dual-salt mixture and
not for the individual components.” Similarly, mutual
interference between Mg and Li has been reported. In an
APC—LiClI electrolyte, the added Li species reduces the Mg
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deposition overpotential and provides Li for cathodic insertion,
proving beneficial in multiple ways.14 Herein, for the first time,
we carried out a targeted analysis of the CEI formed on
positive electrode materials upon cycling in hybrid Mg—Li
batteries. We found this complex interface to be extremely
beneficial for providing good cycling stability with superiority
to the known lithium-ion battery chemistry. These insights
have been assessed as highly relevant for the further application
of oxide materials in hybrid Mg—Li batteries.

5. CONCLUSIONS

TiNb,O, (TNO) and VNbyO,; (VNO) were thoroughly
characterized in hybrid Mg—Li batteries as well as in
conventional Li-ion half cells. For both materials, better
cycling stability was obtained in hybrid batteries, which is
mainly attributed to similar electrolyte characteristics in terms
of conductivity and desolvation energies for Li and Mg cations,
similar Li-diffusion coefficients in solids, and an advantageous
cathode—electrolyte interface was formed by the combination
of an ether-containing electrolyte with chloride salts in Mg—Li
batteries. Although the micro-sized materials deliver initial
capacities of 220 mAh g™' (TNO) and 150 mAh g™ (VNO),
sol—gel-synthesized TNO with an average particle size of 250
nm allowed to push the capacity to 300 mAh g™'. Rate
capability measurements, sweep rate-dependent cyclic voltam-
metry, and galvanostatic intermittent titration technique
(GITT) results reveal superior kinetics in TNO compared to
structure-related VNO. The spatial arrangement of oxygen
polyhedra in the case of TNO allows better accessibility of
intercalation sites and diffusion pathways as compared to
VNO, which contains a relatively dense network of oxygen
polyhedra. Structural peculiarities of the TNO material,
together with the associated ultrafast guest cation diffusion
favor its application in hybrid Mg—Li batteries in a broad
temperature range suitable for stable behavior of a dual-salt
electrolyte. Finally, XPS data give an insight into the
composition of the interface formed on the electrodes during
cycling. We identified a chloride-containing interface allowing
high ionic conductivity on the electrode particle surface as the
key factor for superior long-term stability of hybrid batteries,
thus deepening the understanding of hybrid Mg—Li batteries,
especially in terms of the interfacial properties between
cathodes and electrolytes.
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