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Stabilizing Decavanadate Cluster as Electrode Material in

Sodium and Lithium-ion Batteries

Meena Ghosh,*™ Dieter Sorsche,” Rezwana Binte Ahmed,” and Montaha Anjass

Decavanadate ([V;o0,l°", {Vio}) clusters are a potential electrode
material for lithium and post-lithium batteries; however, their low
stability due to the solubility in liquid organic electrolytes has
been challenging. These molecular clusters are also prone to
transform into solid-state oxides at a moderate temperature
needed in the typical electrode fabrication process. Hence,
controlling the solubility and improving the thermal stability of
compounds are essential to make them more viable options for
use as battery electrodes. This study shows a crystal engineering
approach to stabilize the cluster with organic guanidinium (Gdm™)

Introduction

Polyoxometalates (POMs), the anionic oxo clusters of high-
valent early transition metals (often V, Mo, and W), are
emerging materials with redox properties relevant to
electrochemical energy storage and conversion devices.!"
They form large and closed three-dimensional discrete
molecular structures through the self-assembly of the
oxometallate precursors during the solution-phase
synthesis.”? As molecular analogs, POM combines the merits
of metal oxides in terms of physicochemical and functional
properties with the scope of molecular design flexibility.
Besides, the ease of modulating the structure and properties
of POMs at the molecular level by introducing different
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cation through the hydrogen-bonding interactions between the
amino groups of the cation and the anion. The comparison of
solubility and thermal stability of the Gdm{V,,} with another
cluster bearing tetrabutylammonium (Tba™) cation reveals the
better stability of cation-anion assembly in the former than the
latter. As a result, the Gdm{V,.} delivers better rate capability and
cycling stability than Tha{V,,} when tested as anode material in a
half-cell configuration of a sodium-ion battery. Finally, the
performance of the Gdmi{V,;} anode is also investigated in a
lithium-ion battery full cell with LiFePO, cathode.

heteroatom, ligands, addenda atoms, counterions, etc.,
encouraged investigating their redox properties for broad
applications, including lithium and post-lithium
batteries.™® Among other POMs, the polyoxovanadates
(POVs) family is intriguing as battery electrode materials
because of their rich redox activity (multiple accessible
oxidation states, mainly V¥, V", and more rarely V"), which in
principle enables the storage of multiple electrons per V
atom. In addition, they offer lower molecular weight than
other POM families, which allows higher gravimetric energy
densities.® Furthermore, POVs feature more structural
diversity and ease of tuning the redox activity. The
decavanadate M[V,,0,5]-xH,0 (M: counter cation; x=9-16)
cluster ({V,,}) is a common POV prototype studied as battery
electrodes.” They are the simplest clusters in the POV family
and are easy to synthesize on a large scale under aqueous
conditions. However, the as-synthesized crystal structure
often contains many water molecules (e.q.,
Lig[V,00,5]- 16H,0)," which could lead to gas evolution (O,
and H,) under operating conditions of nonaqueous batteries
and damage the battery performance. Therefore, removing
the lattice water through thermal treatment at a high
temperature (200 to 600°C) is often followed in most
studies.”™ In contrast, our recent work demonstrated that
these clusters are susceptible to structural rearrangement
upon thermal dehydration and form vanadium oxide species
(e.g., LiV504 and LiVO;) even at a moderate temperature of
120°C.”7 Nevertheless, the low thermal stability of {V,o}
hinders evaluating its electrochemical properties as the
molecular electrode component. These limitations can be
addressed through molecular engineering using appropriate
counter-cations and template atoms to stabilize the cluster.
For example, another work from our group demonstrated
that the molecular engineering approach introducing or-
ganic dimethylammonium (DMA™) counterion improves the
cluster’s thermal stability compared to the Li* counterpart.®
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Besides, the {V,;} cluster stabilized with DMA™ cation
contains a significantly lower number of crystalline water
molecules that induce detrimental effects when considering
its application in nonaqueous batteries. However, such
studies exploring the effect of organic cations on the
structural and electrochemical properties of the {V,} cluster
or other POMs are rare."""

Apart from thermal stability, investigating the solubility of
{V,o} clusters in connection with counterions in the aqueous
and organic medium is equally essential for making them
suitable for a particular application. POV clusters are soluble in
a variety of solvents due to the high negative charge of POV
anions, making them a suitable choice as electrolyte compo-
nents in redox flow batteries."” However, when considering the
application as battery electrode materials, the solubility trait is
undesirable as it causes the active material leaching into the
electrolyte and hampers the battery performance. In general,
the solution stability of the POV-cation assembly relies on the
complex interplay between the ion-pair strength through
electrostatic, hydrogen bond interactions, etc., and the solva-
tion property of the cation."" If the cation carries a strongly
bound solvation shell, the solvent molecules inhibit the direct
cation-anion interaction, promoting the solubility of the POV
salt. Likewise, the weak ion-pair interaction also inhibits the
direct precipitation of cation-POV ({V,;} as an example)
assembly in the aqueous reaction medium. In this case,
recovering the final products from the aqueous solution often
requires an additional step, e.g., evaporating the water at a low
temperature, precipitation using a poor solvent, etc.*“® There-
fore, pairing {V,o} with a suitable counterion that can simulta-
neously impart strong ion-pair interaction and improved
thermal stability is an interesting approach to achieving their
full potential as battery electrode materials.

Here, we investigated the stabilization of the {V,} cluster
with the organic guanidinium (Gdm™) ion for its application as
anode material in sodium and lithium-ion batteries. The Gdm™*
ion is a well-known protein-denaturing agent (ability to
precipitate protein in water) and most weakly hydrated cations
with almost no distinct hydration shell’™® The Gdm* ion can
strongly interact with the functional groups in protein chains in
aqueous medium, leading to the protein’s precipitation.
Inspired by this exceptional hydration property, we anticipated
that Gdm™ could also effectively stabilize {V,,} anion through
direct ion-pair interaction. The study explored the effect of
Gdm™ cation on the cluster’s crystal structure, thermal stability,
solubility, and electrochemical performance. The advantage of
the Gdm™ ion was evident from the poor solubility of the Gdm
{V,o} compound in the aqueous and organic medium, resulting
in better electrochemical performance compared to another
{Vo} cluster bearing tetrabutyl ammonium (Tba™) ion. The Tha™*
ion was selected for comparison as both cations can directly
precipitate the {V,g} cluster in the aqueous reaction medium,
which makes the synthesis process simple. This work shows a
straightforward route of crystal engineering to stabilize the {V,}
cluster for electrode material development that can be also
extended to other POM:s.
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Results and Discussion
Physical characterization

The schematic of the wet-chemical synthesis of Gdm{V,;} and
its crystal structure are presented in Figure 1a. The Gdm{V,}
was synthesized from the aqueous solution of commercial V,05
precursor dissolved using 6 M NaOH. The solution color
changed from colorless to orange (at pH=4.5) with the
addition of 4 M HCl, indicating the formation of decavanadate
(IV100451°7, {V,o}) species. Adding an aqueous solution of
guanidinium (Gdm™) ion resulted in the precipitation of the
bright-orange product (Gdm{V,c}). Similarly, the decavanadate
cluster with tetrabutyl ammonium (Tba*) ion was also prepared
for comparison. In general, the aqueous-phase synthesis of {V,,}
compounds requires adding a less polar solvent (e.g., ethanol)
in the final step to obtain precipitation of the product. This step
is necessary because the high charge density of {V,,} makes it
soluble in a strongly polar solvent such as water and arrests the
precipitation in the aqueous reaction mixture. Adding a large
volume of ethanol reduces the solubility of {V,,} by adjusting
the polarity of the aqueous solution. Interestingly, adding
Gdm™ or Tba™ could immediately isolate the final products
from solutions, thereby eliminating the requirement for a
second solvent for product recovery. This observation suggests
that both cations can impart optimal ion-pair interaction with
the {V,¢} cluster to stabilize the cation-{V,,} assembly in the
respective aqueous reaction mixtures. Despite the stability of
the Gdm({V,,} and Tba{V,,} complexes in the aqueous medium,
they exhibited different behavior when introduced in the
organic polar solvents (e.g., acetonitrile, Figure 1c). The Gdm

@ = Me:[CHNL] (Gdm)
B/ [N(CHo)a]* (Tha')

Dispersion of
V,0,in water [V,,0,,]¢ cluster ({V, })

Formation of

10~ 28

b) ™~ )

Crystal structure of (CH,N,) [V, O,.1.6H,0 (Gdm{V_}) Solubility in acetonitrile

6 '3/6t " 10 28"

Figure 1. (@) Scheme representing the reaction steps involved in the
synthesis of the Gdm{V,,} and Tba{V,.}; (b) the mixed stick-and-ball/
polyhedral representation of Gdm{V,} crystal structure in the crystallo-
graphic bc-plane; Colour scheme: V (orange); O (red), C (clack), N (blue), H
(grey). (c) solubility of as-synthesized Gdm{V,,} and Tba{V,.} in acetonitrile.
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{V,o} compound is insoluble in various organic solvents with a
wide range of polarity (e.g., acetonitrile, dimethyl formamide,
N-methyl-2-pyrrolidone, dimethyl sulfoxide, diethyl carbonate,
etc.). In contrast, adding Tba{V,,} to these solvents resulted in
an immediate color change to yellow, indicating the dissolution
of the compound (Figure 1¢).

The insoluble nature of the Gdm{V,.} arises from the strong
association of the ion pair through electrostatic attraction and
the formation of multiple hydrogen bonds. The three amine
groups in Gdm™ can engage in an extended hydrogen bonding
interaction with the anion cluster, strengthening the Gdm({V,,}
ion-pair assembly. Although Tha® also extends similar inter-
actions, the compound’s solubility in high-polarity solvents,
e.g., acetonitrile, indicates the strength of ion-pair interactions
in the Tba{V,,} assembly is weaker. The weaker cation-anion
interaction in Tba{V,} is presumably due to the large size and
low charge density of Tba™, which hinder its ability to strongly
interact with the negatively charged {V,,} cluster through
electrostatic interaction. Besides, unlike Gdm™, the absence of
the acidic proton in Tha™ also lead to weak hydrogen bond
interaction in Tba{V,;} clusters. Consequently, the ion-pair
assembly in Tba{V,;} gets easily disrupted in highly polar
organic solvents, triggering the dissolution of the compound.

For the single-crystal X-ray diffraction (SC-XRD) character-
ization, the single crystals of Gdmi{V,,} were obtained by
dissolving the material in hot water (at 65 °C) followed by slow
diffusion of ethanol into the solution. The SC-XRD data gave the
chemical formula (CN;Hg)[V;0045]-6H,0 of the Gdm{V,,} crystal-
lizes in the P2,/n space group with cell axes a=9.20 A, b=
2191 A and c=11.154, and angles a=90, y=90 and p=
103.9°, V=2183.42 A> (for crystallographic details see SI,

Table S1). The crystal structure of Gdm{V,,} (Figure 1b) confirms
the existence of {V,o} clusters, where each {V,;} cluster is
connected to six guanidinium cations to balance the negative
charge of each decavanadate anion. As shown in Figure S1,
sixteen oxygen atoms from the {V,;} cluster form hydrogen
bonds with —NH, groups of Gdm™ counterion. The crystal
structure also contains six water molecules sharing hydrogen
bonding with the {V,;} cluster and Gdm™* cation. The crystal
structure and composition of Gdm{V,;} match the previous
report.”® The powder XRD (PXRD) profile of bulk Gdm{V,,} also
matches the simulated pattern obtained from scXRD data
(Figure 2a), confirming the phase purity of the as-synthesized
compound. Notably, the choice of charge-balancing cation
influences the lattice array, composition, and the number of
water molecules in the crystal structure of {V,,} compounds. For
instance, the number of water molecules in Gdm{V,,} is
significantly less than other {V,;} clusters with Li" or Na*
counterion (Lig[V,40,5] - 16H,0).”) The difference is caused by the
substantial hydration property of these alkali ions, whereas the
Gdm™ ion has a poor hydration feature. On the other hand,
using Tba' counterion is known to crystallize into
((C,H5)4N)3[H,V,00,0] devoid of crystalline water molecules.™
The absence of water molecules in the crystal structure of Tba
{V,o} could be attributed to the hydrophobic character of the
butyl chains in the Tha* cation.

The thermal stability of the compounds was analyzed with
thermogravimetric analysis (TGA) in an air atmosphere. In the
TGA profile of Gdm{V,,} (Figure 2b), the initial weight loss of
2.1 wt.% below 100°C corresponds to the removal of water
molecules from the compound (approximately two water
molecules), followed by a plateau up to 220°C. This plateau
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Figure 2. (a) Experimental and simulated powder XRD pattern of the Gdm{V,}; (b) TGA, (c) FTIR, and (d) Raman profiles of the Gdm{V,,} and Tba{V,.} clusters.
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feature is distinct from the sloped behavior observed for
Nag[V;4026]- 16H,0 and Lig[V,,0,5] 16H,0 in a similar temper-
ature range."® As mentioned in our previous works, the slopy
feature in the low-temperature range of the TGA data of these
compounds signifies the transformation of the molecular cluster
into vanadium oxide species upon thermal dehydration.”’ In
other words, the plateau in Gdm{V,,} indicates better thermal
stability of the cluster despite the partial removal of crystalline
water. Further, an increase in temperature beyond 220°C leads
to a sharp weight loss of ca. 31% caused by the loss of the six
guanidine moieties and the remaining four water molecules.
The TGA profile of Tba{V,,} (Figure 2b) also exhibits a plateau
followed by a sharp weight loss of ca. 46% above 190°C
temperature, indicating the loss of three Tba® molecules. This
trend aligns with previous literature, where Tba™ molecules in
other polyoxometalates decompose at similar temperatures."
Notably, no initial weight loss below 100°C is observed in the
case of Tha{V,,}, further indicating the absence of crystalline
water molecules in the compound. It can be noticed that the
mass loss starts at a slightly lower temperature in Tba{V,c}
(~190°C) than that in Gdm{V,;} (~220°C), which implies
stronger interaction between Gdm™ ion and {V,,} cluster than
ammonium cation."® However, the thermal stability of both
samples is much better than Li or Na-based {V,¢} clusters. Also,
no apparent decomposition of the samples with Gdm* and
Tba™ ions up to 200°C ensures that both compounds have
sufficient thermal stability to retain their molecular structure
during the electrode preparation steps (e.g., electrodes pre-
pared from NMP-based slurry require drying at 80-120°C under
vacuum). Considering the desired thermal stability of Gdm{V,}
and Tba{V, o}, these two materials were taken forward for further
analysis and electrochemical performance evaluation.

The structure and various metal-oxo bonds present in the
as-synthesized Gdm{V,,} cluster were analyzed by FTIR and
Raman spectroscopy. In the FTIR spectra (Figure 2c), the intense
peak at 933 cm™' corresponds to the characteristic terminal
V=0 bonds, whereas the bridging V—O—V bonds appear at 508,
580, 734, and 810 cm """ The peaks at 1560 and 1639 cm™
originate from the C=N bond of the guanidine moiety."® The
fingerprint region of the FTIR spectra (1000 to 450 cm™') for Tha
{V,o} more or less overlaps with that of the Gdm{V,,}, suggesting
that the change in counterion has not influenced the metal-oxo
bonds in the decavanadate cluster. In the Raman spectra
(Figure 2d), the peaks corresponding to V=0 and V—O-V bonds
in Gdm{V,¢} and Tha{V,4} also comply with the results obtained
from FTIR analysis.

Later, the FTIR and XRD analysis of the samples heated at
higher temperatures (>120°C) was also performed to inves-
tigate the thermal stability of the Gdm{V,,} cluster. Figure S2a
shows that the Gdm{V,}-150 doesn’t show a noticeable change
in FTIR spectra. However, after heating to 200°C, the character-
istic peaks for V=0 and V—O-V bonds show significantly
reduced intensity or disappear, which indicates a substantial
structural rearrangement in the cluster. This observation is in
line with the corresponding TGA profile displaying a sharp
weight loss at 220°C. The XRD profiles in Figure S2b also show
the change in the crystal structure of Gdm{V,,} as a function of

ChemSusChem 2023, 16, 202300631 (4 of 9)

temperature. In line with the FTIR results, after heating up to
200°C the diffraction peaks of Gdm{V,,} appeared significantly
different than the original sample, indicating the formation of a
new crystal phase. The change in sample color from orange to
brown (Figure S2¢) upon heating at 200°C also gives a visual
indication of the deformation of the crystal structure. Apart
from thermal stability, the structural stability of the Gdm{V,}
cluster at ambient conditions is further confirmed. The FTIR and
XRD data in Figure S2d and e display that the material doesn’t
show noticeable decomposition when stored in the air for
several months, suggesting its high stability toward moisture
and air.

As observed from the SEM image (Figure 3a), the Gdm{V,}
sample forms rod-shaped crystals. On the other hand, the Tha
{Vio} (Figure 3b) possesses large aggregates of small and
irregular-shaped particles. The apparent difference in the
morphology of Gdm{V,,} and Tha{V,} underlines the influence
of the charge-balancing cation on the crystal growth pattern.
The elements’ chemical composition and oxidation states were
probed with XPS measurements. The XPS survey spectra of
Gdm{V,,} and Tha{V,,} samples (Figures S3a and b, respectively)
display C, N, O, and V presence in both samples. In Figure 3¢,
the sharp peak at 530.0 eV in the O1s region is assigned to the
V=0 bond in the {V,¢} cluster in Gdm{V,c}. The XPS analysis of
V2p (Figure 3c) shows a sharp signal in the V2p,, region at
binding energies of ~517 eV (assigned to V), indicating that
the vanadium centers in the cluster are in the V' oxidation
state. The XPS data of the Tha{V,,} sample also shows the O1s
and V2p signals at 529.8 and 516.8 eV, respectively (Figure S3c).
The N1s spectra for Gdm{V,,} (Figure 3d) and Tba{V,,} (Fig-
ure S3d) display a single peak at the binding energy of 399.9
and 401.7 eV, respectively.
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_ V2p n
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g 32 g
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536 532 528 524 520 516
Binding energy (eV)

Figure 3. SEM images of (a) Gdm{V,,} and (b) Tba{V,.}; deconvoluted XPS (c)
V2p and (d) N1s of the Gdm({V,,} compound.
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Electrochemical characterization in sodium-lon battery half-
cell configuration

The electrochemical performance of the Gdm{V,,} and Tbha{V,.}
electrodes (see experimental section details of the electrode
preparation steps in SI) as anode material for sodium-ion
batteries (SIBs) was compared in the half-cell configuration. The
galvanostatic charge-discharge (GCD) of the Na||Gdm{V,c}
(Figure S4a) from the open circuit potential (OCP, 2.5V vs. Na*/
Na) at 0.02 Ag™' current rate shows a small plateau at 1.5V vs.
Na*/Na followed by a sloped feature in the low potential
region. The specific discharge capacity obtained from the first
discharge cycle is 328 mAhg™". However, the cell could retrieve
only 95 mAhg™' capacity in the reverse charge cycle, corre-
sponding to a low initial Coulombic efficiency (CE) of 28% in
the first cycle. Although the low CE value is not desirable while
considering the aptness of this material as a SIB anode, this
drawback can be overcome by adopting presodiation
strategies.” In the following cycles, the electrode exhibits a

sloped GCD profile, and the charge storage capacity gradually
increases with an improvement in CE. As a result, the reversible
discharge capacity of the electrode at 50", 100", and 150"
cycles are 133, 209, and 225 mAhg™' (Figure 4a). The difference
observed in the first discharge profile is due to the partial
decomposition of the electrolyte in the first cycle with the
subsequent formation of solid electrolyte interphase, as
observed in several other reports.?" A similar feature with a low
first-cycle CE value is also evidenced in Na||Tba{V,s} cell
(Figure S4b). The cell delivers a specific capacity of 396 mAhg™
when discharged from OCP of 2.7V to 0.005V vs. Na*/Na (1*
discharge) and 226 mAhg™" in the 2" discharge. The discharge
capacity of the Tba{V,,} electrode at 50", 100", and 150" cycles
are 83, 66, and 59 mAhg™"' (Figure S4c).

Figure 4b shows the rate capability performance of Gdm
{Vio} and Tba{V,} anodes. Gdm{V,,} delivers discharge capacity
of 135, 86, 67, 49, and 41 mAhg™"' at current densities of 0.02,
0.05, 0.1, 0.25, and 0.5Ag™" respectively. As the current is
further restored to 0.02 Ag™', the material can still recover
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Figure 4. Electrochemical performance of Na| | Gdm{V,,} and Na| | Tba{V,,} cells (a) selected cycles of galvanostatic cycling of Na| | Gdm({V,} cell recorded at
0.02 Ag™' current rate and potential range of 0.005 to 3.0 V vs. Na*/Na; (b) rate capability (c) cycling stability performance (at 0.02 Ag™") of the Na| | Gdm{V,}
and Na| | Tba{V,} cells; Nyquist profiles of (d) Na| | Gdm{V,.} and (e) Na| | Tba{V,,} recorded after various cycles.
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130 mAhg™' even after 70 cycles, indicating good rate perform-
ance of the Gdm{V,,} electrode. The rate performance of the
cell appears to be more or less consistent regardless of whether
the cell was cycled prior to the rate test (Figure S4d). The
specific capacity of the Tbha{V,,} (222 mAhg™' at 0.02Ag™) is
relatively higher than that of Gdm{V,.} (Figure 4b), although
both samples show an irreversible capacity loss in the first cycle.
Unlike Gdm{V,.} possessing micrometer-length crystals, the Tba
{V,o} has a much smaller particle size, which enhances the active
material utilization in the redox reactions, leading to a higher
charge storage capacity. The discharge capacity values for the
Tha{V,,} electrode at different current densities of 0.02, 0.05, 0.1,
0.25, and 0.5Ag™" are 222, 126, 83, 47, and 30 mAhg™,
respectively (Figure 4b). Nevertheless, the cell could recover
only 128 mAhg™' capacity when the current rate is reverted to
0.02Ag™', a value much lower than the initial capacity
(222 mAhg™") obtained at the same current rate.

The cyclic voltammetry (CV) profiles of both cells recorded
at various scan rates are presented in Figures S5a-d. In both
cases, the CV curve in the 1* cathodic scan appears different
than in the following cycles (Figure S5a and b). The higher
current traced in the 1* scan is in line with the GCD data of the
respective samples, as explained in Figure S5a and b. The CV
cycles of Na||Gdm{V,,} display a nearly overlapping feature
and increase in the current response with an increase in the
scan rates (Figure S5c), indicating good electrochemical reversi-
bility of the GAm{V,,} electrode. The higher peak current traced
in the low potential region (0.87 to 0.02V vs. Na*/Na) of CV
scans suggests the suitability of the compound as an anode
material for SIBs. Similarly, the CV profiles of Na| | Tha{V,.} cell
(Figure S5d) also trace reversible redox features at the low
potential region, although with relatively higher reduction peak
current (0.69 Ag™") than Na||Gdm{V,;} cell (0.56 Ag™"). The
higher current response in the Tba{V,,} electrode is also
consistent with the higher capacity obtained from the galvano-
static charge-discharge analysis of the cell.

Later, the long-term cycling stability of Gdm{V,,} and Tba
{V,o} anodes was tested at a current density of 0.02 Ag™". As
shown in Figure 4c, Gdm{V,,} cell shows a drop in the capacity
value from 325 mAhg™ in the 1% discharge to 120 mAhg™ in
the 2™ cycle. However, such capacity loss from the electro-
chemical irreversibility is significant only in the 1% cycle and
diminishes in the following cycles. Subsequently, the CE value
of the cell also improves in the following cycles. After a few
initial cycles, the reversible capacity gradually increases, and the
electrode could deliver 224 mAhg™' discharge capacity after
150 cycles. It is observed that the long-term cycling resulted in
a slightly higher charge capacity than discharge capacity
(Figure 4a) leading to a CE value above 100%. This feature
could result from the irreversible side reactions on the Na metal
counter electrode during cycling.”? The increase in discharge
capacity suggests that the electrode material undergoes a slow
yet continuous electrochemical activation during progressive
cycling. A similar electrochemical signature showing increased
capacity with cycling has been observed for other electrode
materials reported earlier.™ The Gdmi{V,,} electrode also
displayed good cycling stability at a higher current rate of
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0.1 Ag™', showing 83% capacity retention over 500 cycles
(Figure S6). On the other hand, the Tba{V,,} electrode (Fig-
ure 4¢) delivers an initial capacity of 393 and 190 mAhg™' (in
the 1% and 2™ discharge cycles, respectively) but suffers from a
steady performance decay during the cycling process. As a
result, the cell could show only 65 mAhg™' capacity after
100 cycles, indicating inferior durability of the Tba{V,,} electrode
compared to Gdm{V,}.

To validate the observed trend in the cycling stability of
Gdm{V,} and Tba{V,,}, the electrochemical impedance spectra
(EIS) of the cells recorded after the 1st, 5th, 10th, and 20th
discharge are compared. The Nyquist plots display a higher
charge transfer resistance (R,) of the Tha{V,,} (Figure 4e) cell
than that of Gdm{V,,} (Figure 4d). Besides, the R value of the
Gdm{V,} cell gradually decreases with cycling (the values
recorded after the 5, 10, and 20th cycles are 200, 175, and
125 Q, respectively), which is indicative of a more facile electro-
chemical process. The improvement in Gdm{V,} cell’s resistance
correlates well with its capacity enhancement during the
cycling stability test. However, further studies are necessary to
reveal the origin of capacity increase by investigating the
change in particle size, amorphization, etc, of the active
material due to cycling. The Nyquist plots for the Tba{V,,} cell
exhibit R, values of 1000 Q, 900 Q, and 1255 Q after 5, 10, and
20 GCD cycles, respectively. The overall higher impedance of
the Tba{V,,} cell substantiates its inferior cycling performance.

The considerable difference observed in the cycling and
impedance performance is ascribed to the different physical
properties of these systems despite possessing identical redox
centers in the {V,;} clusters. Whereas the Gdm{V,,} material
remains insoluble in the liquid organic electrolyte (NaPFg in
tetraglyme) used in the SIB half cells, the significant dissolution
of the Tba{V,,} compound is evident (Figure S7a) from the color
change of the electrolyte to yellow. As a result, a yellow tinge
on the glass fiber separator was also observed while assembling
the cell with Tba{V,,} material (Figure S7b). The dissolution of
the Tba{V,y} in the electrolyte causes active material loss from
the electrode, leading to capacity fading during cycling. Never-
theless, the dissolved materials can diffuse through the porous
separator and poison the counter electrode, which impedes the
overall electrochemical reactions and leads to the high
resistance of the cell, as reflected in the respective Nyquist
plots. Therefore, these results could underline how the interplay
of anionic {V,;} with the charge-balancing cation can signifi-
cantly affect the electrochemical performance of {V,y}-based
electrode materials.

Electrochemical characterization of Gdm({V,,} in lithium-ion
battery half-cell and full-cell configurations

Considering the better performance of Gdm{V,y} in SIB half-cell,
its electrochemical performance as LIB anode material was also
tested. For assembling the LIB half-cell, a carbonate electrolyte
was used considering its compatibility with the Li metal counter
electrode as shown in the literature. Although the Gdm{V,,} is
slightly soluble in carbonate electrolytes (possibly due to the
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high polarity of carbonate electrolytes), the extent of solubility
is found to be much less compared to Tba{V,,} (Figure S8a). In
the CV profiles of the LIB half-cell, the redox features and a
higher current response in the low voltage region (1.5 to 0.05 V
vs. Li*/Li, Figure 5a) suggests the compatibility of Gdm{V,,} as
an anode material for LIB. The discharge and charge capacity
obtained in the 1st cycles (at 0.05Ag™") are 856 and
202 mAhg™', corresponding to a CE of 23% (Figure S8b). The
reversible capacity of the cell becomes stable in the following
cycles, delivering specific capacity values of 317, 270, 211, 167,
and 130 mAhg™' at 0.05, 0.10, 0.25, 0.50, and 1.0 Ag™' current
densities (Figure 5b). The cycling stability data of the LIB cell (at
0.25Ag™") shows a gradual increase in capacity to 445 and
550 mAhg™" after 100 and 200 cycles, respectively, and the cell
delivers a maximum capacity of 660 mAhg™' after 450 cycles
(Figure 5c).

Finally, the performance of the Gdm{V,} anode was
investigated in a LIB full cell using LiFePO, cathode. Before
assembling the full cell, pre-cycling the Gdm{V,} electrode in a
half-cell configuration was necessary to offset the irreversible
capacity loss in the initial discharge. The Gdm{V,}| | LiFePO, cell

&
—

was cycled in the 1.0 to 3.5V voltage range. The cell exhibits a
sloped GCD profile (Figure 5d), delivering a reversible capacity
of 132 mAhg™ at a 0.016 Ag™",meqe Current density (consider-
ing the cathode loading). The cycling stability of the cell at the
same current density shows 68% retention of the initial
capacity over 50cycles (Figure 5e). Although the cycling
stability of the full-cell is inferior to the state-of-the-art systems,
the performance can be further improved by optimizing the
pre-lithiation conditions, tuning the particle size of Gdm{V,}
material, etc.

Conclusions

This work reports a hydrogen bond strategy to mitigate the
solubility of the [V;00,]° (Vi) cluster in liquid organic
electrolytes targeting its application as electrode material for
sodium and lithium-ion batteries. The {V,} cluster stabilized
with organic Gdm* counterion (Gdm{V,,}) was remarkably
insoluble in various organic polar solvents, unlike the soluble
nature of another {V,,} cluster bearing Tha™ cation (Tba{V,,}).
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Figure 5. (a) CV profiles recorded at various scan rates, (b) rate capability, and (c) cycling stability performance of the Li| | Gdm{V,}; (d) charge-discharge
profiles and (e) cycling stability data at 0.016 Ag ™", Of the GAm{V,g}| |LiFePO, full cell assembled with the pre-cycled anode.
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The poor solubility of Gdm{V,} is attributed to the hydrogen
bonding network among the amino groups in the Gdm™ ion
and {V,o} cluster, providing additional ion-pair strength apart
from the apparent electrostatic interaction. Benefiting from this
feature, applying Gdm{V,,} as the anode material in SIB half
cells resulted in good rate performance and cycling stability
over 150 cycles and 500 cycles at 0.02 and 0.1 Ag™', respec-
tively. In contrast, the Tba{V,,} electrode experienced rapid
capacity fading and retains only 60 mAhg™' capacity within
100 cycles. The electrochemical performance of Gdm{V,y} as the
anode material in SIB half cells indicates better rate perform-
ance and cycling stability than that of the Tba{V,,} compound.
Finally, the performance of Gdm{V,¢} as anode material in LIB
half-cell and full-cell configurations was also investigated. This
study demonstrating cation-assisted stabilization of {V,,} for
improving its performance as electrode materials will also be
beneficial in designing other polyoxometalates-based electrode
materials.

Experimental Section

Synthesis of Gdm{V,,} and Tba{V,.}

In a typical process, 4 g (22 mmol, 1 eq.) of V,0s was dispersed in
30 ml of Mili-Q water, followed by adding an aqueous solution of
6 M NaOH to adjust the pH to 12.5, resulting in the complete
dissolution of V,0;. The mixture was filtered to remove any
undissolved particles or impurities, and the transparent clear
solution was heated at 50°C for 1h. After cooling to room
temperature, the solution was acidified with 4 M aqueous HCI acid
until the pH value reached 4.5 (labelled solution A). In a separate
beaker, 2.6 g (27.6 mmol, 1.2 eq.) of guanidinium (Gdm™) chloride
salt was dissolved in 50 ml water and dropwise added to solution A
under constant magnetic stirring. The obtained bright-orange
colored precipitate was filtered and washed thoroughly with water,
ethanol, and diethyl ether. Finally, the sample was air-dried for 3 h
and vacuum dried at 40°C for 12 h.

To synthesize Tba{V,,}, 8.9 g of (27.6 mmol, 1.2 eq.) tetrabutylam-
monium (Tba™) bromide salt was dissolved in 50 ml of water and
added dropwise to solution A under magnetic stirring. During the
addition of Tha™ solution, the pH of solution A was maintained at
4.5 using 4 M HCl. The obtained product was washed and dried
under the same conditions as for Gdm({V,}.

The solubility of the synthesized materials was qualitatively tested
in the ether and carbonate solvent-based electrolytes used for
electrochemical characterization. 5 mg of each material was added
to 2 ml of electrolyte and the solubility of the material is confirmed
from the color change of the solution.

Structural characterization

Single crystal X-ray diffraction (SC-XRD) was performed on a Bruker
D8 Quest single-crystal diffractometer with a Photon Il detector
using Mo Ko radiation (\=0.71 A). The single crystals of Gdm{V,}
suitable for SC-XRD were obtained by dissolving the powder in hot
water (at 60-65°C) followed by diffusion of ethanol into the
reaction mixture, producing orange needle-shaped long crystals.
Powder XRD data of the samples were recorded with STOE Stadi P
diffractometer with Mo Ka. ATR-FT-IR spectra were recorded on a
PerkinElmer Spectrometer. Raman analysis was carried out with the

ChemSusChem 2023, 16, 202300631 (8 of 9)

RENISHAW instrument. Thermogravimetric analysis (TGA) was
performed using a NETZSCH TG 209F1 analyzer at a heating rate of
10 Kmin~" under an air atmosphere.

Electrochemical characterization

For electrode preparation, the active material (Gdm{V,,} or Tba{V,}),
carbon black, and poly (vinylidene difluoride) (PVDF) binder with a
weight ratio of 65:25:10 were homogeneously blended in N-
methyl-2-pyrrolidine (NMP) using a planetary mixture. The slurry
was coated on a copper foil by the doctor-blade technique. The
coated foil was subsequently dried overnight at 80°C under
vacuum for solvent evaporation and punched into electrode discs
of 12 mm diameter. The electrodes were further dried at 120°C for
12 h under vacuum and directly transferred into the argon-filled
glovebox (H,0 < 0.1 ppm, O,<0.1 ppm). The electrodes of 1-2 mg
mass loading were used as working electrodes in the half-cell
configuration for SIB (sodium metal counter electrode) and LIB
(lithium metal counter electrode). An electrolyte made of 1 M NaPF,
dissolved in tetraethylene glycol dimethyl ether (tetraglyme) was
used for SIB cells. The cycling voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectro-
scopy experiments were carried out using the Bio-Logic BCS 805
instrument. The specific capacity values were normalized with the
loading of active material on the working electrode in the half-cell
configuration. The Coulombic efficiency (%) in half-cell configura-
tion was calculated from the charge capacity to discharge capacity
ratio. For the LIB full cell, the cathode was prepared using
commercial LiFePO, as active material with carbon black additive
and PVDF binder (weight ratio 90:5:5). The current rate and
capacity values in the full-cell are normalized with respect to the
active material loading on the cathode. The Coulombic efficiency
(%) in full-cell configuration was calculated from the discharge
capacity to charge capacity ratio.

CCDC

Deposition Number(s) 2259868 (Gdm{V,,}) contain(s) the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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