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Polyoxometalate lonic Sponge Enabled Dendrite-Free

and Highly Stable Lithium Metal Anode

Yuan Zhong, Yaqing Su, Peng Huang,* Qiu Jiang, Yue Lin, Haiyang Wu,
Emiel . M. Hensen, Amr. M. Abdelkader, Kai Xi,* Chao Lai, and Shulei Chou*

Metallic lithium batteries are holding great promises for revolutionizing the
current energy storage technologies. However, the formation of dendrite-
like morphology of lithium deposition caused by uneven distribution of Li*
might cause severe safety concerns of batteries. In this study, a polyoxometa-
late (POM) cluster, HsPMo,3V,04 (PMo4,V,), is added to the conventional
electrolyte that can construct a lithium-rich layer and inhibit the growth of

Li dendrites effectively. The Li-rich layer can fill any lack of lithium ions on
the surface of the metal anode, making the electric field strength consistent
across the anode surface, thereby inhibiting the formation of lithium den-
drites. Consequently, a significantly prolonged cyclic lifespan is obtained for
both Li/Li symmetric cells and Li/LiCoO, (Li/LCO) full cells. The cells with
LCO positive maintains a high reversible specific capacity of 108.5 mAh g1
after 300 cycles when electrolyte with PMo,,V, additive is used, compared to
31.5 mAh g for the untreated electrolyte. The findings indicate that POMs

to penetrate the market in some niche
applications, such as Bolloré Bluecar bat-
tery  (solid-state  Li/polymer/LiFePOy,),
OXIS Energy battery (Li—S), and the
QinetiQ battery in the Zephyr unmanned
aerial vehicle (Li—S). Nevertheless, the
large-scale applications of batteries that
use Li anode remain challenging for sev-
eral reasons. The large volume change
during repeated Li plating/stripping cycle
is a source of mechanical and interfacial
instability.3-% Also, the unstable solid elec-
trolyte interphase (SEI) layers on the Li
surface lead to severe electrolyte decom-
position due to the continuous side reac-
tions with the anode. Moreover, lithium’s
uneven electrodeposition leads to the

endowed as “ionic sponge” can be widely deployed in lithium metal batteries.

1. Introduction

Metallic lithium is considered as one of the most appealing
anode materials for the upcoming high-energy and high-power
batteries credited to its higher theoretical specific capacity
and lowest redox potential. It has widely been applied to con-
structing high energy density batteries such as Li—0O, and Li—S
batteries.l'?l Some of the lithium metal batteries (LMBs) start

formation of dendrites, which reduces
the Coulombic/energy efficiency and
induces safety issues owing to the short-
circuiting.”?) Several models were devel-
oped to explain the source of uncontrolled dendrites growth.
The most common model correlates the dendrites formation
to the Li anode’s surface defects that causes plenty of charge
accumulation. The localized electric fields work as the nuclea-
tion sits and attract Li-ions from the electrolyte, making them
crowding on the sharp tips. As a result, Li grows faster on the
nuclei’s protruding tips than on the other areas of the anode
forming needles-like dendrites.[10-13!
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Besides the effort to understand the challenges’ sources,
researchers have also tried to introduce some solutions to bring
LMBs closer to commercialization. Some of the newly devel-
oped solutions include: adding electrolyte additives to tailor
its decomposition,™!° employing solid-state electrolytes,1"]
designing an artificial interface layer,'®! engineering 3D Li-
hosting scaffolds with high conductivity,?>?! using pulsed
currents in the stripping/plating cycles,?>?3 and some other
strategy.?*%l Amongst them, the incorporation of electrolyte
additives has shown promising results on improving the anode
performance since it can influence the characteristics of SEI
directly and change Li* electrodeposition behavior. The elec-
trolyte additives can be broadly classified into two types; addi-
tives that decompose on the surface, and the additives that
can be adsorbed on the surface. Both types form protective
coatings on the surface and endorse the stability of the SEI.
Examples of the decomposing additives include vinylene car-
bonate and fluoroethylene carbonate. Caesium ions, cationic
surfactants, and ionic liquids are amongst the adsorbed addi-
tives investigated in the literature.?¢-3U Although various addi-
tives have been reported, looking for new electrolyte additives
to improving the uniformity of Li-ion distribution and con-
structing stable SEI film on the surface of the anode still needs
further investigation.

Polyoxometalates (POMs), as a significant class of transi-
tion metal-oxo cluster, could be promising candidates due to
their stable structures, uniform size, reversible multielectron
redox properties, and ability to mediate redox reaction in a
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couple of systems. Concerning lithium batteries, POMs have
been utilized as the positive electrode material in lithium-ion
batteries. The multielectron redox capability provides good
capacities, especially the Keggin-based POM structures. The
POM with a Keggin structure can absorb great amount of Li*
and exhibit the characteristics of an “ionic sponge” (Figure S1,
Supporting Information).?2-34 We also predict that applying
it into the lithium metal batteries can build a stable SEI film
and regulate uniform lithium deposition during plating and
stripping.

In this work, we report a polyoxometalate material
HsPMoyzV,04 (denoted as PMoyzV;) as an effective electro-
lyte additive to ease the continuous growth of lithium den-
drites. The {PMo(V,04} (x = 5-20) complex worked as
“ionic sponge” that can absorb a large number of Li*, making
them lithium-rich. As shown in Figure 1a, the PMo,,V, addi-
tives coordinate with Li* to form Li-rich interfacial layer in
which the ionic sponge structure can fill the lack of Li* on
the surface of metal anode. This regulates the electric field
strengths across the anode surface and thereby inhibiting
the formation of lithium dendrites. Also, the PMo,,V, addi-
tives render the construction of a rigid and stable SEI layer
that reduces the successive decomposition of the electrolyte.
Finally, the electrolyte additive of PMo,,V, enhances the capa-
bility of cycling in Li/Li symmetric cells and Li/LiCoO, (Li/
LCO) full cells, delivering a higher reversible specific capacity
of 108.5 mAh g after 300 cycles compared to that of the blank
electrolyte (31.5 mAh g7}).
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Figure 1. a) Diagram of lithium deposition with PMoy,V, additive or untreated electrolyte. XPS spectra of Li anode using PMoy,V, additive or
untreated electrolyte. The spectra of b) Mo 3d and c) O 1s of the lithium anode with PMoy,V, additive or untreated electrolyte after soaking in
electrolyte for 24 h. Top-view SEM images of lithium soaking in electrolyte for 24 h d,e) with untreated electrolyte and f,g) with PMo;,V, additive.
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2. Results and Discussion

The composition of this layer can be determined using X-ray
photoelectron spectroscopy (XPS) for the surface of the Li foil
after immersed in the electrolyte for 24 h. Although detecting
lithium with XPS is a challenge, there are many pieces of evi-
dence that this layer is a result of the reaction between lithium
and PMo,,V,. The high-resolution Mo 3d spectrum shows
a signal of Mo*" at 229.9 eV, indicating the Mo®" in PMoy,V,
is reduced to Mo*" (Figure 1b). Also, a signal of P—O—F can
be observed in the Ols spectrum at =534.1 eV after adding
PMoy,V, to the electrolyte (Figure 1c).3>3¢1 Meanwhile, the
surface morphology of the Li foil immersed in the electro-
lyte for 24 h is obtained using a scanning electron micro-
scope (SEM). Compared with the anode where the untreated
electrolyte is used (Figure 1d,e), the lithium foil’s surface is
flatter and smoother when PMo,,V, was added (Figure 1f,g).
The adsorbed layer is also evidenced by the energy disper-
sive spectroscopy (EDS) element analysis for the lithium foil
soaked in the electrolyte containing the PMo,,V, additive for
24 h (Figure S2, Supporting Information). To further verify
the adsorption of PMoyyV, on the lithium surface, differential
capacitance—potential curves were recorded with and without
additive (Figure S3, Supporting Information). The capaci-
tance is significantly lower when PMoyV, was added to the
electrolyte. Also, the unmodified electrolyte’s capacitance has
bell-like shaped nearly without potential independent regions,
reflecting changes in specific adsorption at that surface. The
curve is flattened after adding PMo,,V, to the electrolyte, with
adsorption peak at = —0.52 V, indicating the additive is firmly
adsorbed on the Li surface. Furthermore, the contact angle
measurement on the Li surface shows a significant decrease
from 28.5° for the blank electrolyte to 18.7° for the treated
electrolyte (Figure S4, Supporting Information). Furthermore,
Zeta potential measurements recorded higher value at the
electrode/electrolyte interface when PMo,,V, was added to the
electrolyte (Figure S5, Supporting Information). This is con-
tributed to the formation of a more stable surface layer com-
prising of PMo,,V,. These results prove that PMo,,V, adsorbed
well on the Li surface, which enhances the wettability of the
electrode.’”38 Therefore, the electrolyte additive is expected to
play roles in protecting the electrode and facilitating the inter-
action at the interface.

So as to explore the role of PMoy,V, electrolyte additive
on the surface of lithium metal anodes, the evolution of Li
deposits was monitored via an in situ optical microscopy. As
evidenced in Figure S6 in the Supporting Information, without
PMo,,V, additive, some protuberances start to come out of the
surface after electroplating for 1 min at a high current density
of 40 mA cm™. In less than 5 min, obvious dendrites can be
monitored and the Li anode becomes mossy. For the blank elec-
trolyte, the irreversible Li deposits derived from the uneven Li*
flux suggest successive consumption of both metallic anode
and liquid electrolyte, resulting in low Coulombic efficiencies
and specific capacity degradation of the batteries. On the con-
trary, PMoy,V, additive facilitates the formation of a smooth
and flat Li anode surface without any obvious protuberance.
In addition, to explore the effect of PMo,,V, additive on Li*
deposition, Li/Cu batteries were assembled and cycled for three
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times. Finally, the surface of copper foil was detected by SEM
(Figure S7a-d, Supporting Information). Compared with the
untreated electrolyte, the Cu electrode in the electrolyte con-
taining PMoyyV, additive shows a smoother morphology. It can
also be seen from SEM-mapping that the additives are evenly
distributed on the surface of the Cu electrode (Figure S7e-h,
Supporting Information), indicating that the additives are
involved in the regulation of Li* deposition behavior. From the
above evidence, it can be seen that the PMo,,V, additive reacts
with the surface of the lithium foil to produce a stable, func-
tional molecular layer, and it can effectively improve the surface
morphology of the Li/Cu foil and inhibit the growth of Li den-
drites during the stripping/plating cycles.

To further demonstrate the Li anode’s stability after modi-
fying the electrolyte, the electrochemical performances of sym-
metric cells were tested and presented in Figure 2, including
long-term cycling capability, rate performance, and electro-
chemical impedance spectroscopy (EIS). Symmetric Li|Li cells
with PMo,,V, additive maintain a stable operation for 360 h at
the current density of 1.0 mA cm™ with a reversible electro-
plating capacity of 0.5 mAh cm™2. When the applied current
density increases to 2.0 mA cm™ (fixed capacity of 1 mAh cm™),
the cells can cycle for 140 h without a short-circuit phenomenon
(Figure 2a,b). The voltage profiles of stripping/plating curves
were also examined to reveal the advantage of PMo,,V, addi-
tive. For the unmodified electrolyte, significant voltage fluc-
tuations can be observed which is followed by sharp deterio-
ration. The voltage polarization enlarges when increasing the
number of cycles, indicating the electrodes’ instability due to
dendrite formation. At a current density of 1.0 mA cm™2, the
cell with PMo,,V, additive delivers voltage polarization value of
about 75 mV, which adds up to 100 mV at 2.0 mA cm™. The
measured overpotential was significantly higher without addi-
tive, resulting in a short circuit after a few cycles. The cells’ rate
capability with different electrolytes was determined under cur-
rent densities of 1.0, 2.0, and 4.0 mA cm™ under areal capaci-
ties of 0.5, 1.0, and 2.0 mAh cm™2, respectively. The voltage
hysteresis of Li anode with PMo,,V, additive is well main-
tained with values of =110.0 mV at 1.0 mA cm™2 and =210.0 mV
at 4.0 mA cm™?, respectively (Figure 2c). On the contrary, the
blank electrolyte’s voltage hysteresis significantly increases
with increasing the current density to 4.0 mA cm™ and could
not recover the same voltage value after cycling again at lower
current density. To further illustrate Li metal batteries’ stability
using PMoy,V, additive, we used asymmetrical Li-Cu cells and
recorded the voltage-capacity profiles after different cycles with
blank and modified electrolytes (Figure S8, Supporting Infor-
mation). In general, the capacity is higher for the cells with
modified electrolyte than with blank electrolyte, indicating the
ionic sponge PMo,,V; helps to attract more Li ions to the anode
surface.l’3l The columbic efficiency, as a good indicator of cell
stability, is higher when the electrolyte has PMo,,V, electro-
lyte additive. Without it, the columbic efficiency significantly
reduced with cycling and the capacity after 50 cycles is less than
20% of the value at the end of the second cycle. In addition, we
assembled a Li|Li symmetric battery with fixed capacity of 2 and
3 mAh cm™ for long-term cycling and found that electrolytes
with additives have better cycle stability and longer cycle life
(Figure S9, Supporting Information).

© 2022 Wiley-VCH GmbH
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Figure 2. Voltage profiles of Li|Li cells fabricated with PMoyoV, additive or untreated electrolyte, at current densities of a) 1.0 mA cm~2 for 0.5 h and
b) 2.0 mA cm™2 for 0.5 h, respectively. c) Rate capability of Li|Li cells determined at current densities of 1.0, 2.0, and 4.0 mA cm™2 for 0.5 h, respectively.
d) EIS results of Li|Li cells before cycling and cycling three times at 2.0 mA cm™ for 0.5 h.

Furthermore, we investigated Li|Li symmetrical cells perfor-
mance with different concentration of PMo,,V; in the electro-
lyte. The ionic conductivity of the liquid electrolyte increases
with the higher concentration of PMo,,V, additive (Figure S10,
Supporting Information). The cycling performances of different
electrolyte compositions are presented in Figure S11 in the Sup-
porting Information. The surface layer formed on the Li anode
after adding PMoy,V, to the electrolyte is not always protective.
Compared to the electrolyte with 5 X 107> m PMo,,V, additive,
inferior cycling performance can be observed for electrolyte
with other concentration. For low concentrations of 1.0 x 1073
and 2 x 1073 u, it is obvious that the formed layer does not fully
cover the Li surface and cannot satisfy a uniform distribution
of the charge; hence dendrites can still form. Nevertheless, con-
trary to our expectations, electrolyte with a higher concentration
of additives (8.0 X 1073 m) is not effective to promote stability
to the anode. This is probably because of the formation of a
thicker layer on Li anode that a) hinders Li* diffusion toward
the electrode and b) increases the overall resistance of the
electrode.l3%

The charge transfer resistance at a high and medium con-
centration of PMoyzV, can find further evidence from the
EIS measurements. The Nyquist plots obtained from Li|Li
symmetric cells with different liquid electrolytes are given
(Figure 2d). After fitting, the charge-transfer impedance (R, in
the high-frequency range of the untreated electrolyte (442.9 Q)
is lower than that of the electrolyte with PMo,,V, additive
(812 Q) before cycling. The increased R, after cycling can be
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ascribed to the adsorption of PMo,;V, molecules on the inter-
face. The adsorbed PMoy,V, layer acts as an intermediate to
tailor the transportation of Lit.*! Interestingly, after the 3rd
plating/stripping cycle, the resistance of SEI (Rgg;) and R, with
PMo,(V, additive is much smaller than that of the unmodified
electrolyte (Table S1, Supporting Information), which is mainly
attributed to the construction of the stable solid-liquid inter-
face due to the ionic accumulation effect of PMo,V,. Dendrites
formation and the accumulation of resistive substances from
the electrolyte decomposition in the cell without PMo,,V, addi-
tive are responsible for increasing the cell impedance. Also, it
seems that the PMoy,V, layer adsorbed on the electrode can be
beneficial to the construction of a stable SEI film.

A similar phenomenon can be seen by observing SEM
images of the cycled Li surface at 4.0 mA cm™ under plating
deposition of 2 mAh cm™ (Figure 3). Metallic Li surface after
cycling without PMoy,V, additive shows very porous mor-
phology on the entire electrode with lots of dendrites and
cracks (Figure 3a,b). After adding PMo,,V,, a dense and smooth
surface of Li foil with almost no cracks or imperfection can be
maintained after 30 cycles (Figure 3d,e). Moreover, as shown
in the cross-sectional SEM image (Figure 3c), more than half
of the foil transformed into a grain-like structure with obvious
cracks after cycling in the unmodified electrolyte. For the elec-
trolyte with PMo,,V, additive, the lithium foil retained its struc-
tures, without any obvious cracks or voids throughout the cross-
section (Figure 3f). These results prove that PMo,,V, additive
can form a protective layer on Li metal anode that effectively

© 2022 Wiley-VCH GmbH
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Figure 3. SEM images of Li anodes from a,b,d,e) top-view and c,f) cross-sectional disassembled from the Li||Li symmetric cells using with or without
PMoy,V, additive after plating/stripping for 30 cycles at 4.0 mA cm™2 (current density) and 2 mAh cm™ (fixed capacity).

suppress dendrite growth and lead to the formation of a stable
SEI layer, hence improving the cycle life of lithium batteries.
To verify the PMo,V,-containing SEI film formation stability,
XPS analysis was conducted for the lithium anode surface with
and without additive after three cycles (Figure 4). Similar to the
XPS results of the Li foil before charging/discharging, the wide
scan confirmed the presence of Mo, P, O, and F when cycling in
the presence of PMoy,V,. The high-resolution Mo 3d spectrum
(Figure 4b) shows a signal of Mo*" at 226.1 eV together with
Mo®* peak and satellite at 232.2 and 236.8 eV, respectively.l*’!
This suggests the SEI layer’s composition is somewhat complex
and has more than one oxidation state of molybdenum. The
O 1s spectrum shows several peaks related to the O—Mo and

V—O0 bonds, as well as that corresponding to the Mo—O bonds
after cycling in the electrolyte with additive, further confirming
the role of PMoy,V, in forming stable SEI layer (Figure 4c,d).[!
Also, comparing the Fourier transform infrared (FTIR) spectra
of the surface layer before and after cycling proves the struc-
ture of PMoy,V, is stable on the Li foil (Figure S12, Supporting
Information). The electrolyte, however, changed the color from
yellow to blue after cycling, indicating a reaction between
PMoyyV, and Li ions to form a heteropoly blue compound, with
the general formula Li,{PMo;;V,04} (x = 5-20)) (Figure S13,
Supporting Information).?!

To evaluate the performance of the electrolyte with PMoy,V,
additive in practical applications, we tested it in full cells
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with PMoyoV, additive. ¢) Cycling capability of Li|LiCoO, full cells with PMo,oV, additive or untreated electrolyte at high current rate of 3 C.

using a LiCoO, cathode. The PMoy,V, additive to the electro-
lyte helped the cell achieving high rate capability. The cell with
PMo,,V, additive can reach reversible capacities of 175, 162.9,
and 143.3 mAh g! at current rates of 0.3, 0.5, and 1 C, respec-
tively (Figure 5a). The cell could maintain a high reversible spe-
cific capacity of 112.6 mAh g at a high rate (3 C). When cycled
back at 0.3 C, the cell can recover a capacity of 173 mAh gL. In
contrast, the cell with blank electrolyte has comparable capacity
at a low rate (142.5, 99.3, 54.1, and 276 mAh g'at 0.5, 1, 2, and
3 C). Still, the capacity significantly dropped to 276 mAh g!
at 3 C (Figure 5b and Figure S14, Supporting Information).
Even under high-load LCO cathode conditions, it still has great
rate performance and cycling stability (Figure S15, Supporting
Information).

Although the cell’s initial charge-discharge capacity with
untreated electrolyte is slightly higher than that of the cell con-
taining PMo,,V, additive, the cycling stability is significantly
enhanced after modifying the electrolyte. The long-term cycling
performance at a high rate of 3 C is presented in Figure 5c. The
full cell with PMo,,V, additive can deliver a charge capacity of
108.5 mAh g! after 300 cycles at a high rate. This is the highest
cycling stability reported for a full cell with Li metal anode
at such high rate to the best of our knowledge. On the other
hand, the cell with blank electrolyte suffers capacity fade after
only 20 cycles. Compared with different improvement strate-
gies, the batteries using PMoy,V, electrolyte additive have better
performance when matching high voltage LiCoO, cathode
material (Table S2, Supporting Information). Thus, the charac-
teristic of “ionic sponge" can promote high rate capability and
long cycling and display promising potential in specific energy
storage applications.

To elaborate the role of PMo,,V, on Li" transport, density
functional theory (DFT) calculations were conducted. The
charge distributions of Li* adsorbed on the surface of PMo,,V,,

Small Methods 2022, 2101613 210161

Li <001>, Li <110>, and Li <111> crystal planes were investigated
respectively, exhibiting that the combination between PMoy,V,
and Li* is of ionic properties (Figure 6a). In contrast, the inter-
action between Li* ions and lithium crystal planes is desig-
nated as metallic nature. We then simulated and compared the
binding energies for the different surfaces. The results of Li*
on PMoy,V,, Li <001>, Li <110>, and Li <111> are calculated to
be —5.68, —1.66, —1.39, and —1.84 eV, respectively (Figure 6b).
The stronger interaction of Li* to PMo,;V, molecule than to
any of the investigated Li crystal planes indicate that the Li* are
adsorbed preferentially on PMoy,V,. Depending on their diffu-
sion properties, the adsorbed Li* ions accumulate and tend to
spread out uniformly with no directional or localized growth.
Therefore, we further investigated the Li* diffusion behavior
and Li" migratory barriers on various surfaces. These results
suggest that the adsorbed Li* preferably aggregate on the crystal
plane of Li <111> because of the highest diffusion barrier com-
pared with that of Li <001> and Li <110> crystal planes, causing
higher concentration at its tips.**! In contrast, the PMoy,V, has
a unique 3D structure with a low migratory barrier (0.12 eV),
revealing facile diffusion and uniform distribution of the
adsorbed Li* on the PMoyyV, surface (Figure 6¢). Overall, the
transfer mechanism of Li* in PMo,V,-doped electrolyte and
the following deposition can be depicted in three steps. First,
Li* forms a complex with PMo,,V,, which subsequently leads to
a homogeneous distribution of Li* on the surface of Li anode.
The formation of the Li*-PMoy,V, complex is supported by the
stronger binding between Li* and PMo,,V, (-5.68 V), which
is stronger than the binding between Li* and metallic Li, ethyl
carbonate (EC), dimethyl carbonate (DMC), or ethyl methyl car-
bonate (EMC). Second, the adsorbed Li ions detach from the
surface PMoy,V,-containing layer, resulting in slightly elevated
overpotential (=338.2 mV) as shown in Figure 6d. The detached
Li* then migrate from PMo,,V, to the current collector’s surface

3 (60f9) © 2022 Wiley-VCH GmbH
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Figure 6. a) The distribution of charge of Li* on the planes of PMoyyV,, Li <001>, Li <110>, and Li <111>, respectively. b) The binding energy and dif-
fusion barrier of Li* on the surfaces. c) The behavior of Li* migrated on the PMoyV, surface. d) The voltage hysteresis of symmetric Li|Cu cells using

PMoy,V,-based or untreated electrolyte.

to produce Li deposits. Finally, because of the strong adhesion
between the PMoy,V, layer and the Li anode, the Li deposits
can contact and wet the PMo,,V, particles, and then grow along
the surface, enabling dendrite-free anodes.

3. Conclusion

In summary, the additive PMo,,V, anion cluster acts as “elec-
tron sponge” to attract Li* from the electrolyte through electro-
static force, forming a Li*-rich bundles, which then form an
interfacial layer on the Li metal before electrolysis. This layer
grew to a thicker and more protective SEI layer on the anode
during the initial several cycles. Several spectroscopic and elec-
trochemical techniques proved the stability of the formed layer.
The PMoyV,-containing layer also helped to replenish the
lithium ions’ vacancies on the lithium foil, which homogenized
the charge distribution on the surface and subsequently pre-
vented the localized deposition of Li into dendrites. Meanwhile,
the DFT calculations shade more clear on such mechanism
discussion above. First, Li* forms a complex with PMo,V,
clusters due to the high binding energies, and then the Li ions
get detached from the PMoyV,-containing layer and diffuse
toward the anode. Due to the low migration barriers for Li on
the PMoyyV,-containing layer, the distribution of the deposited
lithium is homogeneous across the anode surface. As a result,
the Li anodes in the carbonate electrolyte with PMo,,V, ionic
sponge additive exhibited an excellent cycle stability for 360 h
at a current density of 1 mA cm™2, and outstanding rate per-
formance up to 2 mA cm2 When added PMoy,V, to the elec-
trolyte in a full Li-LiCoO, cell, excellent cyclic stability and rate
capability were obtained. The cell was able to deliver a high
reversible capacity of 108.5 mAh g at 3 C up to 300 cycles.
Our work presented an efficient mechanism for suppressing
dendritic growth on lithium metal anodes, provides an effective
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approach in the form of lithium-rich interface layer, and ena-
bles the realization of safe and durable LMBs.

4. Experimental Section

Synthesis of Compound of HsPMo;V,04y: NaVO; (0.2 mol) and
Na,HPO, (0.05 mol) were dissolved in deionized water (100 mlL),
respectively. The above solutions were mixed and then concentrated
H,SO, (5 mL) was added after the solution was cooled. Na;M0O4+2H,0
(0.5 mol) dissolving in deionized water (200 mL) was added to above
mixture. Concentrated sulfuric acid (85 mL) added to above mixture drop
by drop and the temperature of hot mixture solution dropped to room
temperature while the solution was vigorously stirred. HsPMo3V,04
was extracted with ethyl ether (500 mL). Air was blown into the bottom
layer in order to remove ether. The solid was dissolved in small amount
of deionized water, then concentrated to form initial crystal, and then
crystallized further. The obtained crystals were red after the treatment
of filtering, washing with deionized water, and drying in air under room
temperature.

Chemicals: HsPMoygV,04 (PMoygV,) with a Keggin-type structure
(see the inset of Figure l1a) was obtained as described in the
previous article and characterized by FTIR spectra and X-ray spectra
(Figures S12 and S16, Supporting Information). In the FTIR spectrum,
the peaks at 1055-1100, 1000-900 (sharp), and 900-700 cm™ are
attributed to P—O, Mo=0, and metal-oxygen—metal bonds, respectively.
The V=0 absorption may be masked by that of Mo—O. Several other
techniques characterized the compound and the obtained consequences
are in good consistent with the literature.[*’l LiCoO, was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Li foil (>99.99%)
with a diameter of 14 mm and thickness of 600 um was purchased from
China Energy Lithium Co., Ltd.

Electrochemical Measurements: All the cells were assembled in an
argon-filled glovebox. To explore the electrochemical performance of the
PMoyoV, electrolyte additive, symmetrical Li|Li cells were first assembled
in coin cells (CR2032 type) using Celgard 2300 separators and Li foil
electrodes at room temperature. The untreated electrolyte was LiPFg
(1.0 m) dissolved in a mixture (EC/DMC/EMC = 1/1/1). The as-prepared
PMoyoV, was added to the electrolyte with the target concentration (1x1073,
2x1073,3x 1073 5% 1073, and 8 X 1073 m). Symmetric cells with 30 pL of
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electrolyte were galvanostatic cycled under current densities of 1.0 and
2.0 mA cm2. The Li/LCO full cells were assembled with LCO cathodes,
Li foil anodes, and Celgard 2300 separators in a CR2032 type coin
cell. For the preparation of LCO cathodes, the mixture slurry of LCO,
Super P conductive carbon, and polyvinylidene fluoride in a mass ratio
of 7:2:1 was coated on Al foil with the dispersed solvent of 1-methyl-2-
pyrrolidinone, then dried at 60 °C for 12 h in a vacuum oven, and finally
punched into a piece of electrode with 10 mm diameter. The mass
loading of the LCO cathode is =1.0 mg cm~2. The galvanostatic tests of
full cells were conducted within a voltage range from 3.2 to 4.5 V at rates
0f0.3,0.5,1, 2, and 3 C (1 C =274 mAh g™). The performance of charge/
discharge tests were performed on a battery testing system (LAND,
CT2001A). Electrochemical impedance spectra (EIS) were collected
under frequency range from 10 mHz to 100 kHz with an amplitude of
5 mV (Chenhua, CHI760E). Differential capacitance curves were carried
out by impedance methods within a voltage range from —0.6 to 0.6 V
(Solartron 1287). The testing frequency was 1 kHz with amplitude signal
of 5 mV. The sweep rate of differential capacitance is 10 mV s7'. The
following equation was used to calculate the capacitance

C= (271:]‘Zl'm)_1 )

where C is the capacitance, f is the frequency of alternating current
perturbation, and Zim is the imaginary component of the impedance.

Computational Methods: All results were figured out as implemented
in the Vienna ab initio simulation package in the framework of the
spin-polarized DFT. The ion-electron reciprocities are delivered by
the projector-augmented wave method and the electron exchange-
correlation by the generalized gradient approximation. The Perdew—
Burke—Ernzerhof exchange-correlation functional was adopted and
the Kohn—-Sham valence states were expanded in a plane-wave basis
set with cutoff energy of 400 eV. The Li (2s, 2p), O (2s, 2p), V (3d, 4s),
Mo (4d, 5s), and P (3s, 3p) electrons were treated as valence states.
The optimized lattice constant of Li bulk is 3.49 A. For Brillouin zone
integration, the 7 x 7 x 1 Monkhorst-Pack mesh was used with a
vacuum gap of 15 A. The climbing image nudged-elastic band algorithm
was used to mimic the diffusion behavior of Li ions. The total energy
difference was less than 10 eV and the relaxation convergence criterion
was set at 0.02 eV A1.146-50]

Materials Characterization: The morphological changes and energy
dispersive spectrum (EDS) of the Li anodes in symmetric cells before
and after cycling were tested by SEM (Hitachi SU8010). The in situ
observations of morphology evolution were detected by an optical
microscopy (Nikon SMZ1270). Contact angles of different electrolytes
on lithium metal and separator were detected by a Dataphysics OCA20
instrument. The Zeta potentials of electrolyte were measured by an
automatic measuring instrument ((Malvern) Zetasizer Nano S90).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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