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Abstract

Vanadium(V)-containing oxides show superior intercalation properties for alkaline
ions, although the performance of the material strongly depends on its surface
morphology. In this work, intercalation activity of LiV3Og, prepared by a conventional
solid state synthesis, is demonstrated for the first time in non-aqueous Li,Na-ion
hybrid batteries with Na as negative electrode, and different Na/Li ratios in the
electrolyte. In the pure Na-ion cell, one Na per formula unit of LiV3Og can be
reversibly inserted at room temperature via a two-step process, while further
intercalation leads to gradual amorphisation of the material, with a specific capacity of
190 mAhg™’ after 10 cycles in the potential window of 0.8-3.4 V. Hybrid Li,Na-ion
batteries feature simultaneous intercalation of Li* and Na' cations into LiV3Osg,
resulting in the formation of a second phase. Depending on the electrolyte
composition, this second phase bears structural similarities either to Lip7Nag7V30s in
Na-rich electrolytes, or to LisV3Og in Li-rich electrolytes. The chemical diffusion
coefficients of Na* and Li* in crystalline LiV3zOg are very close, hence explaining the

co-intercalation of these cations. As DFT calculations show, once formed, the
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Lio.7Nao 7V3Os-type structure favors intercalation of Na®, whereas the LiV3Og-type
prefers to accommodate Li* cations.

Introduction

Nowadays sodium-ion batteries are recognized as promising candidates for
stationary energy storage applications due to the low cost and abundance of sodium
[1-3]. Despite the larger ionic radius of Na* in comparison to Li* (1.02 A vs. 0.76 A for
the octahedral oxygen surrounding [4]), fast kinetics with Na™ as charge carrier could
nevertheless be expected, since i) weaker Lewis acidity of the Na* cations reduces
their solvation energy, hence facilitating their transfer at the electrolyte/electrode
phase boundary [5], and ii) larger polarizability of Na* can reduce the activation
barrier for diffusion in the bulk [6].

Since the operation principle of sodium-ion cells is very similar to lithium-ion
batteries, many of the lithium insertion compounds may be considered as sodium
insertion hosts and thus as electrode materials for sodium-ion batteries. Polyanionic
Li- and Na-insertion positive electrodes with three-dimensional structures or two-
dimensional layered structures containing vanadium(V), are of special interest owing
to the variable oxidation state of vanadium, which may facilitate multi-electron redox
processes and high theoretical capacities. However, the preparation of Na-containing
materials, which are isostructural to the corresponding Li-compounds, requires often
a complicated synthesis procedure different from the one for the Li-analogue as in
the case of olivine-like NaFePOQ, [7]. Moreover, the larger size of Na* puts additional
restrictions on the host structures that should sustain larger lattice expansion. Many
of the materials undergo amorphisation or show lower capacity values upon repeated
cycling with Na* intercalation.

In order to overcome this drawback, an innovative concept of hybrid non-agueous
Li*/Na" rechargeable batteries can be proposed following the widely studied Li,Mg-
hybrid cells [8-10]. These cells feature a Mg anode and an electrolyte composed of
Mg- and Li-salts, thus using advantages of both ingredients. While Mg is abundant
and evades dendrite formation, Li* supports fast diffusion in the bulk and allows a
large choice of suitable high capacity electrode materials. In the ideal case, the
exchange of the smaller Li* ions should occur between the electrolyte and the
positive electrode (“cathode”), while the divalent Mg®* ions are exchanged between
the electrolyte and the negative electrode (“anode”). During cell charge and
discharge, the total concentration of Li* and Mg®" ions in the electrolyte provides
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charge neutrality, but the Li*/Mg** ratio is changed [9]. The capacity, operating
voltage in terms of cell polarisation, and the stability of such batteries depend on the
electrolytes [9]. However, simultaneous intercalation of both metal ions into one
electrode can also occur, provided that the insertion potentials and intercalation
kinetics are similar for both ions [11].

Up to now, most studies were focused on the mixed-ion Li,Mg- [8-10], Na,Mg- [12,
13], and aqueous Li,Na- [14] hybrid batteries. To the best of our knowledge, the only
implementation of the mixed Li,Na-battery reported so far involves a Li;,RuO3 positive
electrode, a Na negative electrode, and a purely Na-salt electrolyte [15]. However,
the total amount of Li in the electrolyte did not exceed 4% after complete cell charge,
and common principles of Li,Na-hybrid cells could not be studied in this system.
Layered lithium vanadium(V) oxide, LiV3Og, is a promising positive electrode material
for such hybrid Li,Na-cells. This compound has been studied since the 1980s as
positive electrode in non-aqueous Li-ion batteries [16-18] and as negative electrode
in aqueous rechargeable Li-ion batteries [19]. Although the use of vanadium implies
similar concerns in terms of environmental compatibility and sustainability as
commercially applied Co-, Ni- and Mn-containing materials, LiV3Og is considered
superior to common positive electrode materials due to its outstanding
electrochemical performance. During Li-insertion, more than 3 Li* ions per formula
unit can be reversibly inserted into the structure between vanadium-oxygen layers,
resulting in the valence state of vanadium below 4+. As the pristine compound exists
in charged state, a lithium-containing negative electrode is needed. The crystal
structure does not undergo significant transformations upon Li-insertion [20], see Fig.
la. The most important changes include some shifts of metal and oxygen atoms
resulting in the transformation of VO5 pyramids into distorted VOg octahedra. The Na-
insertion into this compound was not studied so far, although a mixed Li,Na
vanadium oxide with a related structure is known, see Fig. 1b [21]. In a Li,Na-hybrid
cell, one could expect mostly Li intercalation because of its smaller ionic radius in
comparison to Na* as well as a larger thermodynamic stability of the lithiated phase
compared to the sodiated one, because of the larger repulsion between the Na and

Li ions in the NaLiV3Og structure than in Li»V3Os.



Figure 1. a) Monoclinic structures of initial LiV3Og (left) and lithiated LisV3Og (right)
along the b-axis, according to [20]. Upon lithiation, the lattice parameters a and b
noticeably increase, while the parameter c slightly decreases. b) Monoclinic
structures of Lip7Nag 7V3O0g [21]. The grey and brown spheres are lithium and sodium
cations, respectively; vanadium cations are inside the green polyhedra.

In the present work, we study LiV3Og as a host material in hybrid Li,Na-cells with a
Na-anode and different Li and Na cation compositions of the electrolyte. We show
that 1 Na per LiV3Og formula unit can be reversibly intercalated into pure Na-cells via
a two-phase process without any structural decomposition. In Li,Na-hybrid cells,
electrochemical behavior of LiV3Og was studied in dependence on the Li/Na cation
ratio in the electrolyte, also from the structural point of view with in situ experiments.
Simultaneous intercalation of the Li* and Na* cations into LiV3Og is established in
hybrid cells with equal availability of both kind of cations in the electrolyte because of
kinetic and thermodynamic considerations. At the same time, Li-deposition on
metallic Na was observed upon the first cell charge, thus leading to an “inverse”
hybrid cell, in which Li* ions are mostly exchanged between the negative electrode
and electrolyte, while Na* ions shuffle between the electrolyte and the positive

electrode. Possible reasons behind this behavior are discussed.

Experimental

Synthesis and characterization



LiV30g samples were prepared by solid-state reaction from stoichiometric amounts of
LioCO3 (Fluka, 98,0 %) and NH;VO3; (Merck, 99,0 %) placed in Al,O3 crucibles at
500 °C for 40 h and cooled down to room temperature. Since particle size of the
active material affects its electrochemical performance, one LiV30g sample was ball-
milled (Fritsch Pulverisette 7) in an Ar-filled glove-box at room temperature for 2.5 h at
300 rpm using a grinding bowl and grinding balls from tungsten carbide, with 10 wt.
% Super P carbon (TIMCAL) to reduce the particle size and to coat the particles
inherently with carbon for improving electronic conductivity of the material.

Phase analysis and determination of cell parameters of LiV3Og at room temperature
were carried out using powder X-ray diffraction with a STOE STADI P diffractometer
(Cu-Kq: radiation, A = 1.54059 A) in transmission mode. Diffraction experiments for
phase analysis of sodium-containing materials after electrochemical treatments were
performed without any contact of the sample with air by sealing the sample between
two polyimide sheets.

Electrochemical investigations

Electrochemical studies on LiV3Og electrodes were performed using a VMP3
(Biologic, France) multichannel potentiostatic—galvanostatic system in standard two-
electrode Swagelok-type cells with metallic Na as anode. For the positive electrode, a
mixture of LiV3Og, super P carbon, and polyvinylidene difluoride (PVDF, Solef 21216)
as polymer binder in an 80:10:10 weight ratio was pressed onto steel meshes with 10
mm in diameter and dried under vacuum at 80 °C overnight. A home-made 1 M
solution of NaClO, (ACS, 98-102%) in propylene carbonate PC (Sigma-Aldrich,
anhydrous, 99.7%) was used as the electrolyte. The sodium disks serving as anode
were home-made by rolling Na-pieces (Alfa Aesar, 99.95%) into thin plates. The cells
were assembled in an argon-filled glovebox with H,O and O, contents of less than 1
ppm.

In hybrid Na,Li-cells of Swagelok-type, metallic Na was used as negative electrode,
LiV3Og as positive electrode, and a mixed home-made solution of 1M LIiCIO,4 (Sigma-
Aldrich, 99.99%) and 1M NaClO, (1:1) in PC as electrolyte, yielding the total
concentration of Li* and Na* ions of 1M. The LiClO4 and NaClO, salts were dried at
80 °C under vacuum overnight prior to use.

Chemical diffusion coefficients of Na and Li in crystalline LiV3Og were determined
using galvanostatic intermitted titration technique (GITT) in a Swagelok-type three-
electrode cell with a Na or Li negative electrode, LiV3Og positive electrode, and a
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metallic Na (Li) disk as a reference electrode, following the procedure extensively
discussed in the literature [22, 23].

XPS studies

X-ray photoelectron spectroscopy (XPS) was performed on pristine LiV3Og and the
products with different sodium contents after electrochemical Na* insertion. The PHI
5600 CI system with an Al Ka 350 W monochromatized X-ray source and a
hemispherical analyzer at a pass energy of 29 eV were used. Cells with the same
electrode mixture consisting of LiV3Og, carbon black, and PVDF with a mass of ~20
mg were discharged to 1.45 V and 1.00 V, corresponding to the nominal
compositions “NaLiV3Og” and “Na,LiV30g”, and immediately disassembled in the
glovebox. In order to remove electrolyte from the surface, the powders were washed
twice with DMC. After drying, the samples were transferred from the glovebox into
the XPS system in an Ar-filled transfer chamber without any contact to air. During
XPS measurements, when necessary, surface charging was minimized by means of
a low-energy electron flood gun. The system base pressure was below 10~° mbar.
The binding energy scale was calibrated from minor carbon contaminations using the
C 1s peak maximum at 284.8 eV.

In situ X-ray synchrotron diffraction

In situ X-ray synchrotron diffraction measurements on LiV3Og in Na, Li- and hybrid
Li,Na-cells were performed at the beamline BLO4-MSPD [24] at ALBA (Barcelona,
Spain) and at the beamline P02.1 at PETRA IlII/DESY (Hamburg, Germany) in
transmission mode. The experimental setup containing a coin cell holder connected
to a VMP multichannel potentiostat is described elsewhere [25]. Data were collected
in steps of 0.005° at wavelengths of 0.41289(1) A (ALBA) and 0.20711(1) A (PETRA
[l1), which were refined from the reflection positions of NIST silicon and LaBg
reference materials.

In order to characterize pristine LiV30g, a pattern was recorded before starting the
electrochemical process. The cell was then successively discharged and charged in
galvanostatic mode at a constant current corresponding to the insertion or extraction
of 1 Na per formula unit during 10 h (C/10 rate). All diffraction patterns were analysed
by Fullprof implemented into the software package WIinPLOTR [26]. The Al-foil
current collector on the positive electrode side served as an internal standard during
the measurements, and the refined lattice parameter of Al provided an independent

control of the reliability of the obtained model parameters.

6



Density-functional calculations

The stability of the LiV3Og structure upon Li and Na intercalation was assessed by
density-functional band-structure calculations performed in the VASP code [27, 28]
using the Perdew-Burke-Ernzerhof (PBE) flavor of the exchange correlation potential
[29]. The DFT+U technique with Uy = 3 eV and Jg = 1 eV was used to account for
electronic correlations in the V 3d shell, and ferromagnetic order in the intercalated
compounds was assumed. Both atomic positions and lattice parameters were fully

relaxed in all calculations.

Results and discussion
1. Material characterization

According to laboratory XRD analysis (Fig. S1, Supporting Information), LiV3Og
samples prepared via solid-state synthesis were single-phase crystallizing in the
monoclinic P2;/m space group with lattice parameters a=6.6319(1) A,
b =3.58651(4) A, ¢ = 11.9714(1) A, B = 107.8127(8)° in good agreement with the
literature data [20]. The cation ratio Li:V = 1:3 in the material was confirmed by ICP-
OES analysis after dissolving the sample in HNOj3 solution. In order to reduce the
particle size, the material was ball-milled in an Ar-filled glove-box at room
temperature with a total milling time of 2.5 h. SEM images of the material before and
after milling revealed a change in particle morphology from long plates of about 2 um
to spherical particles with the 200-400 nm diameter, which form large agglomerates
of several um (Fig. S2). XRD pattern of the milled material showed no Bragg

reflections (Fig. S3), thus indicating its loss of any long-range order upon milling.

2. Electrochemical behavior and structural evolution of LiV3Ogin pure Na-ion
cells

Prior to investigating LiV3Og in Li,Na-hybrid cells, we collected versatile information
about the behavior of this material in pure Na-ion batteries. We found that crystalline
and amorphous LiV30g showed very different electrochemical behavior as positive
electrodes in Na-cells. The crystalline material additionally showed different
characteristics depending on the cut-off cell voltage. For comparison, amorphous
LiV3Og was also tested in Li-cells (Fig. S4).

First, crystalline LiV3Og was galvanostatically cycled between 0.8 and 3.4 V vs.

Na‘/Na, as shown in Fig. 2a (right). Irreversible effects were observed: two plateaus



at 2.4 and 1.5 V manifested themselves during the first cell discharge, largely
deteriorated during the second discharge, and vanished in further cycles. Therefore,
irreversible changes in the active material occur. In fact, XRD of LiV3Og after several
cycles between 0.8 and 3.4 V in the Na-cell revealed diffraction patterns typical for
materials with a weak crystalline ordering, see Figure S5. In contrast, the discharge-
charge curves of LiV3Og cycled between 1.6 and 3.4 V vs. Na'/Na, corresponding to
the insertion and removal of 1Na per LiV3Og, replicate each other, and XRD patterns
after cycling show a well-crystalline material (Figure S5). The resulting capacities for
different voltage windows are presented in Fig. 2a (left). The first discharge capacity
of 230 mAhg™ typically decreases to 160 mAhg™ in the 20™ cycle for Na-cells cycled
between 0.8 and 3.4 V vs. Na'/Na, while it shows a very stable behavior with 60
mAh/g upon cycling between 1.6 and 3.4 V. Therefore, LiV30g reversibly intercalates
not only Li* cations, but Na* cations as well.

The first intercalation plateau in the Na cell at about 2.4 V vs. Na*/Na is about 0.3 V
lower than in the case of Li insertion in the Li cell (results not shown here). This
behavior indicates that the V°*/V*" redox potentials of both systems are similar,
because the 0.3 V difference is directly related to the difference between the Li*/Li
and Na*/Na redox couples [30].

The cycling of the ball-milled LiV3Og material in Na-cells with different cut-off voltages
revealed sloping charge-discharge curves without any noticeable plateaus, as for
materials with pronounced (pseudo)capacitive properties. The resulting capacities for
both voltage windows, 1.6-3.4 V and 0.2-3.4 V vs. Na‘/Na, are comparable starting
from the second discharge-charge cycle, as seen in Fig. 2b. However, the cells
cycled down to 0.2 V vs. Na'/Na, showed a much faster capacity loss, while cells
operated down to 1.6 V indicate stable behavior for the first 10-12 cycles with about
80 mAhg™, followed by a deterioration of the electrochemical capacity.

EDX analysis of LiV3Og electrode materials after one, five and twenty discharge-
charge cycles between 1.6 V and 3.4 V in the Na-cells revealed a very homogeneous
distribution of Na in particles with nearly the same amount of Na (10 wt.%), as seen
in Fig. S6. The presence of the residual Na* cations in the material after cell charge
may indicate an enhanced thermodynamic stability of the partially sodiated
Nap »LiV3O0g phase.
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Figure 2. Galvanostatic cycling and charge-discharge capacity (empty and filled
symbols, respectively) depending on the cycle number for a) crystalline LiV3Og, and
b) amorphous LiV3O0g positive electrode in Na-cells. The charge/discharge rate
corresponds to 1 inserted cation per formula unit during 10 h (C/10).

Kinetics studies of Na" diffusion in LiV3Og in the temperature range 10 - 50 °C using

GITT technique (see Fig. S7 for a single galvanostatic intermittent titration) revealed

chemical diffusion coefficients Pna varying by two orders of magnitude depending on

cell voltage for each temperature, see Fig. 3a. For all temperatures, the lowest values

for Dna are around 2.4 V that correlates with the plateau in the voltage dependence
of the composition (Fig. 3b). As the plateau corresponds to a biphasic reaction, the
obtained values do not represent strictly defined diffusion coefficients but values that
can be considered an effective measure of the overall kinetics in that region. It was
not possible to measure Dya using GITT below 2.0 V, because cell voltage after a
current pulse does not reach a steady-state value. Since voltage dependences
between 10 °C and 50 °C are similar, the electrochemical processes in this

temperature range are also similar.
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Figure 3. a) Na" diffusion coefficients in LiV3Og as a function of cell voltage during
cell discharge at temperatures between 10 °C and 50 °C from GITT. b)
Corresponding composition dependences of cell voltage between 10 °C and 50 °C.
c) Arrhenius plots for the diffusion coefficients determined for individual
electrochemical processes at 2.2, 2.4 and 3.0 V vs. Na*/Na.

From the temperature dependence of the chemical diffusion coefficient D = D(T) the

activation energy E, for the ionic transport can be estimated applying the Arrhenius
equation, D = Dy exp (—E4/RT). Activation energies of 0.43 eV, 0.79 eV, and 0.61 eV
were calculated for three cell voltages, 3.0 V, ~2.4 V and 2.2 V vs. Na'/Na,
respectively, corresponding to different diffusion coefficient values (Fig. 3c).
Obviously, the diffusion at 2.4 V is mostly impeded, followed by the process at 2.2 V
and 3.0 V.

The XPS characterization of pristine LiV3Og and Na-inserted NaLiV3Og and
Na,LiV3O0g samples (Fig. 4) revealed quite different V2p and O1s spectra showing the
reduction in the oxidation state of vanadium and a partial structural decomposition.
The O1s spectrum of pristine LiV3Og shows a well-defined main peak at 529.6 eV
(green color), which is characteristic for O™ ions in a structural network of oxides
[31], and a minor component at 532.0 eV (grey color), which can be attributed to any
structural defects in the subsurface-like cation/oxygen deficiency [31]. After insertion
of 1 Na per formula unit at 1.45 V vs. Na*/Na, the lattice O?" peak shifted to higher
binding energies reflecting a structural rearrangement upon the reduction of
vanadium. In addition, a new peak 533.5 eV appears in the spectrum of NaLiV3Og
(yellow color), which can be attributed to oxygen of carbonate groups [32], and to CI-
O species [33].

Upon further incorporation of Na into the material, the Ols spectrum drastically
changed. It became much broader, the feature at about 530 eV corresponding to the
lattice O* (green color) lost intensity, whereas the carbonate-attributed peak at about
533.5 eV increased significantly, indicating the presence of the sub-surface oxygen
mostly in the form of carbonates. This observation is well in line with the decay of
Nai+xLiV30g below 1.5 V and the onset of the amorphisation process. Based on the
fact that the Nals peak maxima in NaLiV3Og and Na,LiV3Og are offset by 0.35 eV
(Fig. 4), and the peak of Na,LiV3Og is actually composed by two peaks, two different

states of Na in these materials can be proposed.
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toward higher BE, consistent with structural changes, and to the appearance of an
additional peak at 533.5 eV. Upon sodiation, the single V2pzs/,; peak of pristine LiV3Osg
becomes broader and shifts toward lower BE, reflecting the reduction of vanadium
cations. The Nals spectra of NaLiV3Og and Na,LiV3Og point one and two different

states of Na, respectively.

The V2psz, peak in the V2p spectra shifts towards lower energies upon Na
intercalation, which is well in line with the anticipated reduction of vanadium. The
broadening of V2p3, peaks in Na-containing samples may reflect several electronic
states of vanadium in the material. Therefore, XPS data unambiguously demonstrate
considerable changes in the electronic structure that occur during the intercalation.
These changes become even more significant when NaLiV3Og is transformed into

Na,LiV3Og This behavior coincides with the decomposition/amorphisation of
NazLiV308.

Structural changes upon sodiation and subsequent desodiation of LiV3Og were
investigated using in situ synchrotron powder diffraction. A Na-cell was discharged to
1.6 V vs. Na*/Na and charged to 3.4 V. The evolution of the diffraction patterns as a
function of cell voltage is presented in Fig. 5a. Clearly, the appearance of new
reflections at high d-values, as for example at d ~ 7 A, can be observed. These
reflections are retained and become even more pronounced after subsequent Na
extraction from the structure upon cell charge. Evolution of other reflections upon

cation insertion and extraction (for example, at d ~ 3.45 and d ~ 2.60 A) indicates a
conventional cell expansion/shrinkage.
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Figure 5a. In situ synchrotron powder diffraction patterns of LiV3Og as positive
electrode in an electrochemical Na-cell using a Na negative electrode during
galvanostatic cycling at C/10 together with the corresponding voltage profile vs. the
Na content in the material. A red ellipse shows the appearance of new Bragg
reflections.

At low x, Rietveld analysis of LiV3Og in all cells was based on the structural model of
pristine LiV3Og. Additional reflections that appear upon further intercalation (including
the aforementioned signal at d ~ 7 A) are ascribed to the closely related
Nap 7Lip7V3O0g structure [21], hence leading to the two-phase structural model
containing initial LiV3Og and Nag 7Lip.7V3Os. In the Na-cell, the second phase appears
in Na,LiV30g at the total amount of Na of about x ~ 0.25, i.e., at 2.4 V vs. Na‘/Na. At

this voltage, the minimum of Dya was also observed (Fig. 3a). The most significant
difference between the crystal structures of Nag 7Lip7V30g and LiV3Og is reflected in
the lattice parameter a, the distance between the neighboring vanadium oxygen
layers, which is larger in the Na-containing structure.

The cell was measured two times during discharge and one time during
charge (Fig. 5b). Interestingly, the amount of the second phase with the
Nap 7Lio.7V30g structure increases upon cycling, reaching about 45% at the end of the
first discharge and remains nearly unchanged during further cycling. The evolution of
the lattice parameters upon cell discharge and charge was well reproducible. After
the first charge, the cell parameters of the LiV3Og phase are nearly the same as in
the pristine material. Therefore, cell expansion and shrinkage occurs because of the
insertion and subsequent removal of Na* cations. The initial Li* cations seem to be
much stronger bonded in the structure.

Both LiV3Og-like and NagsLig.7V30g-like phases show changes in cell parameters
upon further Na-insertion. While the former phase shows dissimilar behavior (its a
parameter decreases, whereas the b and ¢ parameters increase), the latter phase
demonstrates cell expansion along all three directions. The cell volumes of both
phases evolve in a similar manner, indicating that nearly the same amount of Na*

ions is intercalated. It was not possible to remove the inserted Na completely during
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cell charge, about 20% of Na according to the GCPL-measurements always
remained in the material. This observation may indicate a higher thermodynamic
stability of the partially sodiated Nay02LiV3Og phase in comparison to the pure
LiV3Os.
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3. Electrochemical characterization of LiV3Og in hybrid Li, Na-ion cells
In order to compare room-temperature kinetics of Li* and Na' intercalation into

LiV3Og, we measured the Li* diffusion coefficient in LiV3Og in a Li-cell and a total
diffusion coefficient Deor. in a hybrid cell with 50%Li50%Na electrolyte composition

using GITT. The results are plotted together with Dna in Fig. 6. The voltage values
for the Li-cell were shifted by -0.3 V to adjust the voltage reference to Na*/Na.
In all cases, changes in chemical diffusion coefficients with voltage are extremely

nonlinear. The Li-cell shows several minima; two small ones around 2.45-2.50 V and

two deep ones between 2.3 and 2.05 V. Our Dyi values are in good agreement with
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literature data for lithiated Liy+VOs, lying between Pi ~ 10 cm?s™ for Liy 2V4O0s [17]

and D1i ~ 10" cm?s™ for Lis sV2Og [34]. Since Dua is of the same magnitude or even

higher than PLi, we can anticipate a co-intercalation of both Li* and Na* cations into
LiV3Og in a hybrid cell due to these very similar kinetics parameters, provided that

both lithiated and sodiated phases have similar free energies. Actually, total chemical
diffusion coefficients in the Li,Na-hybrid cell merge features from both Dy; and Dwa

(Fig. 6) showing a minimum at 2.5 V like Di; but no minimum below 2.4 V that is

similar to Pna- Therefore, at least below 2.4 V a co-intercalation of Na* into LiV3Og

may be expected.

10"
[ n
10 ¢ —m— Lj at 25°C
F —m— Na at 25°C
1074 ) ) —m— Li,Na Hybrid at 25°C
1.6 2.0 2.4 2.8 3.2

E vs. Na'/Na (V)

Figure 6. Comparison of Na*, Li* and total diffusion coefficients in LiV3Og at 25 °C in
pure Na-, Li- and a hybrid Li,Na-cell with 50%Li50%Na electrolyte composition
plotted vs. Na*/Na (with a shift of -0.3 V for the Li-cell to adjust the voltage reference
to Na‘/Na).

Four electrolyte compositions with different Li to Na contents (100%Li, 80%Li20%Na,
50%Li50%Na, 20%Li80%Na) were tested in electrochemical cells with a Na negative
electrode. The first cation insertion/extraction in/from ALiV3Os (A = Li and Na)
together with the reference charge-discharge curve of a Li-cell with the LIiClO4
electrolyte and Li-anode are presented in Fig. 7a. The x-value is calculated from the

charge that passes through the working electrode during cell discharge and charge.
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Therefore, it depends only on the charge of the inserted cations and does not
discriminate between the Li* or Na ions entering the structure. The lower cut-off

voltage of 1.6 V vs. Na'/Na was chosen in order to avoid materials amorphisation.
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Figure 7a. First discharge-charge cycles (C/10) of four hybrid cells with a Na negative
electrode and different Li to Na ratios in the electrolyte containing LiCIO, and NaClO4
salts with the total amount of 1M in PC. Since both Li and Na can be accommodated
by the LiV3Og structure, the total formula of the intercalated phase was denoted as
ALiV30g, where A stands for both Li and Na. Voltage profiles of a pure Li-cell and a
pure Na-cell were added for comparison (dashed orange and purple lines,
respectively).
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Figure 7b. Discharge-charge profile as a function of time for a three-electrode hybrid
cell with LiV3Og as a working electrode (WE), Na anode as a counter electrode (CE),
Li plate as a reference electrode (RE), and 50%Li50%Na electrolyte composition.
The black curve shows the potential between LiV3O0g and RE, the red curve - the
potential between CE and RE.

The entire amount x of the cations intercalated into the A,LiV3Og electrode in hybrid
cells against a Na negative electrode during the first discharge depends strongly on
the Li content in the electrolyte. It ranges from x = 1.0 for cells with the pure Na-
based electrolyte to x = 2.35 for cells with pure Li-based electrolyte. Interestingly, the
width of the range preceding the voltage plateau (x<0.4) is independent of both
anode (Li or Na) and electrolyte composition.

The whole discharge capacity of a Li-cell with a Li-based negative electrode and
LiClO,4 electrolyte is somewhat higher than the capacity of a hybrid cell against a Na-
electrode and LiClO,4 electrolyte (Fig. 7a top). The first cell charge occurs at nearly
the same cell voltage of 2.75 V for cells with different Li and Na amounts in the
electrolyte, except for the cell with 20%Li80%Na electrolyte composition, where two
plateaus at 2.50 and 2.75 V are observed, as represented in Fig. 7a bottom.
However, the electrolyte composition significantly affects the second cell discharge.
The cells with at least 50% LiCIO,4 in the electrolyte demonstrate a two-step process
with the first broad discharge plateau at 2.8 V and a narrower second one at about
2.0 V. In contrast, cation insertion into the cell with only 20% LiCIO4 in the electrolyte
occurs as a one-step process at 2.4 V. Two scenarios are possible: i) the formation of
a new (Li,Na)«LiV30g phase with the Li,Na cation ordering when sufficient amount of
Li is present in the electrolyte; ii) anodic deposition of Li during the first cell charge,
and the subsequent cycling of the positive electrode against metallic Li. In order to
prove this statement, a three-electrode cell with LiV3O0g as a working electrode (WE),
metallic Na as a counter electrode (CE), metallic Li as a reference electrode (RE),
and an electrolyte containing 50% LiClIO4 and 50% NaClO, was cycled with the C/10
rate. Fig. 7b depicts time evolution of the potential between LiV3;O0g and RE, and
between CE and RE.
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At the beginning of the first cell discharge, the discrepancy between Ecgna+na and
Erewi+iiy Of about 0.4 V corresponds to the expected difference between the Li*/Li
and the Na'/Na redox couples. However, upon first cell charge the discrepancy
between Ecgna+na) and Ergi+Liy Nearly vanishes and remains small during the whole
charge process and during the most part of the next discharge process as well. Only
below about 2.1 V vs. Na*/Na (Fig. 7a bottom) or about 2.5 V vs. Li*/Li reference
electrode (Fig. 7b), the difference between Ecgna+na) and Ergi+Li again reaches the
initial value of 0.4 V. Therefore, the first cell discharge in the Li,Na-hybrid cells occurs
against the Na'/Na redox pair, regardless of the electrolyte composition. The first
charge cycle is accompanied by Li-plating on the Na-anode, provided that the Li-
content in the electrolyte exceeds 20%. This behavior results in the increase in cell
voltage and, therefore, in the enrichment of the electrolyte with Na-cations. The
subsequent cation intercalation into LiV3Og occurs against the Li*/Li pair until lithium
is completely dissolved in the electrolyte. Then the Na*/Na redox pair determines the
cell voltage again. At the beginning of the second cell discharge, the electrolyte still
contains an excess of Na-cations, which are likely intercalated first before the
intercalation of Li starts. Li-plating was not observed in the cells with electrolytes

containing 20% of LiCIO, or less.

4. Structural evolution of LiV3Og in hybrid Li,Na-cells upon cell discharge and
charge

In situ synchrotron powder diffraction revealed structural changes already at the
beginning of the cation intercalation. LiV3Og electrodes were cycled in
electrochemical hybrid Li,Na-cells against a Na counter electrode and, for
comparison, in a Li-cell against Li-metal. For all hybrid cells, we focused on structural
changes in LiV3Og upon intercalation of nearly one cation (Li*, Na* or both) per
formula unit, since a pure Na-cell allows insertion of only one Na atom per formula
unit. The cells were thus discharged down to 1.6 V vs. Na*/Na (2.4 V vs. Li*/Li for the
Li-cell) and subsequently charged to 3.4 V, whereas for the pure Li cell the lower limit

was set to 2.4 V where one atom per formula unit is intercalated. The ratios of LiClIO4
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and NaClOy in the electrolyte of the hybrid cells were 80% to 20%, 50% to 50%, and
20% to 80%, respectively. As an example, the evolution of the diffraction patterns as
a function of cell voltage for the hybrid Li,Na-cell with a Li-rich electrolyte
(80%Li20%Na) is presented in Fig. 8a. The diffraction patterns of other cells, a typical
structure refinement, and refined lattice parameters of the material in hybrid cells are
shown in Fig. S8-S10.

The diffraction patterns suggest that each cell falls into one of the two groups
depending on the electrolyte composition. In Li,Na-hybrid cells with a Na content
>50% in the electrolyte, similar features as already discussed for pure Na-cells in
section 2 (Fig. 5a) were observed. These include the appearance of lasting
reflections at high d-values and reversible changes in the d-spacing of other
reflections, indicating changes in cell volume. In the other cells, including the purely
Li-cell and the Li,Na-hybrid cells with the Li-rich electrolyte, additional reflections
appear only for a short time at the end of the intercalation process and disappear

again during subsequent cation removal, see for example the reflection at d ~ 3.30 A

in Fig. 8a.
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Figure 8a. In situ synchrotron powder diffraction patterns of LiV3Og as positive
electrode in the electrochemical hybrid Li,Na-cell with a 20%Na80%Li electrolyte
composition and Na negative electrode during galvanostatic cycling at C/10 together
with the voltage profile of the cell vs. (Li,Na) content in the material. A red ellipse

shows the appearance of new Bragg reflections upon cation insertion.
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Figure 8b shows the change of the lattice parameter a of LiV3Og cycled in hybrid
Li,Na-cells and in the Li-cell upon cell discharge and charge. In the case of the Li-cell
and the hybrid cell with the 80%Li20%Na electrolyte composition, the Rietveld
analysis was based on the structural model of the LiV30Og phase almost up to the end
of the discharge process. The second phase appears only at the end of the cell
discharge that corresponds to x=1.25-1.3 in (Li,Na)«LiV3Og. Structure refinement in
the two-phase region utilized the model containing the initial LiV3Og and fully lithiated
LisV3O0g phases, in agreement with earlier studies of the Li insertion process into
LiV3Og [35, 36]. This Li;V30g phase completely disappeared upon the subsequent Li-
removal. Since the evolution of the cell parameters for both cells, the purely Li- one
and the hybrid one with the 80%Li20%Na electrolyte composition, occurs in a similar
manner during the first discharge and charge, the insertion of Li* ions is proposed,
whereas Na'-ions remain inactive, even if they are present in the electrolyte.

The increase in the Na-content in the electrolyte to 50% changes the intercalation
scenario towards the one observed in pure Na-cells. The second phase with a
Nap 7Lio.7V30g-like structure starts to form at x(Li, Na) = 0.7 and 2.3 V, which is lower
than the voltage where minimum value of the total chemical diffusion coefficient is

observed.
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Figure 8b. Composition dependence of the lattice parameter a of LiV3Og measured in
situ during discharge and charge in a Li-cell with Li-anode and only Li-containing
electrolyte (symbol Li), and in Li,Na-hybrid cells with Na-anode and different Li and
Na contents in the electrolyte.

5. Stability of LiV30g and NagsLio7V30g structure types towards cation

intercalation

The formation of the Nag;Lip7V3Os-like phase upon intercalation from Na-rich
electrolytes implies that the Na-containing structure may be more suitable for the Na
intercalation. We verified this conjecture by an ab initio evaluation of total energies for
several ordered structural models. Both LiV3Og-like and Nag;Lio7V3Osg-like phases
were tested against the intercalation of one Li or one Na ion per formula unit starting
from the fully oxidized V*°-containing composition. Detailed structural data and
crystallographic projections of the models can be found in the Supporting Information,
section 4.
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In the case of LiV3Og, the intercalated cations were placed into the (1/2, 1/4, 0)
position, i.e., in the interlayer space between the two inherent Li* ions. Other starting
positions were tried as well, but all of them converged to the same structure, where 2
Li* ions (or one Li* and one Na® ion) per formula unit are distributed between the
[V3Og] layers. The intercalation of Li* cations has minor effect on the structure, in
agreement with Ref. [37]. In opposite to this, Na intercalation triggers distortions of
the [V3Og] layers to achieve longer Na—O distances, which are required for the larger
Na" ions. The a and c lattice parameters increase by 0.20-0.25 A, whereas the b
parameter changes insignificantly.

In the case of Nag7Lip7V3Os, we considered the structure from Ref. [21] as the
intercalated one. This structure features strong cation disorder, which cannot be
treated ab initio. Therefore, Na and Li were placed into two positions having largest
occupancies in the experimental structure, and these positions were treated as fully
occupied resulting in the idealized NaLiV3Og composition. The removal of Na again
triggered a major re-arrangement of the [V3Og] layers, and the unit cell along the
interlayer direction a shrinked by 0.35 A. In contrast, the removal of Li changed the
lattice parameters by less than 0.1 A.

The LiV30g structure is prone to Li intercalation. We calculated the redox potential of
3.04 V vs. Li'/Li compared to 2.39 V vs. Na'/Na for the Na intercalation. The
Nag ;sLio.7V3Og Structure shows an opposite trend, 3.06 V vs. Li*/Li and 3.76 V vs.
Na*/Na for the Li and Na intercalation, respectively. Total energy of NaLiV3Og with
the LiV3Og-type structure is 0.55 eV/f.u. higher than that with the Nag 7Lip7V3Os-type
structure. This huge difference should be traced back to the different buckling of the
[V30s] layers. The Nag7Lig7V3Og-type structure is capable of accommodating larger
Na® ions in an octahedrally coordinated position with Na—O distances of 2.2-2.4 A.
On the other hand, the Na-intercalated LiV3;Og-type structure reveals three Na—-O
distances below 2.2 A that are energetically unfavorable.

We conclude that the LiV3Og-type phase is prone to the intercalation of Li, whereas
the Nag 7Lio.7V3Os-type phase is prone to the intercalation of Na. Together they may
support an efficient operation of hybrid cells with the simultaneous intercalation of

both ions.

Discussion
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Successful operation of a hybrid-ion battery requires that two ions are present in the
electrolyte and exhibit different behavior with respect to their redox potentials and
diffusion in electrode materials. In the present work, the comparison of Li- and Na-ion
batteries assembled with a LiV3Og positive electrode displayed very similar chemical
diffusion coefficients for Li and Na at room temperature as well as similar activation
energies for the cation transport in the material. Therefore, co-intercalation of Na*
and Li* cations in a Li,Na-hybrid cell can be expected with similar availability of both
cations, at least due to kinetic reasons. Actually, in situ synchrotron diffraction
measurements on the hybrid cell with a 50%Li50%Na electrolyte revealed minor Li-
insertion at the beginning of the discharge followed by a predominant Na-insertion,
which is reflected in the formation of a second phase of the Nag;Lip7V3Og type. In
contrast, upon discharge of the cell with a Li-enriched electrolyte, only Li insertion
occurs, providing capacity values comparable with a pure Li-cell.

Co-intercalation of different cations in hybrid cells has been reported in the literature
previously. For example, co-intercalation of Li* and Mg®* ions was observed in hybrid
Li,Mg-cells with a Mg-anode, Li- and Mg-containing dual electrolyte, and a nanosized
LisTisO;, positive electrode [11], since the Mg-insertion is energetically favorable [38],
but the Mg**-diffusion is several orders of magnitude slower than the Li*-diffusion
[39]. A macrosized LisTisO1, positive electrode suppressed the Mg-insertion and led
to the intercalation of Li as the dominant reaction [11]. In the case of LiV3Og, the co-
intercalation of Li and Na cannot be eliminated by increasing the particle size,
because of comparable diffusion rates of Li* and Na* ions in the bulk, and close
energies of the intercalated structures.

In our hybrid cells with a Li-content of 50% and higher, Li-deposition during cell
charge was observed, accompanied by a cell voltage jump of about 0.33 V, which
corresponds to the difference between the standard electrode potentials of the Li*/Li
and Na'/Na redox couples. During subsequent cell discharge, Li starts to dissolve,
and after its complete dissolution the cell potential decreases abruptly back to the
value corresponding to the Na’/Na pair. The observed effect contradicts
thermodynamic considerations, which clearly predict Na-deposition first. Remarkably,
the same small difference in redox potentials of 0.33 V between the Na*/Na and
Mg**/Mg redox couples did not induce co-deposition of Na on the Mg-anode in a
hybrid Na,Mg-ion cell [40]. On the other hand, in electrochemical cells containing Al**
and Li* cations in the electrolyte, electrodeposition of either Al or Li was observed
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depending on electrolyte solvents, despite the larger difference in standard electrode
potentials of Li*/Li and AI**/Al couples of 1.38 V [41]. Therefore, in such dual
electrochemical cells kinetics definitely outweighs thermodynamic parameters.
Already in the late 1970s the crucial role of a solid-electrolyte-interface (SEI) for the
corrosion rate of the metal, the mechanism of plating-stripping process, and even for
the half-cell potential was identified [41]. The composition of the SEI film is mostly
influenced by the electrolyte composition. Recently, it was shown that symmetrical
Li/Li cells with conventional carbonate-containing electrolytes exhibit low polarization
and smooth charge-discharge curves at low and high current densities, while large
overpotentials were observed for Na/Na cells even at low current densities, which
was attributed to different stabilities of the individual SEIs on Li and Na [42].
Fortunately, the efficiency of Na-anodes can also be significantly improved by a
combination of appropriate electrolyte salts and electrolyte solvents, as newly
demonstrated for Na cells with NaPFg in glymes (mono-, di-, and tetraglyme), yielding
a stable inorganic SEI film composed of Na,O and NaF [43]. Therefore, an
appropriate electrolyte composition of Li and Na salts can be found for hybrid Li,Na-
cells, in order to avoid co-deposition of Li and Na metals on the Na anode.

To summarize, two main issues can be concluded from studies of Li,Na-hybrid cells
with a LiV30g positive electrode. First, co-intercalation of Li- and Na-ions into
microsized LiV3Og must be expected due to thermodynamic and kinetic reasons with
similar availability of both cations. Since only about 1 Na per LiV3Og can be reversibly
intercalated in contrast to about 3 Li without material amorphization, a Li-enriched
electrolyte must be employed. Second, a Li-plating on the Na-anode may be reduced

by choosing proper electrolytes.

Conclusions

Lithium trivanadium (V) oxide, LiV3Og, prepared via a conventional solid-state route,
was tested for the first time as positive electrode in Na- and hybrid Li,Na-ion
batteries. In a pure Na-cell, it revealed a reversible electrochemical insertion of about
1 Na per formula unit without any deterioration of the material, thus yielding a
reversible capacity of 60 mAh/g. Further Na intercalation leads to a gradual
amorphisation with each cycle, reflected in XRD and XPS studies, and in a less
stable cycling behavior, which is similar to that of ball-milled amorphous LiV3;0g. Both
Li* and Na" ions show similar transport properties in LiV3Og regarding the chemical
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diffusion coefficients and activation energies. Therefore, co-intercalation of Li* and
Na" ions into LiV3Og is expected in hybrid Li,Na-ion batteries.

In situ synchrotron diffraction on Na- and hybrid Li,Na-cells with Na metal as negative
electrode and a dual Li,Na-containing electrolyte showed the formation of a second
phase upon the first cell discharge. This phase resembles lithiated LisV3Og in Li-rich
electrolytes and a mixed Lip7Nag7V30g phase in Na-rich electrolytes. Interestingly,
the “Li,V3Og’-type phase completely disappeared during cell charge, while the
Lio.7Nag 7V30s-type phase remained in the material upon further cycling. Hybrid Li,Na-
cells with a Li-content in the electrolyte of 50% and higher demonstrated Li-
deposition on the Na-anode during cell charge. Upon cell discharge, Li is completely
dissolved in the electrolyte.
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