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Abstract:

Transition metal oxides (TMOs) possess high theoretical capacity and serve as
promising anode candidates for lithium-ion batteries (LIBs). However, the intrinsic
low conductivity handicapped the application of TMOs. Molecular modification by
coupling TMOs structure with Li-ion conductive polymer ligands could facilitate the
kinetics of electrochemical lithiation/delithiation process. Herein, the proof—of-concept
investigation on the Li-ion storage capability by vanadyl ethylene glycolate (VEG) is
achieved with the improvement of Li-ion diffusion kinetics by modifiying the
vanadium oxide with organo ligands. VEG demonstrates unprecedented advantage for
fast rate capability, stable cycleability and high capacity at both room temperarture (25
°C) and elevated temperature (60 °C).

1. Introduction
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Lithium—ion batteries (LIBs) have dominated the current market of energy storage
to satisfy the ever—increasing demand of power from wide applicable requirementst.
The most commercially available anode materials such as graphite? and lithium
titanatel®, provide stable and safe Li-ion storage. However, the limitation of their
inherent capacity triggers intensive reaserach interests on alternatives with relatively
large gravimetric capacity and different Li-ion storage mechanism. Transition metal
oxides (TMOs) are one of the promising cadidates due to their high theoretical
capacity™ and high electrochemical stability. By conversion—type electrode reactions
of lithiation/delithiation, TMOs enable full utilization of transition metals upon their
oxidative states, and therefore deliver much higher gravimetric or volumetric
capacity®. In this regard, multiple Li ions can be consequently stored when one
transition metal was reduced to its metal counterparts, as illustrated in Equation 1.

MO, +2x Li+2xe" ——> M +xLi,O (M=Fe, Cu, Co, Ni, V and etc.) Equation 1

Vanadium oxides (VOx) have attracted considerable research attentions serving as both
cathode and anode materials in LIBs, owing to their high specific capacity, natural
abundance and relatively low cost!®. The large valence gap from V°* to V° for V.0s
delivers a specific capacity of 1473 mAh g?, which is one of the highest among
TMOsl. However, limited studies were reported on vanadium oxide anodes In LIBs
regarding to its low electronic conductivity, slow Li-ion diffusion, and sluggish
conversion reaction. Furthermore, due to the large valence change from V°*/V** to V°,
conversion-type anode materials always suffered from significant volume expansion,
leading to poor electrochemical reversibility, cycleability, rate capability, and
insufficient lifespan(®. Therefore, methods such as size regulation®, specific nano-
architecture designl*®, and surface modification™ on VOx become critical for

enhancing its electrochemical performance.
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Previous studies focused on the use of additional conductive carbon framework,
such as graphene substrate, carbon nanotubes and carbon coating. The carbon
framework benefits for improving electron/ion conductivity of VOy, reducing Li-ion
diffusion path length, increasing number of active sites available for electrode reaction,
and accommodating the large volume expansion during lithiation/delithiation.
Nevertheless, although TMOs particles can be synthesized at nano-meter scale, the
majority of reactive sites remain embedded inside the particles, limiting the
electrochemical reaction between Li-ions and the anode materials. Therefore,
promoting the bulk—phase Li-ion diffusion becomes an essential access to improve the
electrochemical properties of vanadium oxides.

Herein, in order to enhance bulk-phase Li-ion diffusion, we designed an organo—
vanadyl hybrid anode material vanadyl ethylene glycolate (VEG) for LIBs by
introducing organic ligands into VOx crystal structure. The synthesis method was
inspired by the synthesis of Li—permeable functionality of polyethylene glycol (PEG)
in solid—state LIBs. We applied EG/water binary solution by solvothermal glycolation
method, in which hollow spindle—like structure of VEG was obtained by its self—
assembly behavior. It exhibited excellent cycleability and rate capability at 60 °C with
much improved bulk—phase Li-ion transfer kinetics. Without additional conducting
agents, the prepared VEG anode delivered a capacity as high as 864 mAh g* at a
current density of 100 mA g. In addition, the capacity retention reached 98 % after
almost 400 cycles at 100 mA g. Furthermore, the rate performance suggested that
64 % capacity maintained when the current density increased from 100 to 8000 mA g1,
which was so far the best performance of vanadium—based anode materials. Post—
mortem tests on both VEG and Li metal interface demonstrated the none—defect SEI
formation provided sufficient protective for material dissolution and the passivation

layer also adapted for the volume expansion. More importantly, ultra-long cycle
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stability was achieved at elevated temperature and the proof—of—concept experiment
demonstrated the much improved Li-ion conductivity from the contributions of (i)
intensified VEG bulk—phase diffusion kinetics and (ii) lower resistance of
electrochemical reaction.
2. Results and discussion

Coupling Li*—conductive polymer ligands into VOx crystal structure provides the
original conception on upgrading Li-ion diffusion in vanadium oxides. The idea was
inspired by the Li—permeable functionality of polyethylene glycol (PEG) as their wide
application on gel/polymer solid—state LIBs'?. Due to the presence of unpaired
electrons on oxygen atom, ether groups in PEG are able to reversibly couple/decouple
with Li-ions through electrostatic attraction and thus repeatedly transfer Li-ions via the
electrical field. Higher temperature (60-80 °C) was applied for PEG-based solid
electrolyte to ensure sufficient ionic conductivity for Li—ion transfer!*3l. In our study,
the successful glycolation of vanadium oxide is critical and the product should posses
both thermodynamic stability. According to the literature, vanadium oxide can react
with ethylene glycol (EG) through alcoholysis process, giving rise to the
thermodynamically stable product of vanadyl ethylene glycolate (VEG). During the
synthesis, due to the high reactivity between V-O bond and O-C-O bond, vanadium
precursor can be transfered through oxolation process into isopolyacid and linked with
EG ligands and form the chain—structured VEG. The organo-vanadyl compounds have
been commonly applied as the catalysis for phenol production, enzyme inhibition and
insulin-enhanceing compound, such as vanadyl(1V) acetylacetonate,
hydroxylamidovanadium componud and vanadium nitrogenase 4. Therefore, one—pot
and facile solvothermal synthesis of VEG were applied in our experiment by mixing
vanadium precursor (ammonium metavanadate) with EG/water binary solution together.

The scheme of this protocol is presented in Figure 1, where the binary solution is selected due
4
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to its ability to form quasi—emulsion system that could template-free synthesize hierarchical
structure for VEG. The corresponding role of quasi—emulsion system as architecture regulator
is illustrated elsewhere!®®l, The crystal structure of VEG is shown in Figure 1c, which is
composed of one—dimensional chains with the edge sharing VOs square pyramids,
where oxygens are from vanadyl group (V=0), chelating (-OCH>CH.0-) ligand and
ether (—-OCH2CH-0-) ligands.

The crystallography of VEG is confirmed by XRD, TG/DTG, FT-IR and XPS tests,
respectively. XRD spectra in Figure 2a reveal the typical VEG diffraction peaks at
13.5°, 14.8°, 20.5° and 27.1°, corresponding to (110), (111), (021) and (220) crystal
planes, respectively. The crystallinity of product can be well indexed to JCPDS No.
492497161 Thermal gravimetric analysis (Figure 2b) suggests that there are two
weight—loss regions. The first one originates from the loss of physisorbed water at 28
°C to 210 °C, while the second one at approximately 270 °C is resulted from the
decomposition of EG moiety with the formation of vanadium pentoxide (V20s) in air
atmosphere. The overall weight loss is quantitatively measured as 30.2 %, slightly
different from the theoretical value (28.4 %). This is probably because of the variation
of vapor moisture adsorbed. Figure 2c shows the FTIR spectrum of VEG, indicating
the presence of V=0, V-0, RCH>—O-CH2R groups as expected. The appearance of
intense band at approximately 1080 cm™ indicates the stretching of V=0 bond while
the peaks at approximately 900 and 600 cm™ potentially originate from the V—O bond.
Similarly, the bands due to C—-O stretching mode are merged in the peaks in the region
of 1100-1300 cm™?, which are from C-O, C-O-V stretches and C-O-H bends
vibrations, respectively. The stretching of C—H bands are located between 1300 and
1500 cm™. The peak at 1618 cm™ corresponds to the —CH.O— group of the VEG
compound*4® 71, The detection of XPS spectra further prove the presence of vanadium

(V) and bonds of C-C, C-O-C, and RCH>—O-CHzR. Low resolution XPS spectra
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(Figure 2d) detect the presence of carbon, vanadium and oxygen elements in the
sample, while high-resolution XPS spectra of V2p (Figure 2f) show the binding
energies at approximately 516.4 and 524.2 eV for V 2p3z; and 2pi, confirming the
presence of V**. Meanwhile, the high—resolution spectra of Cls (Figure2e) detect
strong signals from C-C, C-O-C and RCH>-O-CH:R groups at 284.6, 286.3 and
288.8 eV, respectively™®l. The characterization methods fully support the composition
of VEG.

The morphology of VEG microstructure was characterized by FESEM and EDS
mapping, shown in Figure 3. FESEM images in Figure 3a-c reveal a hollow-spindle
architecture with vertically-penetrated holes, a first-of-its-kind configuration for
vanadium-based anodes. More VEG units are shown in the low magnification SEM
image in Figure S1. As can be seen, the shell of the VEG unit cracks, indicating the
presence of hollow core as well (Figure 3d and Figure S2a). The corresponding cross—
section FESEM image in Figure 3e shows that the shell is formed by the aggregation of
nanoribbon sub-units, an indicative of "bottom-up" self-assembly during VEG
synthesis, and such feature is also proved by the SEM image in Figure S2b. EDS
mapping (Figure 3f-i) and element analysis (Figure 3j) are conducted to verify the
component of the product. The tests show that the C, V, and O elements are well
distributed in VEG structures and the atom ratio is proximately 2:1:3, in accordance
with VEG chemical composition. From the element analysis we also observe the
signals of Al which is very likely from Al substrate during sample handling.

According to our previous study, the solvothermal of EG/water could form a
template-free structure resulting from a quasi-emulsion solution. By tuning the ratio of
EG and water in the solution, the crystalline strucrture of vanadium oxides could be
optimized. During the synthesis, the ammonium metavanadate precursor produced

nitrogen bubbles during the solvothermal process, contributing the hollow cavity in the
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final product(® 42 191 Similarly, in this study, we applied the quasi-emulsion solution
in the synthesis and it was discovered to be successfully introduce the structure of
VEG into the hollow spindle. The reaction for the synthesis of VEG is shown as

below:
NH,VO, + HOCH,CH,OH ——N, T +VO(CH,0), + H,0 Equation 2

The Li-ion storage capability of VEG was characterized by electrochemical methods
such as CV, galvanostatic method, GITT, and EIS. We also introduce the pristine VOy as a
comparison to the VEG. Two temperatures were used in the study, 25 °C and 60 °C, to probe
the influence of temperature to the electrochemical performance of each material. Outstanding
rate performance and significantly improved Li-ion diffusion Kinetics were observed in VEG
(especially at 60 °C) than pristine VOx. The CV profiles in Figure 4a demonstrate stable
redox behavior of VEG at 60 °C. There are two redox couples are observed: one is located at
0.5 V for cathodic peak and 0.75 V for anodic peak; the other is located at 1.0 V (cathodic)
and 1.25 V (anodic). With a scan rate of 0.5 mV s, there are no major changes of the redox
peak position after 30 cycles, indicating a reversible and constant reaction. At room
temperature (25 °C), the redox potential of VEG becomes wider, located at around 0.75 and
1.2 V, which is an indicative of lower reversibility of the electrochemical reaction at lower
temperature (Figure S3). In Figure 4b, VEG at 60 °C delivers discharging capacities of 854,
694, 705, 698, 677, 636, 609, 584 and 515 mA h g* from 50 to 8000 mA g%, respectively. For
VEG at 25 °C, the cell delivers capacities of 878, 630, 573, 533, 501, 433, 390, 293 and 178
mA h g from 50 to 8000 mA g, respectively. The rate performance of VEG at 60 °C
surpasses the majority of the state—of—the—art for TMOs, and the cell performance of VEG at
25 °C even "beats" that of the VOx/graphene composite with hierarchical structuret®l, The
consequent cycling stability after rate performance was investigated as well at 100 mA g

After additional 300 cycles, VEG cycled at 60 °C shows discharging capacity of 847 mA h g7,
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remaining 98 % capacity retention, while the capacity at 25 °C reached 600 mA h g%, 98 % of
its initial value. In order to show the electrochemical superiority of VEG, we set the
benchmark electrochemical tests on vanadium dioxide VO2(M) (decomposed from VEG) and
commercial vanadium pentoxide (V20s) at 60 °C. Their structure, crystallinity and
electrochemical performance are shown in Figure S4. In contrast, V.Os delivers the overall
capacity less than 200 mA h g and shows a large capacity degradation in initial cycles.
Meanwhile, the VO2(M) fails to provide sufficient rate capability as it only delivers ~100 mA
h g under 8 A g. Figure 4c shows the corresponding charge—discharge profiles of VEG
cycled at 60 °C. It presents relatively smooth plateau at 0.75 and 1.25 V for charging while
0.5 and 1.0 V for discharging, in accordance with the observation from the CV measurements.
Furthermore, the ultralong cycling stability of VEG is measured at 1000 mA g*. As shown in
Figure 4e, we obtain specific discharge capacity of 550 mA h g with 92 % capacity retention
at 60 °C after 2000 cycles, while capacity of 240 mA h g is obtained with VEG at 25 °C. In
previous vanadium-based anodes studies, high—rate performance and long-term cycling
stability are hard to achieve due to their low ion conductivity. They emphasized the important
role of conductive substrate with hierarchical structure due to the promotion of the electron
transfer and reduction of Li-ion diffusion paths. However, the electrochemical performance is
still not satisfactory and the issues of high polarization and decomposition of SEI became
severe when the operational temperature increased. In this study, the self-support VEG shows
outstanding capability of Li-ion storage with high Li-ion diffusion kinetics at higher
temperature. Figure 4d presents the result of GITT tests with quantitative evaluation of the Li-

ion diffusion (D,. ) kinetics during delithiation process. It shows that at higher temperature

(60 °C) VEG has faster ionic diffusion, and the maximum value for Li-ion diffusion

coefficient is obtained at the voltage range of 0.6—1.3 V, approaching 4.9X10° cm? st at 1.2

V. The value is very decent for conversion—-type TMOs electrodes. While at 25 °C, the D, .
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value of VEG could also reach ~9.5X10% cm? s, which is still higher than most—applied
anode candidates, such as silicon (10%%-10 cm? s?), LTO (107?10 cm? s and
vanadate (104 cm? s)?1, We compare the rate performance of VEG with other reported
TMO materials in Figure 4f, which includes V2Os/carbon nanocomposite, mixed valence
VO/C hierarchical structure, V205 particles, VSas/graphene composite, Co3zV.0g hollow
nanofibers, TiOz/graphene, CuO/graphene and Fe,Os nanosphere.?2l Our VEG electrode
shows high rate performance and high capacity retention among all these materials.

D_.. tests of VEG/PEG hybrid solid electrolyte were conducted to prove the high ionic

conductivity of VEG at high temperature (60 °C), shown in Figure S5. By applying Au/VEG-
PEG/Au block system, we can see that the addition of VEG into PEG-based gel electrolyte
increases the ionic conductivity. Meanwhile, the elevated temperature contributed to the

increase of VEG/PEG hybrid gel electrolyte whereas the increase of D . of pristine PEG is

limited. It suggests that the increase of conductivity derive from the component of VEG itself
in particular at high temperature. According to the literature, the organic molecules containing
carboxylic group have high reactivity with Li-ion as both the C=0 and C-O group could react
with Li-ions into C-O-Li[?®l. Therefore, the reaction of VEG electrode was shown as follows:

VO(OCH,CH,0), +6Li" +6e" —>V° + Li,0 + (CH,CH,0,Li,), Equation 3

The theoretical capacity based on the reaction was 861 mA h/g while the VEG delivered
practical capacity of 854 mA h/g under current density of 50 mA/g at 60 °C.

Electrochemical stability of the VEG electrode is also an important factor for long term
operation. Figure 5 shows the post-mortem SEM, EIS and XPS measurements on cycled
VEG electrode, which confirms the improved SEI stability generated at high temperature.
SEM image in Figure 5a sets the benchmark of fresh VEG electrode surface with slurry-
coated VEG particles. However, cycled VEG electrode at both 60 °C and 25 °C in Figure 5b-d
exhibits relatively rough surface with obvious particle volume expansion. In this case, 60 °C-

9
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induced SEI shows rough but integrated characteristics, displayed by more detailed SEM
observation on cycled VEG particle (Figure 5¢ and Figure S6). In contrast, 25 °C-induced
SEI shows the presence of severe electrode cracks and SEI fractures. The comparison
demonstrates that high temperature-generated SEI shows better SEI stability and provides
better protection on volume accommodation, which is important on the rate and cycling
performance. Figure 5e focuses on the evolution of electrochemical properties during the
discharging process via stepwise EIS tests. Nyquist plots collected at different cut—off
voltages (2.3, 1.5, 0.5 and 0.02 V) are compared and show that the electrochemical resistance
increases by lowering the voltage, suggested by the increase of hemi—circle diameter at high
frequency region. Moreover, the EIS spectra presents two hemi—circle below the voltage of
0.56 V, indicating the formation of SEI layer. Specifically, the first hemi—circle derives from
the resistance of SEI (Rse)) and the second one is from the resistance of electrode reaction
(Ret). Quantitatively, the values of Rsei, Ret and the resistance of electrolyte (Re) are further
measured by the simulation of equivalent circuit (Figure 5e inset) and the results are listed in
Table 1. The values of R are 14.41, 29.70, 28.73 and 73.79 Q cm™, corresponding to the
cut—off voltage at 2.3, 1.5, 0.5 and 0.02 V, respectively. The Rsg;, which appears at the
voltage below 0.56 V, has a resistance of 9.22 Q cm™, and the value increases to 26.35 Q cm™
at 0.02 V, suggesting the continuous growth of SEI by lowering the voltage. Along with the
change of EIS, Figure 5f shows the stepwise results of high-resolution XPS of V 2p tests,
demonstrating the valence change of vanadium during discharging process. Obvious peak
shift is observed from high binding energy to lower one with both regions of V 2p12 and V
2p3r2. It suggests that vanadium was the transitive element for the transfer of electrons and Li-
ions for conversion-type Li-ion storage by the presence of the valence transition of V(IV) to
V(I11) and V(II). Unfortunately, when limiting the voltage to extremely low value (0.02 V),
slight signal of binding energy is detected. It indicates that significant amount of SEI is

formed. Since XPS can only detect the outermost 5-10 nm of the electrode surface, and thus
10
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the missing of VV2p signal are presumed to be caused by the sufficient SEI formation at the
cut—off voltage of 0.02 V. The surface morphology and chemical composition of cycled Li
anodes are also examined, shown in Figure S7. 60 °C—cycled Li metal exhibits moss—like
lithium deposition with slight defects of salt residues (Figure S7a and S7b). Corresponding
EDS spectra showed the clean surface composed of C, P and F (from SEI), and Cu from
current collector (Figure 7c). No trace of vanadium is found, indicating no detectable
dissolution of VEG. On the other hand, SEM image of 25 °C—cycled Li metal exhibits
relatively rougher surface (Figure S7d and S7e), but the EDS analysis further revealed no
presence of vanadium (Figure 7f), suggesting the similar prevention of electrode dissolution.
As comparison, the surface morphology and component characteristics of cycled V205
(Figure S8) and V20 (Figure S9) are investigated. The SEI layer formed on the cycled V205
and VO electrode shows the presence of cracks, indicating the loss of conductive contact
within the active materials. With respect to the cycled Li metal, the rough surface reveals the
inhomogeneous Li deposition during the lithiation/delithiation process and the weak
passivative capability on continuous electrolyte decomposition. The corresponding results of
EDS are shown in Figure S8d-S8f and S9e-S9g.

Detailed component changes of SEI at 60 °C is characterized by stepwise XPS tests on
high-resolution C 1s, O 1s and F 1s spectra at the voltage of 1.5, 0.5 and 0.02 V, as shown in
Figure 6. Deconvolution of C 1s (Figure 6a-6¢) spectra indicates COOO-like species,
indexed to the inorganic lithium carbonate (Li2COs3) or polycarbonates (ROCO:LI) with the
peak region around 290 eV (typical reduction products of EC, DMC and DEC). The peak at
289 eV is identified as the COO-like species in the form of RCOOLIi while the peak at 286—
287 eV corresponds to the formation of CO-like species, including ethereal, alkoxy carbons
or poly(ethylene oxide) (PEO)-like polymers. Along with the lithiation process, the intensity
of peak at 290 eV increases, indicating the increase of ROCO:Li and Li.CO3z component in

the SEI layer. It has been reported that high temperature could induce the chemical variation
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from ROCO:Li species into inorganic Li>COz or LiF when EC is utilized, and these two
species are better passivating agents due to their thermodynamic stability and poor solubility
in solvents, an advantage for the cycle stability®l. Meanwhile, the high—resolution O1s
spectra (Figure 6d-6f) indicates the oxygen species of inorganic carbonate (Li2CO3z), organic
carbonates (RO—COoLi), alkoxy oxygen or ether oxygen, and oxygen from VEG at 531.2,
532.1 and 533.2 eV, respectively. In contrast, the peak intensity of Li>COs increases
dramatically with the decrease of discharging voltage and constituted the major composition
of SEI layer, in excellent accordance with the change of C 1s spectra. It has to point out that
the component of oxygen from VEG could be only observed at the voltage of 1.5 V and
appeared to be missing along the discharging process. Given the change of V 2p spectra, the
SEI seems to be sufficiently growing, which is able to covering the XPS response of
vanadium at the voltage below 1.5 V. Therefore, the growth of SEI is probably attributed to
the absence of XPS response of vanadium and oxygen from VEG when the voltage is lowered
down to 1.5 V. Furthermore, high—resolution XPS spectra of F 1s (Figure 6g-6i) illustrates the
evolution of LixPOyF, or LixPFy species into inorganic LiF within the SEI along the
discharging process, which was also caused by the increase of operational temperature.
Meanwhile, Figure S8 reveals the electrochemical characteristics of cycled V20s electrode
surface at the cut-off voltage of 0.05 V (vs. Li*/Li). The high resolution XPS of C 1s, O 1s
and F 1s all suggests that species of CO-like substrates mainly constituted the SEI layer,
which is the major difference between VEG and V20s cycled at 60 °C. The SEI information
of commercial V20Os is depicted in Figure S10, showing more PEO-like component within the
SEL.
3. Conclusion

Solvothermal E-Glycolation of vanadium oxides was investigated as the
prototype to evaluate the role of Li-ion conductive polymer ligands on the bulk—phase

Li-ion transfer of transition metal oxides. The prepared vanadyl ethylene glycolate
12
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exhibited high electrochemical activity with much improved Li-ion diffusion kinetics
at high temperature (60 °C). Capacity of 864 mA h g was achieved at current density of
100 mA g* and it remained 98 % capacity retention after rate performance and consequent
300 cycles at 100 mA g*. The rate performance suggested that 64 % capacity maintained
when the current density increased from 100 to 8000 mA g, which was so far the best
performance of vanadium-based materials. Furthermore, VEG delivered ultralong cycling
lifespan at 1000 mA g* with capacity of 550 mAh/g with 92 % capacity retention after 2000
cycles. GITT and EIS tests revealed the reason to the improved electrochemical properties
that (1) VEG enabled fast bulk—phase Li-ion diffusion, reaching 4.9X10° cm? s, and (2)
high temperature boosted the sluggish conversion—type electrode reaction with lower
electrochemical resistance. Meanwhile, post—mortem XPS, SEM and EDS tests suggested the
formation of defect—free SEI that allowed for sufficient volume accommodate and VEG
dissolution prevention. The results from this study provide insight into the molecular
manipulation of transition metal oxides structure and access to improve bulk—phase Li-
diffusion kinetics.

4. Experimental section

Materials: Ammonium metavanadate (C%2>99.98%), etylene glycol (analytical reagent),
1-methyl-2—pyrrolidinone (C% > 99.85%) acetylene black and poly(vinylidene

fluoride) were purchased from sigma-aldrich without further purification. Vanadium

penoxide (C%>99.9%) was purchased from He Steel-Cheng Steel corporation. Ultra

pure water (18 MQ) was used for all experiments.

Preparation of vanadyl ethylene glycolate: VEG with hollow spindle—like structure was
solvothermally synthesized in a binary solution system composed of water and EG. In a
typical synthesis, 0.15 g ammonium metavanadate was dispersed into 80 mL binary solution

of EG and water with the volume ratio of 7:1. With vigorous ultrasonic for 1 h, the mixture

13
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was then transferred into a 200 ml Teflon—lined stainless steel autoclave, which was
subsequently heated at 170 °C for 24 h. After cooling down to room temperature naturally, the
resultant powder was separated by centrifugation, washed with absolute ethanol several times,
and dried in oven at 80 °C overnight.

Material characterization: The prepared VEG was characterized by X—Ray diffraction

(XRD, X’Pert PRO a-1 diffractometer, Panalytical, USA) using Cu—Ka radiation

(A=1.5408 A), field-emmision scanning electron microscopy (FESEM, JSM 6700F

JEOL, Japan), energy diffraction spectrum (EDS, FEI, USA), fourier transform
infrared spectroscopy (FTIR, T27—-Hyperion—Vector22, Bruker, German) and X-ray
photoelectron  spectroscopy  (XPS, Thermo, USA). The simultaneous
thermogravimetry/differential scanning calorimetry (TG/DSC, Mettler—Toledo,
Germany) was performed in air gas at a heating rate of 5 °C min? from room
temperature to 600 °C .

Electrode preparation and cell testing: The electrode slurry was made by mixing
active material, acetylene black and poly(vinylidene fluoride) (PVDF) binder
according to the weight ratio of 80:10:10, dispersed in N-methyl-2—pyrrolidone
(NMP) solution. Then it was coated on an copper foil by doctor-blade method and
dried in a vacuum oven at 110 °C overnight. Then, the foil was cut into ¢12 disks for
coin—cell assembly. 2025 type coin cells were assembled in a glove box filled with
ultrahigh purity argon. Polypropylene membrane (¢ 20, Celgard, 2400) was used as the
separator. 1M LiPFe dissolved in 1:1:1 (volume ratio) ethylene carbonate/dimethyl
carbonate/diethyl carbonate (EC/DMC/DEC) solvent was used as the electrolyte and Li
metal of 2 mm thickness was used as the counter electrode. About 1.0 mg of active
materials were pressed onto each cathode disk. The cyclic voltammetry (CV) test was

conducted on ModulLab electrochemical workstation (Solartron, England) between

14
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0.01 and 3.0 V vs. Li/Li* and the electrochemical impedance spectrum (EIS) was
carried out on ModuLab electrochemical workstation (Solartron, England) from 100 M
Hz to 0.1 Hz with amplitude of 5 mV. The tests of the galvanostatic and the
galvanostatic intermittent titration technique (GITT) were conducted by a CT2001A
tester system (Land, China).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Table 1. The electrochemical properties of VEG with different cut-off voltage (60 °C)

roperties RJ/ Ohm  Rse/ Ohmem™  Ro/ Ohm Warburg
Voltage (V) cm? 2 cm? coefficient
2.30 3.33 ---- 14.41 0.003638
1.52 3.54 ---- 29.70 0.001839
0.56 421 9.22 28.73 0.007511
0.02 4.87 26.35 73.39 0.1657

El Solvothermal Synthesis

A Molecular Coupling

2 Enhanced Li-ion Conductivity.

Figure 1. Scheme of vanadyl ethylene glycolate synthesis with enhanced bulk phase Li-ion
conductivity: (a) one—pot solvothermal process from vanadium oxide (or vanadate) and
ethylene glycol; (b) the molecular structure of vanadyl ethylene glycolate; and (c) the scheme
of enhanced bulk phase Li-ion transfer through the ethylene glycol ligands, the overall chain
flexibility and molecular thermal segmental mobility.
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Figure 2. The physiochemical properties of prepared VEG: (a) XRD pattern with crystal
structure of periodic repeated unit inset; (b) TG—DSC curves; (C) FTIR spectrum; (d) low—
resolution XPS spectra, showing the presence of carbon, vanadium and oxygen for VEG; (e)
high—resolution XPS spectra of C1s with the presence of C—C, C—O—C and —CH>—O—-CH>—
groups; and (f) high—resolution XPS spectra of V2p indicative of V(IV).
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Figure 3. The morphology of prepared VEG with hollow-spindle architecture:(a) SEM image
of the spindle-like individuals with unique pores on the top; (b-c) SEM images of shell
surface and pore-shape channel that connected with the hollow core; (d) the fractured shell
surface, indicative of hollow cavity; (e) cross-section SEM of the bent shell aggregated by
curved nanoribbons; (f-i) the corresponding patterns of EDS mapping of C, V and O
elements; and (j) the EDS analysis of VEG, showing the presence of C,V, O and Al elements
with the element ratio by weight inset.
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Figure 4. The electrochemical properties of VEG:(a) CV tests at 60 °C with the scan rate of
0.5 mV s?; (b) comparison of rate performance of VEG at 25 °C, 60 °C and pure V205 cycled
at 60 °C; (c) the corresponding charge-discharge curves; (d) comparison of Li-ion diffusion at
25 °C and 60 °C by GITT experiment; (e) ultralong cycle stability of cells at 25 °C and 60 °C
with current density of 1000 mA g* and (f) comparison of rate performance of TMOs
reported with the result from this study, such as VO/C hierarchical composite, alkaline metal
vanadate/graphene composite, vanadium sulfide/graphene, hollow nanofibers of transition
metal vanadate, titanium oxide, copper oxide and iron oxide.??
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Figure 5. Post-mortem SEM, EIS and XPS tests on cycled VEG electrode:(a) SEM image on
the surface morphology of fresh VEG electrode; (b) SEM image on morphology of VEG
cycled at 60 °C with obvious particle volume expansion and (c) more detailed rough surface;
(d) SEM image on morphology of VEG cycled at 25 °C, showing severe SEI cracks and
electrode fracture; (e) results of EIS and (f) high-resolution XPS spectra of V 2p along
discharging process.
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Figure 6. Changes of high-resolution XPS spectra of (a-c) C 1s, (d-f) O 1s and (g-i) F 1s
along with different cut-off voltage (1.5, 0.5 and 0.02 V vs. Li/Li") at 60 °C.
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The proof-of—concept investigation on the Li-ion storage capability by vanadyl ethylene
glycolate (VEG) is achieved with the improvement of Li-ion diffusion kinetics by modifiying
the inorganic vanadium oxide with organo ligands. VEG delivered ultralong cycling lifespan
at 1000 mA g with capacity of 550 mAh/g with 92 % capacity retention after 2000 cycles. It
also shows superior rate capability and high stability.

Keyword vanady! ethylene glycolate; rate performance; hybrid electrode; lithium-ion
batteries;
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Figure S1. The morphology of VEG product with low SEM magnification, showing the
unique hollow-spindle architecture prepared from solvothermal method.

Figure S2. The morphology of VEG product:(a) VEG individual with broken cracks,
suggesting its hollow characteristics and (b) the cracks of VEG architecture, showing the
ribbon-like units that bottom-up constructed the spindle-like shell.
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Figure S3. The electrochemical properties of VEG cycled at different temperature or with
different active materials loading: (a) CV result of VEG cycled at 25 °C with the scan rate of
0.5 mV s?, illustrating lower redox reactivity of VEG at lower temperature; (b) the VEG
cycled at 60 °C and current density of 1 A g* with different active materials loading (1, 1.5
and 2 mg cm); (c) the first charge/discharge file of VEG cell cycled at 60 °C and current
density of 0.1 A g*. The first coulombic efficiency was 111.9 %. The extra capacity was
probably derived from the SEI formation and electrolyte decomposition during the first
charge process, where Li-ions delithiated from VEG and deposited on Li-metal anode.
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Figure S4. The electrochemical properties of VO, and commercial V205 cycled at 60 °C as
the benchmark experiment: (a) SEM image of the prepared VO2(M) decomposed from VEG
in 200°C vacuum drying oven (VO2(M) maintained the similar structure with VEG except
some broken ones due to the decomposition shown inset with the bar of 5 um; (b) the XRD
pattern of VO2(M) (indexed to JCPDS: 81-2393); (c) the rate performance of VO2(M) with
the current density arranging from 100 to 8000 mA h g*; (d) the corresponding charge-
discharge profile of VO2(M); (¢) SEM image of commercial of V205 (R); (f) the XRD pattern
of VO2(M) (indexed to JCPDS: 41-1426); (g) the rate performance of V.05 (R); (h) the
corresponding charge-discharge profile of V20s (R), showing the huge capacity gap during
the initial and the second lithiation/delithiation cycle.
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Figure S5. The ionic conductivity of PEG and VEG at different temperature, suggesting that
the increase of conductivity was derived from the component of VEG itself at high
temperature.

Figure S6. SEM image of the cycled VEG at 60 °C, demonstrating very integrated and
conformal SEI formation with high electrochemical stability.
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Figure S7. The morphology and EDS component analysis of cycled Li anodes (with VEG
cathode) at different operational temperature:(a) and (b) Li metal cycled at 60 °C with (c)
corresponding EDS result, showing the presence of C, O, F, P from SEI; (d) and (e) Li metal
cycled at 25 °C with (f) corresponding EDS result similar with that collected at 60 °C.
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Figure S8. The morphology and EDS component analysis of cycled V20s electrode and
corresponding Li metals:(a) SEM and (d) EDS of fresh V205 electrode; (b) SEM and (e) EDS
of cycled V205 electrode at 60 °C, showing the presence of C, O, F, P, V from SEI and Cu
from the current collector; (¢) SEM and (f) EDS of cycled Li metal at 60 °C, demonstrating
the defect of SEI with the element of C, O, F and P.
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Figure S9. The morphology and EDS component analysis of cycled VO, electrode and
corresponding Li metals:(a) SEM and (e) EDS of fresh VO particles; (b) SEM of prepared
VO electrode; (c) SEM and (f) EDS of cycled VO electrode at 60 °C, showing the presence
of C, O, F, P, V from SEI and Cu from the current collector; (d) SEM and (g) EDS of cycled
Li metal at 60 °C.
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Figure S10. The XPS analysis of the cycled V20s electrode at 60 °C: (a) the low-resolution of
SEI, composed of C, O, F, P; high resolution XPS spectra of (b)C 1s, (c) V 2p, (d) O 1s and
(e) F 1s, demonstrating the sufficient formation of SEI with high content of PEO-like sbstrate
rather than inorganic component, such as LiF and Li2COs.
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