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[bookmark: _Hlk103115294][bookmark: _Hlk78749004]Abstract 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk135228698][bookmark: _Hlk134986844][bookmark: _Hlk134734190][bookmark: _Hlk134804971][bookmark: _Hlk134781990][bookmark: OLE_LINK5][bookmark: OLE_LINK8]Polymer-based solid-state batteries (SSBs) have received increasing attentions due to the absence of interfacial problems in sulfide/oxide-type SSBs, but the lower oxidation potential of polymer-based electrolytes greatly limits the application of conventional high-voltage cathode such as LiNixCoyMnzO2 (NCM) and lithium-rich NCM. Herein, we report on a lithium-free V2O5 cathode that enables the applications of polymer-based solid-state electrolyte (SSE) with high energy density due to the microstructured transport channels and suitable operational voltage. Using a synergistic combination of structural inspection and non-destructive X-ray computed tomography (X-CT), we interpret the chemo-mechanical behaviors that determines the electrochemical performance of the V2O5 cathode. Through detailed kinetic analyses such as differential capacity and galvanostatic intermittent titration technique (GITT), we elucidate that the hierarchical V2O5 constructed through microstructural engineering exhibits smaller electrochemical polarization and faster Li-ion diffusion rates in polymer-based SSBs than those in the liquid lithium batteries (LLBs). By the hierarchical ion transport channels created by the nanoparticles against each other, superior cycling stability (~91.7% capacity retention after 100 cycles at 1 C) is achieved at 60 oC in polyoxyethylene (PEO)-based SSBs. The results highlight the crucial role of microstructure engineering in designing Li-free cathodes for polymer-based SSBs.
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Since 1990, the global growing rapidly demands for electricity, energy storage technologies have become a significant research front. Despite liquid-state lithium-ion batteries (LLBs) have played a major role in the field of energy storage with the long cycle life and high energy density,1-3 the aspects such as their power density, availability, and safety problems caused by lithium dendrites remain to be completely addressed.4 Because of the non-flammability and good workability of the polymer-based electrolyte, SSBs are expected to be an important alternative to LLBs.5-7 Furthermore, SSBs not only improve the energy density and cycle life, but also broaden the operating temperature range.8-10 Given these merits of SSB, it therefore deserves extensive research to advance the next generation of electrochemical storage systems for the sustainable development of our society. 
The non-flammable nature of the SSEs makes it possible to use lithium metal in SSBs, promising high-performance energy storage systems due to the low reduction potential (-3.04 V vs. SHE) and high specific capacity (theoretical specific capacity of 3860 mAh/g).11 When lithium metal is used as the anode, the cathode does not need to be matched with a conventional high-voltage material such as a layered lithium transition metal oxide (NCM) cathode, considering the sufficient lithium on the side of the metal electrode. Therefore, the selection of a lithium-free cathode becomes a key research topic as we seek to achieve high energy density and long cycle life. Vanadium pentoxide (V2O5) is a promising host for a layered crystal structure that enables reversible lithium ion insertion/extraction.12, 13 It also has the advantages of abundant raw material resources, low cost and ease of synthesis compared to other commercial cathodes.14-16 However, the intrinsic defects of the bulk V2O5, such as volume variation, low electric conductivity (10-2-10-3 S/cm), and small lithium-ion diffusion coefficient (≈10-12 cm2/s), lead to poor rate performance and unstable cycling.17-19 To optimize ion and electron transport, V2O5 is usually designed as nanoscale particles with smaller size, higher specific surface area, and shorter ion transfer distance.20-23 However, nanostructured materials are seriously hampered in energy storage applications due to the disadvantages of self-aggregation and poor initial coulombic efficiency caused by nano-size effects.24 Studies have shown that self-aggregation can be prevented if microstructured materials with scales up to tens or even hundreds of microns are used.25-27  Therefore, it is crucial to design microscale materials self-assembled from nanoscale crystals in order to avoid self-aggregation and achieve long cycle life.
[bookmark: _Hlk134733675][bookmark: _Hlk103451866]Herein, we design hierarchical V2O5 microspheres assembled by nanoscale particles against each other and investigate the dynamic diffusion behavior of lithium ions in SSBs and LLBs. Using nanoindentation/scratch testing and 3D roughness reconstruction, micromechanical characteristics of polymer-based electrolytes are intuitively observed. X-CT visually demonstrate that hierarchical V2O5 present an intact structure after electrochemical cycling, i.e. “what you see is what you get”. SSBs at 60 oC present excellent rate capabilities at 0.1 C (305.6 mAh/g), 0.5 C (280.3 mAh/g), 1 C (261.4 mAh/g), and 2 C (240.5 mAh/g), showing a higher rate capability than LLBs at room temperature. This superior rate capability is further confirmed by the differential capacity profiles, where the cathodic peak of LLBs are almost missing when the current density reaches 2 C. The unique structural advantage of hierarchical V2O5 microspheres enhances cycling stability and energy density of SSBs. The directed construction of battery materials is expected to give a strong impetus to the field of high energy density batteries, especially the application of lithium-free cathodes in it.
[bookmark: _Hlk103272235][bookmark: OLE_LINK25][bookmark: _Hlk134819185]V2O5 microspheres are synthesized by hydrothermal method based on the classical self-assembly principle, as shown in Figure S1. The nucleation process is thermodynamically driven and the droplets size increases with solubility.28 According to the Gibbs-Thomson equation,29 the nucleation of V2O5 can also be regarded as a diffusion-controlled process. Hierarchical V2O5 microsphere consists of short rods nanocrystals with a diameter of about 200 nm (Figure 1), and it can be described as SR-sphere V2O5 (hereinafter referred to simply as V2O5 microspheres unless otherwise specified). This special structure is expected to facilitate the penetration of PSEs, thus enabling efficient charge transfer. The primary nanoparticles are similar in size and shape, and the secondary particles (V2O5 microspheres) formed by self-assembly are also similar (Figure 1a). In addition, the observed lattice fringe spacing is 0.34 nm, which matches the primary crystal plane (110) (Figure 1b). Figure 1c shows the layered crystal structure of V2O5, such a layered structure facilitates lithium ion transport along the two-dimensional layer. The primary nanoparticles gradually grow into V2O5 microspheres with a diameter of about 5 μm (Figure 1d). SEM element mapping also shows a homogeneous distribution of V and O elements in V2O5, further indicating that we obtained a homogeneous multilevel spherical structure (Figure 1e). This hierarchical structure is expected to favor the rapid transport of charge in the three-dimensional direction.
[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: _Hlk103272202][bookmark: _Hlk103272170][bookmark: _Hlk135124714]X-ray diffraction (XRD) is performed to identify the phase of V2O5 (Figure 1f) .The main diffraction peaks are 15.36°, 20.28°, 21.73°, 26.15°, 31.03°, 32.39°, and 34.31°, corresponding to (200), (001), (101), (110), (301), (011), and (310) lattice planes of the V2O5 (JCPDS no.41-1426, space group: Pmmn a=11.516, b=3.566, c=4.373). The results show that pure orthorhombic shcherbinaite phase V2O5 is obtained. The chemical valence of vanadium in V2O5 microspheres is investigated by XPS. A typical survey spectrum of V2O5 sample indicates that V is located at 516.98 eV and O is located at 529.8 eV (Figure S2).30 The peak for C can be attributed to the absorption of CO2 on the sample surface. The two peaks at 517.0 and 524.5 eV correspond to the V 2p3/2 and V 2p1/2 components, which can be ascribed to V5+ (Figure 1g).31 The peaks at 516.1 and 523.2 eV of the oxidation state V4+ may be caused by residual VO2.32 However, the lower deconvoluted V4+ (VO2) peak suggests that +5 valence is the major oxidation state of vanadium. This further illustrates that the prepared V2O5 is the main vanadium oxide phase.
[bookmark: _Hlk134735627][bookmark: OLE_LINK4][bookmark: _Hlk135124263]Raman spectroscopy is used to further inspect the structure and composition of V2O5 (Figure 1h). The peaks at 195.6 and 302.4 cm-1 can be assigned to Ag modes due to the stretching vibration of the (V2O2)n unit corresponding to the chain translation.33 The bending vibration of OC-V-OB bond and V-OB-V bond occur around 281.5 and 403.1 cm-1, respectively. The peak at 524.5 cm-1 is characteristic of V3O (Ag mode).34 The low wave number at 143.4 cm-1 and the high wave number at 992 cm-1 are caused by the skeleton bent vibration and stretching of the vanadium atoms attached to oxygen atoms through double bonds, respectively. These are important clues to the nature of the V2O5 lamellar structure.35 Finally, all the vibrational modes can be indicated for orthorhombic V2O5.34 Furthermore, we use N2 adsorption-desorption isotherms to confirm the specific surface area and pore volume of the as-prepared V2O5 (Figure 1i). The measured surface area and the average pore size are 67.77 m2/g and 9.539 nm, respectively. The prepared hierarchical V2O5 microstructures with large surface area are expected to ensure short diffusion distances of Li+ to improve the rate capability. 
[bookmark: _Hlk134982869][bookmark: _Hlk103331808]Advanced nanoindentation technology is further performed to measure mechanical performance of the PSEs.36 As can be seen from Figure 2a, the loading curve is forward progressing, and followed by the unloading curve, showing a typical type of nanoindentation test. The hardness and elastic modulus of the PSEs specimens are 0.034 GPa and 0.0026 GPa, respectively. In addition, the AFM images of indentations and scratches produced during the nanomechanics tests are shown in Figure 2b-d. We obtain the three-dimensional (3D) plots without indentation and at different indentation depths (2 μm and 5 μm). It can be seen that when a lower external force is applied (Figure 2c), the PSEs specimens can recover to the initial form better, while when a larger external force is applied, the PSEs specimens cannot recover to the initial form (Figure 2d).
3D imaging helps to interpret sample characteristics at the electrode and electrolyte level, and makes images directly understandable.37-39 For the first time, we characterize the surface flatness of a solid electrolyte film at the macroscopic level using an advanced 3D roughness reconstruction technique, in which the surface state of the solid electrolyte film is visually mapped according to fluctuations in color and depth, to determine the effect of the magnitude of its surface roughness on the compatibility of the electrode/electrolyte interface (Figure 2e,f). The average roughness (Ra) and roughness height (Rz) derived from the quantitative curves are about 4.87 and 2.04 µm (Figure 2g), respectively, further illustrating the flatness of the electrolyte film surface. The two-dimensional (2D) height distribution (Figure 2e) and 3D reconstructed images (Figure 2f) indicate that the solid electrolyte film is homogeneous, which is conducive to improving the interfacial contact at room temperature and thus reducing the interfacial resistance.40
[bookmark: OLE_LINK36][bookmark: OLE_LINK3]The electrochemical behavior of the V2O5 microsphere electrode is studied using cyclic voltammetry (CV) curves. The three cathodic peaks at potentials of 3.304, 3.095, and 2.170 V (Figure 3a) indicate that the Li+ ions undergo a three-step intercalation in the active material, from V2O5 to Li0.5V2O5, then to LiV2O5, and finally to Li2V2O5, respectively,41 The observed three anodic peaks correspond to the Li+ de-intercalation process, which is reverse cathodic reaction. Whether cathodic or anodic, the peak of the first cycle is essentially at the same position as the third cycle, indicating negligible electrochemical polarization (Figure 3a). However, the redox peaks of LLBs do not overlap very well, indicating that the electrochemical reaction is irreversible (Figure S3a).
[bookmark: OLE_LINK6][bookmark: _Hlk134805165][bookmark: _Hlk136266635][bookmark: _Hlk136159832]We further confirm the reversibility of the intercalation/de-intercalation using the capacity-voltage curve at 0.5 C (Figure 3b and S3b). The results show that the initial charge/discharge profiles of both SSBs and LLBs exhibit three distinguishable voltage platform, which match well with the CV curves in Figure 3a, indicating a continuous phase transition from α-V2O5 to ε-Li0.5V2O5 to δ-LiV2O5 to γ-Li2V2O5 after the initial cycle. The rate capabilities are evaluated at different C-rates from 0.1 to 2 C, as shown in Figure 3c and S3c. The SSBs exhibit excellent rate capabilities at 0.1 C (305.6 mAh/g), 0.5 C (280.3 mAh/g), 1 C (261.4 mAh/g), and 2 C (240.5 mAh/g), as shown in Figure 3d. Figure 3e show that SSBs display better cycling performance than LLBs. After 100 electrochemical cycles at 1 C, the capacity of the SSBs is 205.6 mAh/g, with a retention rate of 91.7%, which is much higher than that of the LLBs (58.7%) (Figure 3e). In addition, the Coulombic efficiency remains stable around 99.86%. The excellent electrochemical performance and negligible polarization deduced from the CV curves may be closely related to the microstructural stability during the electrochemical cycling. To demonstrate the close correlation between the microstructure and electrochemical properties of the electrode material, we further synthesize uniform microflower sphere V2O5 (Figure S4a,b) and it can be abbreviated as MF-sphere. V2O5 microsphere presents better electrochemical performance and capacity retention (~91.7%) than MF-sphere (~73%) after 100 cycles at 1 C (Figure S5). V2O5 microsphere (SR-sphere) exhibits better cycling performance than MF-sphere V2O5, indicating the excellent structural stability of V2O5 microsphere. The MF-sphere V2O5 has the highest initial capacity, which is related to its nanosheet-like structure, but its capacity decays rapidly, indicating the structural instability of MF-sphere V2O5. To gain insights into the excellent electrochemical performance of SSBs mainly because of the stability of the electrode material, we examine the morphology of the V2O5 electrode (Figure S6) after 20 electrochemical cycles at 0.1 C using SEM. It can be seen that V2O5 in LLBs show large cracks (Figure S6a), while the structure of V2O5 in SSBs remain more intact (Figure S6b), demonstrating that the long cycle performance of the LLBs being inferior to that of the SSBs.
[bookmark: OLE_LINK7]The kinetic behavior of Li+ diffusion and the chemical diffusion coefficient of Li+ (DLi+) during charging and discharging of the V2O5 electrode are further investigated using galvanostatic intermittent titration technique (GITT) (Figure 4a,b). The diffusion coefficient of Li+ in SSBs is higher than that of LLBs, ranging from 1-12*10-12 cm2/s (Figure 4c,d), which ensures the excellent electrochemical performance of SSBs. Combined with the platform of charge/discharge curves (Figure 3b), it can be found that the diffusion coefficient varies with the phase transition. 
Differential capacity curves (dQ/dV) are carried out to reveal the origin of the different electrochemical behavior of SSBs and LLBs during charging/discharging process (Figure 5). In the voltage range of 2.0-3.8 V, the differential capacity curves of both SSBs and LLBs contain three corresponding redox peaks (Figure 5a-d) due to the phase transition of V2O5 microspheres and the intercalation and deintercalation of Li+ during electrochemical cycling. Compared with LLBs (Figure 5c,d), the peak position in SSBs are almost unchanged (Figure 5a,b), which indicates that hierarchical V2O5 microspheres can significantly reduce their charge/discharge polarization. There are three main reasons for this: first, the electrolyte can fully infiltrate inside the hierarchical structure; second, the two-dimensional layer channel facilitates the rapid transport of lithium ions; finally, the smaller primary particle size in the V2O5 microsphere material shortens the transport path and provides an effective 3D transport channel at the secondary particle scale for intercalation/de-intercalation of Li+. Even after 100 electrochemical cycles, the peak shape of the SSBs is well maintained, clearly demonstrating the structural integrity of the electrode architecture. In addition, the electrochemical impedance spectroscopy (EIS) is used to investigate the interfacial resistance of the SSBs before and after electrochemical cycling (Figure S7). The high frequency region represents the resistance of charge transfer (Rct). It can be seen that the Rct (130 Ω) after cycling is smaller than the Rct (148 Ω) before cycling, indicating that the wettability of the SSEs and solid V2O5 electrode becomes better as the electrochemical cycle proceeds.
[bookmark: _Hlk134991675]Non-destructive X-ray computed tomography (X-CT) technique become more and more critical for studying and understanding electrode architecture.42-46 The use of x-ray imaging allows linking electrochemical performance studies to SSEs microstructures, contributing to an understanding of the working mechanism and prompting a systematic search for more compatible electrolyte materials. We spatially visualize the 3D microstructure of the electrode and single active particle (Figure 6) after 20 electrochemical cycles at 0.1 C using lab-based X-CT. Figure 6a clearly and directly show the 3D architecture and 2D slices of the electrode. It can be seen that active materials are uniformly distributed in the conductive agents and binders. Moreover, the electrode structure remains relatively intact without pulverization and collapse, which is the root cause of the better electrochemical performance. Figure 6b shows the details of individual V2O5 microsphere and 2D slices along Z axis. After repeated insertion and removal of Li+, the particle exhibits good spherical morphology and microstructural integrity with negligible structural degradation. To observe the cross-sections, we slice the particle from the surface to the bulk, and the slices present an intact structure.
[bookmark: _Hlk103670817][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: _Hlk134781767]In summary, we have developed a hierarchical V2O5 microspheres as lithium-free cathode material and realized high-performance polymer-based solid-state batteries (SSBs). The rapid Li-ion transport in SSBs at 60 oC was explicitly established through dynamically qualitative and quantitative measurement. A detailed micromechanical characteristic of the PSEs was intuitively unveiled by the nanoindentation/scratch testing and 3D roughness reconstruction. X-ray tomography provided spatially resolved information of the electrode and single V2O5 microsphere in a non-destructive way. The diffusion coefficient of lithium ions in SSBs was in the range of 1-12*10-12 cm2/s, which was higher than that of LLBs, ensuring the excellent electrochemical performance of SSBs. The excellent rate performance was further confirmed by the differential capacitance curves, where the redox peaks of the LLBs almost disappeared when the applied current density reached 1 C, while the redox peaks of the SSBs remained distinctive after 100 cycles, which was attributed to the high structural stability of the V2O5 microspheres in the SSBs. The desirable rate capability and cycling performance are found to be intrinsically entwined with hybrid transport channels, such as two- and three-dimensional diffusion pathways due to their inherent structure and self-assembled nanoparticles against each other. This work projected a novel pathway to re-engineering Li-free cathode materials for high-performance energy storage. Li-free cathodes with high operational voltage and specific capacity would continue attracting great research efforts by both experimentalists and theoreticians. 
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[bookmark: _Hlk134800837]Figure 1. The morphologies and structures of V2O5 microspheres. (a, d) SEM image of V2O5 microsphere at different magnifications. (b) High magnification TEM image of V2O5 microsphere. (c) Crystal structure of V2O5. (e) Element mapping of  O and V. (f) X-ray diffraction pattern of V2O5, (g) X-Ray Photoelectron Spectroscopy and fitted plot of the V 2p core level, (h) Raman spectra of V2O5. (i) N2 adsorption-desorption isotherms of V2O5.
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Figure 2. Nanoindentation technology and 3D roughness reconstruction to measure mechanical performance of the PSEs. (a) Load−displacement curves. (b) The AFM images of without indentation and with 2 (c) and 5 μm (d) depths of indentation. (e) 2D image of of the PSEs. (f) 3D roughness reconstruction of the PSEs. (g) The roughness profiles of the corresponding electrode.
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[bookmark: _Hlk103354062][bookmark: _Hlk134801295]Figure 3. Electrochemical performance of SSBs and LLBs. (a) The first three CV curves of SSBs acquired at a scan rate of 0.1 mV/s. (b) Voltage profiles of SSBs for selected cycles at 0.5 C. (c) Rate performance of SSBs and LLBs from 0.1 to 2 C. (d) Representative voltage profiles of SSBs at various C-rate. (e) Long cycling performance at 1 C.
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Figure 4. GITT curves of the V2O5 microsphere during the charge (a) and discharge (b). The calculated Li+ diffusion coefficients in the (c) charge and (d) discharge process. 
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Figure 5. Differential capacity curves of SSBs in the process of discharge (a) and charge (b) at 1 C from the 1st to 100th cycles. Differential capacity curves of LLBs in the process of discharge (c) and charge (d) at 1 C from the 1st to 100th cycles.
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Figure 6. X-ray tomography of the cycled V2O5 microsphere in SSBs. (a) 3D microstructure of the electrode. (b) 3D microstructure of single particle and 2D slices.

2

image3.png
O]

1000

800 -

600

400

Load (nN)

200 -

0 2000 4000 6000
Displacement (nm)

Field of view: 396.88 pm

Rz: 2.04 ym; Ra: 4.87 ym

Jom | lom |
|7 “ 117 A |
I /) 1 I\ I
|62 | 1 ez [\ |
I ~ N\ \ I [\ !
s W \ \ I:5 / \ :
i \ | \ — N e ™ |
127 \ | \ / 137 /’\ / J\\ / W e |
| \ / : [T \ / N AN |
2 ! 1o \ <
o0 T es T abeym |00 1649 3208 ym|




image4.png
Current (mA)

Capacity (mAh/g)

Capacity (mAh/g)

03 b 38
SSBs SSBs 0.5C
0.1 1 3.2
S
o —2nd
(o))
8 —20th
-0.1 A O 2.6 1
> .
0.1 mVis “omn
— st —2nd —3rd
-0.3 T T 2 4 T T
2 2.6 32 38 0 100 200 300
Voltage (V vs. Li*/Li) Specific Capacity (mAh/g)
350 d 3
. SSBs
X
300 A z
g 5321
o
E o
250 4 © 2 —o0.1C
'E S 0.5C
S = 26 - '
200 2 —e
) : o
—e— SSBs Discharge —e— LLBs Discharge | 20 ——2C
—e— SSBs —o— LLBs
150 . : r T 0 2+ T T "
0 5 10 15 20 25 0 100 200 300 400
Cycle number Specific Capacity (mAh/g)
400 120
'
menmmm 100 -
300 A 1¢C =
L 80 T
c
o
200 A 60 é
iT|
Q
40 =
100 - —e— SSBs Discharge  —e— SSBs Charge —+ SSBs g
20 3
—+— LLBs Discharge —s- LLBs Charge ~+= LLBs o
0 T T T T 0
0 20 40 60 80 100

Cycle number




image5.png
Voltage (V)

Time (108 s)

-O- SSBs
—— LLBs

2 4
Time (108 s)

Log D (1072 cm?s)

12

—— SSBs

—— LLBs
--©-- SSBs-Es
--6-- LLBs-Es
7 9 11 13
Time (108 s)
—O- SSBs
—— LLBs
12

8 10
Time (108 s)




image6.png
SSBs Charge

Volta%e (]

O (Ap/op) Ayoedes [enuaiayid

First cycle

SSBs Discharge

® (Ap/oOP) Ayoedeo [enusiofid

3.6

3.2

2.8
Voltage (V)

24

LLBs Charge

3
Voltage (V)

35

O (Ap/OP) Ayoeded [enuaiagid

First cycle

LLBs Disharge

3.6

3.2

Voltage (V)

2.8

O (Ap/OP) Ajoeded [enuaieyia




image7.png




image1.png
High-perfornfance
solid-state batteries -





image2.png
Intensity (a.u.)

Intensity (a.u.)

100

)

. = V,05 Microspheres

S —— JCPDS NO.41-1426
~ 7 =
g |- | 8=
) TEe - - §

= &~ §§ ¢
S =

| I| N ; ||| ||' II“:"' Lol

20 30 40 50

2 Theta (deg.)

— V,05 Microspheres

200 300 400 500 600

ANOVN BN .

300

500 700 900

Raman shift (cm-)

1100

Intensity (a.u.)

R oo R

PRI Al

o OO

PSS R i
opaans seanEen =

Somoas sonaan

TN
2o

-
i

Nhf’

CEAEE S NE L

a

e R e
~
LN

goppe

> -
;

SESSE L

523 518
Binding energy (eV)

513

508

—~ 0.6

o

E 0.4

5

=02

g

2

3 0 e
0 5 10 15 20

Pore diameter (nm)

0.2 0.4 0.6

0.8

Relative pressure (P/P,)

1.0




