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Modified H,V;0; to Enhance the Electrochemical
Performance for Li-ion Insertion: The Influence of
Prelithiation and Mo-Substitution

Daniela Séllinger,”” Michael Karl,"”’ Giinther J. Redhammer,” Jiirgen Schoiber,”
Valérie Werner,” Gregor A. Zickler,” and Simone Pokrant*"”

Nanostructured H,V;0; is a promising high-capacity cathode
material, suitable not only for Li* but also for Na+, Mg?*, and
Zn’" insertion. However, the full theoretical capacity for Li*
insertion has not been demonstrated experimentally so far. In
addition, improvement of cycling stability is desirable. Modifica-
tions like substitution or prelithiation are possibilities to
enhance the electrochemical performance of electrode materi-
als. Here, for the first time, the substitution of vanadium sites in

Introduction

Today the implementation of renewable energy supply is an
important task for society."” However, most renewable energy
sources are intermittent in their energy supply.” In conse-
quence they provide most electrical energy at times that are
not necessarily aligned with demand. To overcome this
mismatch one solution is stationary electrical energy storage to
balance energy generation and demand on various time scales.
In this context, efficient energy storage is a key element for the
successful realization of the energy turn. Furthermore, the
growth-rate of electronic devices demands the development of
flexible and wearable energy storage devices.®” One of the
most promising electrochemical energy storage concepts relies
on rechargeable batteries such as Li-ion batteries (LIB), as a very
prominent example."*!

Layered transition metal oxides are considered as a
promising battery electrode material class, since they are redox
active and provide open crystal structures for cation
insertion.®” A typical representative is V,0s (VO), one of the
most studied vanadium oxides for battery applications. It has an
open orthorhombic crystal structure (space group Pmmn, No.
59) and a theoretical capacity of 443 mAhg™ (for three lithium
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H,V;05; with molybdenum was achieved while preserving the
nanostructure by combining a soft chemical synthesis approach
with a hydrothermal process. The obtained Mo-substituted
vanadate nanofibers were further modified by prelithiation.
While pristine H,V;05 showed an initial capacity of 223 mAhg™'
and a retention of 79% over 30 cycles, combining Mo
substitution and prelithiation led to a superior initial capacity of
312 mAhg™" and a capacity retention of 94 % after 30 cycles.

equivalents, Li;V,05).2"'” However the high theoretical capacity
of VO has not been demonstrated experimentally, mainly due
to the limited specific surface area combined with low electrical
conductivity. In addition, the material is known for its poor
cycling stability."'? To overcome these drawbacks, modifica-
tions have been carried out successfully. Both extrinsic changes
of the electrode material, like composite formation with
reduced graphene oxide (rGO), and intrinsic changes, for
example, by substitution of vanadium sites, lead to enhanced
electrochemical performance, which has already been shown in
several publications."*"” Although improvements of the cycling
performance were achieved (e.g., over 15% specific capacity
increase by substitution with Mo), they have not been far-
reaching enough to justify the implementation of VO in
commercial LIBs."”

However, VO can be used as starting material to synthesize
hydrated vanadium oxides frequently exhibiting mixed vana-
dium valence states.?'®*" H,V,0, (also written as V;0,-H,0,
HVO) is another promising cathode material belonging to the
layered vanadium oxide class for LIBE*?" HVO has an
orthorhombic crystal structure (space group Pnam, No. 62-6).%?
It consists of V;04 layers, where each layer consists of edge- and
corner-shared VOg octahedra and VO; square pyramids (see
Figure 1a).>* Table S1 gives a general overview over previous
syntheses and studies of HVO for different insertion ions, since
the open framework of HVO offers not only insertion possibil-
ities for Li*, but also for Na*, Mg**, or Zn?*.2"#22 |nsertion
occurs parallel to the bc-plane, highlighted in Figure 1a (view in
c-direction) and Figure 1b (view in b-direction).

Due to its mixed vanadium valence states (V" and V** ions,
with a ratio of 2:1), HVO exhibits higher electronic conductivity
and better capacity retention without any modifications
compared to VO.*?? Electrochemical intercalation of four
lithium ions per formula unit into the structure in the voltage
window between 1.5-4.2V vs, Li/Li* leads to a theoretical

]
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a)

Figure 1. (a) H,V;0; crystal structure viewed along the c-direction. (b) H,V;04
crystal structure viewed along the b-direction. The dashed lines denote one
unit cell. V-atoms are red, O-atoms belonging to H,O bonds are dark green,
all other O-atoms are blue.

capacity of 380-400 mAh g™, which is almost twice the amount
of current commercially available cathode materials.®* The
reaction for Li-intercalation/deintercalation into HYO/HVO mod-

ifications is generally described by the following Equation
( 1 ):[3,30—32]

H,V;05 + xLi* +xe” = Li,H,V;04; (0 < x < 4) m

The intercalation of 1 mol Li* into H,V;04 corresponds to a
theoretical capacity of 94.77 mAhg™".

However, in the voltage window between 1.5-4.2V vs. Li/
Li*, experimentally demonstrated discharge capacities of the
cathode material HVO reach only 200-300 mAhg™"' for LIBs as a
function of the applied current densities.”®?'*¥ Nanostructured
HVO materials (e.g., fibers) were obtained from VO precursors,
followed by a hydrothermal process.”'?*?*% Nanostructuring is
often beneficial for electrochemical properties because of an
enhanced contact between electrode and electrolyte and
between electrode material and conductive carbon, both
leading to better electron and ion transport from/into the
compound. Additionally, decreasing the particle size results in
shorter electron/ion diffusion paths within the electrochemical
active particles.®™ Extrinsic composite formation of HVO with
carbon-containing compounds lead to improved electrochem-
ical properties, such as increased capacities.®'*® However, the
full theoretical capacity of HVO has not been reached so far. In
addition, cycling stability in HVO is still a challenge that needs
to be addressed, to guarantee feasible long-living LIB.2%%"
Modifying the intrinsic composition and stabilizing the structure
of electrode materials have proven to be successful approaches
to overcome these problems, as demonstrated for VO.l'>737)
Chemical prelithiation has been shown to be a successful
strategy to increase cycling stability.®*** These positive effects
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of chemical prelithiation on stability and on the specific
capacity of HVO have already been demonstrated in literature
by Simées etal. and Xu etal.®® However, substitution of
vanadium by other cations, in analogy to VO, has not been
reported so far for HVO. The standard approach to obtain
substitution in oxides consists of mixing two oxide precursors in
the desired ratio followed by annealing of this precursor
mixture at high temperatures (typically above 800°C) to allow
for interdiffusion. However, this approach does not work for
hydrated oxides since annealing leads to evaporation of crystal
water and in consequence to mostly unfavorable phase
changes. Furthermore, the nanostructure of HVO, for example,
obtained via the hydrothermal process, needs to be preserved.
This is difficult to guarantee during high-temperature annealing
processes since sintering processes will occur, leading to larger
particles.

In this study, we report for the first time a novel synthesis
approach to obtain Mo-substituted HVO from modified VO
precursor. This precursor was synthesized via a soft chemical
approach introducing the substituting ion species (Mo®*) into
the VO structure. We demonstrate that the subsequent hydro-
thermal synthesis step can be adapted so that substituted HVO
is obtained retaining the nanofiber morphology over the
substitution level. Phase purity, single crystallinity, and homo-
genous distribution of Mo in the HVO nanofibers are confirmed
by XRD, SEM, and TEM characterization. By combining Mo
substitution in the HVO structure with chemical prelithiation,
improved electrochemical properties are obtained. These prop-
erties are assessed by (long-time) galvanostatic cycling, cyclic
voltammetry, and evaluation of the rate capability.

Results and Discussion

In order to substitute vanadium in the HVO structure, we chose
to introduce the substituting ion on a V site of the precursor
oxide VO. In contrast to HVO, VO exhibits V° sites exclusively.
Therefore, the substituting ion has been chosen in relation to
the properties of the V°*-ion, that is, ionic radius (0.54 A),
coordination number (CN=6), and oxidation state (5+). In
addition, it should be redox active in order to preserve and
potentially enhance the electrochemical activity. One of the
suitable transition metal ions was molybdenum (Mo) in the
oxidation state 6+ with an ionic radius of 0.59 A (CN=6)."" In
Figure 2, our synthesis strategy from VO over Mo-modified VO
(VO-Mo) to Mo-modified HVO (HVO-Mo), and prelithiated Mo-
modified HVO (Li-HVO-Mo) is summarized.

To incorporate Mo®" into VO, the soft chemistry process
leading to P-VO was modified by adding an aqueous solution
containing the Mo®" ion. Therefore, 177g of
(NH,)¢Mo0,0,,-4H,0 were dissolved in 100 mL deionized water
to obtain an aqueous 0.1 M Mo-stock-solution. Various degrees
of Mo incorporation were obtained by adjusting the respective
amounts of Mo-solution and VO/oxalic acid suspension as listed
in Table 1.

The samples were denoted according to the at % Mo
replacing V in (V;,Mo,),0,; (VO-Mo) with VO-Mo-1, VO-Mo-2,
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Figure 2. Synthesis process to obtain VO-Mo, HVO-Mo, and Li-HVO-Mo.

VO-Mo-5, VO-Mo-10, and VO-Mo-15 for y=0.01, 0.02, 0.05, 0.1,
and 0.15.

In the subsequent hydrothermal synthesis step the Mo-
modified VO was used in the same molar quantities replacing
P-VO. Temperature and pressure were kept constant in the
autoclave, but the hydrothermal process time (HPT) was
adjusted for each compound as listed in Table 1 in order to
obtain single-phase material with a similar morphology as P-
HVO. In analogy to VO-Mo, H,(Mo)V, );0s, (HVO-Mo), was
denoted HVO-Mo-1, HVO-Mo-2, HVO-Mo-5, and HVO-Mo-10 for
y=0.01, 0.02, 0.05, and 0.1. The reaction time had to be
increased from 6 h (0 at% Mo) up to 60 h (10 at% Mo) (see
Table 1). In addition, chemical prelithation has been performed
on HVO-Mo. The synthesis protocol to obtain chemical
prelithiated HVO-Mo was similar to Li-HVO. The prelithiated,
Mo-modified HVO compounds with the chemical formula Li,H,.
«(MoV,,);0g., (Li-HVO-Mo) were denoted Li-HVO-Mo-1, Li-HVO-
Mo-2, Li-HVO-Mo-5, and Li-HVO-Mo-10 in analogy to HVO-Mo.

Phase purity, crystal structure, and composition of all
compounds were determined by a combination of powder XRD,
TEM/energy-dispersive X-ray spectroscopy (EDX) and SEM/EDX.
The powder diffraction patterns and the lattice parameters
obtained from Rietveld refinement of all VO-Mo compounds are
displayed in Figures S2 and S3, respectively. VO-Mo compounds
with up to 10 at% Mo content were single crystalline, exhibiting

Filter and dry

Li-HVO-Mo

Li-HVO-Mo solution
at pH-value: 7-8

the same crystal structure as P-VO. Previous studies obtained
phase-pure components of VO-Mo with up to 8 at% Mo
content or a Mo/V ratio of about 1:9, respectively.'”*? Nearly
linear changes of the lattice parameters as a function of Mo
content were observed, which approximates Vegard's law."
The lattice parameters a und b expanded linearly with the Mo
content, while ¢ shrank. In consequence, the unit cell volume
was not affected strongly because the lattice parameter
changes canceled out. Similar results have already been
reported in previous studies.*? In addition, change of color as a
function of the Mo content indicated successful Mo incorpo-
ration into VO (Figure S4).

Powder diffraction patterns of the most characteristic HVO
compounds, that is, P-HVO, HVO-Mo-5, Li-HVO, and Li-HVO-Mo-
5, are displayed in Figure 3.

The diffraction patterns of all HVO-Mo and Li-HVO-Mo
compounds are displayed in Figures S5 and S6. Some Bragg
peaks, such as (310) and (020) for HYO-Mo (Figure S5) and (320)
and (520) for Li-HVO-Mo (Figure S6), show intensity and shape
changes with higher amounts of Mo content, proving that the
presence of Mo in the structure had an influence on the
obtained XRD pattern and overall on the crystal structure of
HVO. Since the diffraction patterns of HVO-Mo and Li-HVO-Mo
did not show any additional Bragg peaks compared to P-HVO
und Li-HVO, we conclude that the obtained Li- and/or Mo-

Table 1. HVO-Mo synthesis: materials and adjusted hydrothermal process times (HPT) for P-HVO and HVO-Mo compounds.
Sample VO H,C,0, 0.1 m Mo-solution Substitution degree HPT
lg] lg] [mL] [%] [h]
P-HVO 5.00 10.40 0 0 6
HVO-Mo-1 4.95 10.29 5.5 1 48
HVO-Mo-2 4.90 10.18 11.0 2 48
HVO-Mo-5 4.75 9.88 27.5 5 48
HVO-Mo-10 4.50 9.36 55.0 10 60
ChemSusChem 2021, 14,1112-1121 www.chemsuschem.org 1114 © 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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The changes of the lattice parameters a, b, and ¢ and of the
unit cell volume upon Mo incorporation in HVO are summarized
in Figure 4, as obtained by Rietveld refinements.

A monotonous change of all quantities as a function of Mo
| incorporation was observed, similar to VO-Mo. Mo incorporation
up to 5 at% lead to a nearly linear increase of all lattice
parameters. Such an increase, especially in the g-direction,
enlarged the spacing between the V;0; layers, providing better
intercalation conditions for Li-ions. For higher amounts of
substituted Mo (HVO-Mo-10) this linear relation was no longer
valid. Not only the increase of the lattice parameters in
comparison to HVO-Mo-5 was small, but also the crystalline
quality decreased due to the high degree of substitution. This is
not very surprising, since we do not expect a strict solid
solution behavior by replacing a 5+ ion with a 6+ ion because
10 20 30 40 50 60 of charge neutrality.”*? However, since all unit cell parameters
26 [] and the unit cell volume increased monotonously with Mo

incorporation, these results represent clear indications for

(200)

(110)

(310)
(020)
(520)

Intensity [arb. units]

Figure 3. Powder diffraction pattern of 1) P-HVO (black), 2) Li-HVO (red), 3) successful MO substitution in the HVO structure.
HVO-Mo-5 (blue), 4) Li-HVO-Mo-5 (green). The Bragg peak positions of HVO In addition, an assessment of the local (crystal) structure

in the 20 [°] range are indexed for the Li-HVO-Mo-5 pattern space group and composition was carried out by TEM and SEM. P-HVO
Pnam. consists of long fibers in the um range with a width of around
80 nm (Figure S7a). High-resolution TEM (Figure S7b—-d) showed
that the P-HVO fibers were single-crystalline with an elongation
modified materials are phase pure and exhibit the same crystal  directing along the [001] axis, which is consistent with current
structure as the pristine materials.
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Figure 4. Lattice parameters of Mo substituted HVO compounds: a) g, b) b, and ¢) ¢ direction and d) unit cell volume. Calculated error bars are presented in
regard to the amount of Mo incorporation of the lattice parameters. The lines are a guide to the eye.
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studies.”>*¥ In Figure 5a an overview TEM image of HVO-Mo-5
is displayed.

The fiber morphology (crystallite size) was not affected by
Mo substitution. In addition, the single-crystallinity of the fibers
including the elongation direction in the [001] axis was
confirmed as well, demonstrated in the high-resolution TEM
image and its respective fast Fourier-transformation in Fig-
ure 5b—d. STEM/EDX (Figure S10) indicated a uniform distribu-
tion of Mo in the HVO-Mo-5 fiber. In addition, SEM/EDX
measurements confirmed a uniform Mo distribution for all HVO-
Mo modifications on a larger scale. The determined Mo and V
content (in at %) corresponded to the values expected by
stoichiometry (see Figure S11). These combined results of XRD,
TEM, and SEM analysis gave evidence of vanadium substitution
by Mo in the HVO structure for the first time, to our best
knowledge.

In the next step the crystal structure of (Mo-substituted)
HVO compounds was studied after prelithiation. Prelithiation of
P-HVO led to lattice shrinkage in @ und b and expansion in ¢
direction, and in summary to a shrinkage of the unit cell volume
of Li-HVO, as displayed in Figure S12 and Table S1. XRD
measurements and full pattern analysis of Li-HVO-Mo com-
pounds revealed a complex dependence of the lattice parame-
ters a, b, and ¢ as on Mo content, probably because of the
competing effects of prelithiation (shrinkage) and Mo incorpo-
ration (expansion). However, the unit cell volume seems to
follow a trend: it increases with Mo content similar to the HVO-
Mo series, with the exception of Li-HVO-Mo-1. Therefore, we
expect better conditions for Li-insertion in Li-HVO-Mo than in

Figure 5. TEM-images: (a) Overview image of HVO-Mo-5 nanofibers (scale
bar: 1 um). (b) High-resolution TEM image of the red area in (a) (scale bar:
50 nm). The black arrow points in the elongation direction of the nanofiber
[001]. (c) Fast Fourier-transformation of the blue area in (b) (scale bar: 2 nm)
indexed with HVO structure in [100] zone axis (see simulated diffraction
pattern in Figure S9). Yellow circles denote the position of (002) planes and
violet of (020) planes. (d) Magnified zone of green box in (b) showing lattice
fringes (scale bar: 4 nm).

ChemSusChem 2021, 14,1112-1121 www.chemsuschem.org
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Li-HVO from a purely structural point of view, since larger
interstitial spacing facilitates insertion.

Finally, the morphology of all compounds was determined
by SEM and N, sorption. Figure 6 shows SEM micrographs of P-
HVO and all HYO-Mo compounds. In Figure 6a,b it can be seen
clearly that the fiber morphology, already observed by TEM for
a very limited amount of fibers, is consistent over a larger
amount of material. The nanofibers agglomerate and form a
maze-like structure (Figure 6a). The fiber morphology was
retained despite of Mo substitution, since no morphological
changes were observed by SEM comparing P-HVO, HVO-Mo-1,
HVO-Mo-2, HVO-Mo-5, and HVO-Mo-10 (see Figure 6b-f). How-
ever, grinding affected the morphology, since the long fibers
were broken into pieces as shown in Figure S13c-f for P-HVO,
HVO-Mo-5, Li-HVO, and Li-HVO-Mo-5 fibers.

The general morphology, however, was preserved. Specific
surface areas were measured via N,-Sorption for all compounds.
The comparability of the surface areas with 14.6+2.0 m?>g~' in
average confirmed that the morphology was not affected
strongly by neither substitution nor prelithiation (Figure S14).

In order to investigate the influence of Mo substitution and/
or prelithiation on the electrochemical properties of HVO,
phase-pure P-HVO and modified HVO compounds were tested
electrochemically in a half-cell setup with Li metal as reference
electrode. Even though HVO contains crystal water bonded to
vanadium ions, no HF formation during cycling using LiPFg
containing electrolytes was reported.®'® All materials were first
discharged to 1.7 V vs. Li/Li* and afterwards charged to 3.9V
vs. Li/Li™ with a constant current of 100 mAg™' for 30 cycles.

Figure 6. SE-SEM-images. (a) Overview over P-HVO nanowires (scale bar:
400 um). (b) Zoom onto P-HVO nanowires (scale bar: 2 um). (c) HYO-Mo-1
(scale bar: 2 um). (d) HYO-Mo-2 (scale bar: 2 pm). (e) HYO-Mo-5 (scale bar:
2 um). (f) HYO-Mo-10 (scale bar: 2 um).

© 2020 The Authors. ChemSusChem published by Wiley-VCH GmbH
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For all HVO modifications, substitution led to enhanced
electrochemical properties with respect to capacity and cycling
stability (see Figure S15). HVO-Mo-2 and HVO-Mo-5 compo-
nents showed the highest increase of the specific capacity,
probably as a consequence of the increased lattice parameters
in comparison to P-HVO and HVO-Mo-1. It has been reported
before that larger spacing facilitated the insertion of Li-ions into
and out of the structure during cycling, which can improve the
electrochemical properties, as recently discussed by Yao et al.*
HVO-Mo-10 showed lower specific capacities, although the
increase of the unit cell volume was larger than for HVO-Mo-2
and HVO-Mo-5. It is very likely that the diminished crystalline
quality of HVO-Mo-10 canceled out potential positive effects of
the enlarged crystal lattice.

Similarly to Mo substitution, prelithiation of HVO lead to
improved electrochemical performance. The presence of elec-
trochemically active Li-ions in the prelithiated cathode materials
was demonstrated exemplarily for Li-HVO-Mo-5 by measuring
the capacity of the half-cell in charge mode before the insertion
of Li-ions during the first discharge (see Figure S16). In contrast
to HVO-Mo, the lattice parameters and the unit cell volume of
Li-HVO are lower compared to P-HVO (see Table S1 and
Figure S12). Prelithiation is known for affecting physicochemical
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properties, outweighing structural arguments, as demonstrated
for several materials and crystal structures.*® Preintercalation
led to improved conductivity due to the presence of mobile Li-
ions in the materials, which compensated the ion loss during
the initial cycle due to the formation of the solid-electrolyte
interphase (SEI).?¥ Furthermore, because of the intercalation
and deintercalation of Li-ions into/from the materials during
charge/discharge processes, the structures underwent unde-
sired expansion/shrinkage associated with internal strain/stress.
The so-called lattice breathing caused the structures to collapse
over time, which led to an irreversible capacity fading. However,
prelithiation reduced such negative impact and thus improved
the electrochemical performance, especially the rate stability. In
this context, Tian et al. showed for a HVO-related compound,
prelithiated V,0,; nanosheets, that the structural changes after
the intercalation of Li-ions were less pronounced in comparison
to non-prelithiated V¢O,;, which indicated a reduction of the
negative effects of lattice breathing.®® We believe that these
improvements are at the origin of the electrochemical perform-
ance improvements of Li-HVO compared to P-HVO (Figure 7a),
which showed an increase of the capacity retention due to the
higher conductivity, and an increase of the specific capacity due
to initial presence of Li-ions inside the battery system.
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Figure 7. Electrochemical properties of P-HVO (black), Li-HVO (green), HVO-Mo-5 (blue), and Li-HVO-Mo-5 (yellow) in the potential range 1.7-3.9 V vs. Li/Li". a)

Cycling performance and coulombic efficiency at 100 mAg™" current density. b) Cyclic voltammograms of P-HVO and HVO-Mo-5 at a sweep rate of 0.1 mV's

-1

recorded after the initial cycle. c) Cyclic voltammograms of P-HVO, Li-HVO, and Li-HVO-Mo-5 at a sweep rate of 0.1 mVs™' recorded after the initial cycle. d)

Charge and discharge curves of the initial cycle.
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The electrochemical performance of Li-HVO-Mo compounds
illustrates that the positive effects of prelithiation and Mo
substitution are cumulative on the electrochemical properties.
All Li-HVO-Mo materials showed improved performance apart
from Li-HVO-Mo-10 (see Figure S17) compared to P-HVO. The
best performance was observed for Li-HVO-Mo-5 (see Fig-
ure 7a). By cumulating the effects of prelithiation and Mo
substitution (Li-HVO-Mo-5) a substantial capacity increase of
40% with respect to P-HVO was obtained, corresponding in
good approximation to the sum of the capacity gain of Li-HVO
(20%) and HVO-Mo-5 (23 %). In addition, we found the highest
capacity retentions after five and 30 cycles for Li-HVO-Mo-5,
resulting in 67 % capacity increase compared to P-HVO after 30
cycles. The advantage of improved capacity retention of Li-
HVO-Mo-5 with respect to P-HVO was preserved even after 100
cycles (Figure S18).

In order to compare the performance, we focused on the
capacities of the first, the 5th, and the 30th cycle as displayed in
Table 2. The initial capacity of P-HVO as well as the capacity
retention after 30 cycles is in good agreement with previous
studies.”**"

Referring to Equation (1), a maximum of 4 mol Li* can be
intercalated between 4.2 and 1.5 V vs. Li/Li* into HVO, reaching
a capacity of approximately 380-400 mAh g~ ®* Therefore, the
intercalated lithium equivalents amount to 2.3 for P-HVO, 2.9
for HVO-Mo-5, 2.8 for Li-HVO, and 3.3 for Li-HVO-Mo-5,
respectively.

Table 3 compares the electrochemical performance of Li-
HVO-Mo (initial capacity and capacity retention) with previous
studies on HVO and HVO modifications. Depending on the
potential window and the current densities, HYO nanobelts and
HVO nanowires show smaller initial capacities in comparison to
Li-HVO-Mo-5, whereas rGO/HVO exhibits either a higher
capacity at the beginning but suffers from a lower capacity

retention, or it exhibits a lower capacity at the beginning but
has a similar/higher capacity retention in comparison to Li-HVO-
Mo-5.51820294445 This demonstrates that Li-HVO-Mo provides
improved electrochemical properties in comparison to several
HVO modifications.

In order to analyze the intercalation properties as a function
of Mo substitution and prelithiation we compared cyclic
voltammetry (CV) (Figure 7b,c) and charge/discharge curves of
P-HVO, HVO-Mo-5, Li-HVO and Li-HVO-Mo-5 (Figure 7d and
Table 2). By CV measurements four reversible active redox
couples were identified. The first two redox couples (A and B)
were present between 3.9 and 3.0V vs. Li/Li*; the third
between 3.0 and 2.2 V vs. Li/Li* (C), and the fourth was situated
and in the range between 2.2 and 1.7 V vs. Li/Li* (D). This is
comparable with current studies of HVO materials.®'®**2" Mo
substitution provoked subtle changes in the CV curve shape of
redox couples A and B. They became less distinct and merged
to one broad peak with negligible capacity change. Prelithia-
tion, however, led to a shift of A and B towards higher
potentials and to strongly increased capacities in the corre-
sponding potential range. It is consistent that the improved ion
conductivity triggered by prelithiation has an important effect
at high potentials, where the cathode material is low on
intercalated ions. Redox couple C exhibited capacity increase as
a consequence of both prelithiation and Mo substitution. For
redox couple D, a small shift to higher potentials was observed
for Mo substitution accompanied by capacity increase, while
prelithiation led to peak sharpening and capacity decrease.
Since Mo substitution leads to enlarged lattice parameters, it
seems consistent that the positive capacity effect is more
important at lower potentials, when the Li sites in the cathode
material are rather fully occupied. The opposite is true for
prelithiation, which leads to lattice shrinking, which is unfavor-
able for full cathodes (i.e., low potentials). By combining Mo

Table 2. Electrochemical properties of P-HVO, HVO-Mo-5, Li-HVO, and Li-HVO-Mo-5. Capacities are indicated after the initial cycle.”!

European Chemical
Societies Publishing

Sample Capacity Capacity retention Capacity
[mAhg™] [%] [mAhg™']
5% cycle 30" cycle A B C D
P-HVO 223 90 78 75 88 60
HVO-Mo-5 274 93 84 78 103 93
Li-HVO 268 90 90 98 129 3
Li-HVO-Mo-5 312 96 94 90 116 106

[a] A-D refer to various redox couples as seen in Figure 7 b,c and explained in the text below.

Table 3. Comparison of the electrochemical performance of Li-HVO-Mo-5 (present work) and HVO/HVO modifications from previous studies for LIBs.

Sample Initial capacity Current density Potential Capacity retention Ref.
[mAhg™'] mAg ] V] [9%]

Li-HVO-Mo 312 100 1.70-3.90 94 after 30 cycles this work
HVO 212 200 1.50-4.00 90 after 50 cycles [20]
HVO nanobelts 245 100 2.00-4.00 83 after 100 cycles [45]
HVO nanowires 285 100 1.50-3.75 80 after 30 cycles [18]
HVO single-crystal nanobelts 373 02mAcm™? 1.50-4.00 33 after 30 cycles [32]
single-crystal HVO nanobelts 409 20 1.50-3.75 61 after 20 cycles [46]
V;0;-H,0@C nanoribbons 262 500 3.75-1.50 94 after 100 cycles [29]
HVO/rGO-composite 268 100 3.75-1.50 93 after 50 cycles [44]
rGO HVO film 377 100 1.50-3.50 65 after 30 cycles [3]
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substitution and prelithiation in Li-HVO-Mo-5 increased capaci-
ties were found in the potential regions of all four redox peaks
because prelithiation added capacity in the high-potential
region and Mo substitution in the low-potential region. This
results in higher specific energy densities for modified HVO
materials: 695.9 Wh-kg™" (+20%) for HVO-Mo-5, 737.9 Wh-kg™
(+27 %) for Li-HVO, and 811.1 Wh-kg™" (+40%) for Li-HVO-Mo-
5) in comparison to P-HVO (579.2Wh-kg™"), as shown in
Figure S19.

Finally, in Figure 8 rate capability tests illustrate the higher
specific capacities of Li-HVO-Mo-5 with respect to P-HVO at
different charge/discharge currents. This indicated that the
capacity improvement obtained by the synergistic effects of the
modifications extended to rate capability.

Conclusion

A novel synthesis approach to enable substitution of the V site
in hydrated vanadium oxides was proposed. The substitution of
H,V;0; by Mo was demonstrated while retaining the crystal
structure and the nanostructure of pristine H,V;0,. Both are
relevant for the electrochemical properties. This was enabled by
performing substitution first in the V,05 precursor. The two-step
synthesis started with a soft chemistry reaction introducing
Mo®" into the V,0s structure. In the next step Mo-substituted
V,05; was converted via a hydrothermal process to obtain Mo-
modified H,V;0;. Combining XRD and TEM characterization
results proved that the obtained compounds were single-phase
and single crystalline. The lattice parameters obtained by full
pattern refinements in combination with the results of local
chemical composition analysis indicated successful substitution
of H,V;0; for the first time to our best knowledge. Therefore,
Mo-modified compounds were denoted by the chemical
formula H,(Mo,V,,);0g, with y=0.01, 0.02, 0.05, and 0.1.
Morphology characterization by SEM showed nanostructured
fibers for pristine H,V;04 and for H,(Mo,V,,);04., indicating that
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Figure 8. Specific capacity and coulombic efficiency of P-HVO (black) and Li-
HVO-Mo-5 (yellow) in the potential range 1.7-3.9 V vs. Li/Li* at current
densities of 100, 250, 500, and 1 Ag™".
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Mo substitution did not compromise the nanostructure.
Prelithiation of H,(Mo,V,,);04 did not affect the nanostructure
either, but it led to unit cell contraction, which could be
compensated partially by Mo substitution. The electrochemical
properties of (modified) H,V;0; as cathode material in Li-ion
batteries were evaluated by galvanostatic cycling, cyclic
voltammetry, and rate capability measurements. Both Mo
substitution and prelithiation improved the specific capacity
and the cycling stability by the same order of magnitude. The
combination of both modifications resulted in the addition of
the positive effects. By comparing structural and electrochem-
ical results on prelithiation and Mo substitution, we concluded
that the positive effect of Mo substitution is based on lattice
expansion, which facilitated Li insertion. This effect was active
mainly at lower potentials. In contrast, prelithiation was found
to add capacity preferentially at higher potentials, probably
based on conductivity improvements and reduction of lattice
breathing effects. In summary, the specific capacity of LiH,.
M0g15V545505.5 (312 mAhg™") improved by 40% and the capacity
retention after 30 cycles from 78 to 94% in comparison to
H,V;0;. In addition, LiH,, Moy,5V,5:055 showed better long-
time performance over 100 cycles and better rate capability
than pristine H,V;05. By combining the presented intrinsic
modifications with extrinsic modifications like composite for-
mation with carbon-containing compounds, the performance of
the HVO compounds might be further improved. The synthesis
concept developed in this article has the potential to enable
the incorporation of transition metal ions other than Mo®" in
the H,V;04 structure, potentially leading to further improve-
ments of the electrochemical properties.

Experimental Section

Materials

Vanadium (V) oxide (V,0s, 99.2%), oxalic acid anhydrous (H,C,O,,
98%), and L(+)-Ascorbic acid (99 + %) were purchased from Alfa
Aesar. Ammonium molybdate tetrahydrate, [(NH,)s;Mo0,0,,-4H,0,
99.98%], 1.0 M LiPFs in ethyl carbonate/dimethyl carbonate (EC/
DMC, 1:1 vol%) solution, lithium ribbon (99.9% trace metals basis),
lithium hydroxide monohydrate (LiOH-H,0O, 99.95 %), and Whatman
glass fibers (grade GF/D) were purchased from Sigma Aldrich. All
chemical reagents were used as received.

Synthesis of H,V;0, and LiH, V50,4

H,V;04 (P-HVO): 10.4 g of H,C,0, was dissolved in 100 mL deionized
water at room temperature.”” After complete dissolution of the
oxalic acid, 5g V,0s; was added, followed by stirring for 3 h and
further stirring at 80°C for 5h. The obtained solution was
transferred into an evaporating dish and dried at 100°C for 10 h
followed by a calcination step at 400 °C for 10 h. 2 g of the obtained
as-synthesized VO powder (P-VO) was added to 20 ml of a 0.025 m
aqueous ascorbic acid solution. The obtained suspension was
stirred under reflux at 110°C for 16 h in a round-bottom flask. After
this step, a hydrothermal process (HP) was initiated. The whole
suspension was transferred into an autoclave with a 100 mL
polytetrafluoroethylene (PTFE) inlet. Additionally, 30 mL deionized
water was added to the suspension and brought to reaction at
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220°C for 6 h. The obtained precipitate was collected, washed with
deionized water and isopropanol, and dried at 80 °C for 3 h. Pristine
HVO without further modifications was denoted P-HVO.

Li,H,, V504 (Li-HVO): For chemical prelithiated HVO (Li-HVO), 0.5 g
of as-synthesized P-HVO was suspended in 10 mL deionized water.
In order to obtain a suspension (suspension A) with a pH-value of 7,
60 mg LiOH-H,O was added. Parallel, a second solution (solution B)
with a pH-value of 7 was prepared by dissolving 0.5 g ascorbic acid
and 0.12 g LiOH-H,0 in 2 mL deionized water. Then solution B was
added to suspension A. The final suspension was stirred at room
temperature for 1h and filtered. The collected product, with
chemical formula LiH,,V;04s, was washed with water and
isopropanol, and dried at 80°C for 3 h.

(V;,Mo0,),05; (VO-Mo) and LiH, (Mo, );0q; (Li-HVO-Mo): The
syntheses of VO-Mo and Li-HVO-Mo are detailed in the Results and
Discussion section.

Characterization

XRD: The crystalline phases of the synthesized powders were
studied by XRD on a Bruker D8 Advance diffractometer having a
goniometer radius of 280 mm and being equipped with a fast-
solid-state LynxEye detector and an automatic sample changer. The
measurements were carried out with CuK,,, radiation in the 20
range from 5 to 95° with a step size of 0.015°. All samples were
prepared on zero-background single-crystal silicon sample holders.
Full pattern refinement (Rietveld method) was performed with
TOPASTM 4.2 (Version 4.2, Bruker AXS Inc., WI, USA)."” The three-
dimensional visualization of the crystal structure was constructed
via VESTA .8

N, sorption: Nitrogen sorption isotherms were obtained with a
Micromeritics ASAP 2420 sorption apparatus at —196 °C. Degassing
of the samples was conducted at 80°C for 12 h. The specific surface
areas (SSA, m?’g™") were determined using the Brunauer-Emmett-

Teller (BET) method."

Electron microscopy: The morphology of the powders was
characterized with a Zeiss Ultra Plus SEM using an in-lens secondary
electron detector with an acceleration voltage between 5-10 kV
and a JEOL-JEM-F200 TEM equipped with a cold field emission gun
at an acceleration voltage of 200 kV. The TEM was equipped with
high-angle annular dark-field (HAADF) detector used in scanning
mode (STEM) and a large windowless JEOL Centurio EDX detector
(100 mm?, 0.97 srad, energy resolution <133 eV). The (modified)
HVO samples for TEM analysis were prepared by depositing an
isoproanolic suspension of the compounds onto holey carbon
copper grids. The simulation of the diffraction patterns was carried
out using the JEMS software.”

Electrochemical testing: For the electrode preparation 60 wt % of
the electroactive material (60 mg), 30 wt% of carbon black (30 mg),
and 10 wt% of polyvinylidene fluoride (PVDF) (10 mg) were ground
and afterwards suspended in 2mL toluene/THF (1:1, v/v). The
prepared slurry was drop-casted on a titanium current collector,
with a geometric surface of 1.3 cm? and dried for 4 h at 80°C in a
vacuum oven. Whatman glass fibers as separator, a 1.0 m solution
of LiPF, in EC/DMC (1:1 vol %) as electrolyte and a disc of metallic
lithium foil as counter and reference electrode were used for the
half-cell setup. Photographs of the battery cell parts are displayed
in Figure S1. The batteries were assembled in an argon filled
glovebox (<0.1 ppm H,0 and <0.1 ppm O,) and electrochemical
tests were carried out using an 8 channel Astrol BAT-SMALL
potentiostat. Capacities based on the mass load of the active
material were determined by galvanostatic charge/discharge
cycling with constant current. All galvanostatic measurements were
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carried out in the voltage range of 1.7-3.9 V (vs. Li/Li*) at a current
density of 100 mAg™", with the exception of long-term cycling tests
(with 100 cycles). Parameter were set in the voltage range of 1.7-
39V (vs. Li/Li") at a current density of 500 mAg . Cyclic
voltammetry was measured in the voltage range of 1.7-3.9 V (vs. Li/
Li*) with a scanning rate of 0.1 mVs™'. All measurements were
carried out at ambient conditions.

Associated content

Figures of the setup of the battery cell, powder diffraction patterns
of VO and HVO modifications, additional SE-SEM and TEM images
of HVO and HVO modifications, specific surface areas from nitrogen
sorption measurements, and further electrochemical properties of
HVO and HVO modifications are reported in the Supporting
Information.
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