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conductivity and interface issues in SSLBs 
are still two main difficulties to be over-
come. Although high ionic conductivity 
of solid-state electrolytes (SSEs) has been 
achieved, the solid–solid interface issues 
severely impede the development of prac-
tical application in SSLBs, especially about 
interfaces in cathode materials.[4,5] In 
terms of the cathode/SSE interface, one 
main issue is poor physical contact.[6,7] 
It results in increased interface imped-
ance and inefficient lithium-ion transport. 
After several cycles, volume expansion/
contraction of cathode materials will lead 
to physical delamination.[8,9] Another 
problem is the intrinsic electrochemical 
instability between the cathode/SSE inter-
face, especially in SSLBs with sulfide solid 
electrolytes.[10] As a result, complex side 
reactions significantly reduce the interface 
compatibility, and the by-products formed 
after electrolyte degradation will greatly 
increase the impedance of batteries.[11,12] 
Apart from the cathode/SSE interface, 
the internal interface in the bulk cathode 
material is another bottleneck.[13] The gaps 
between particles in the bulk cathode of 
SSLBs fail to be connected as in the liquid 

electrolyte. Furthermore, the strength of point-to-point interfa-
cial contact will also be more fragile under the volume change 
during cycling.[14]

To achieve beneficial compatibility between the electrode/
SSE interface, artificial buffer layers were applied to optimize 
the interfaces in SSLBs.[15,16] They can provide steady interfaces 
with enhanced physical contacts and chemical/electrochemical 
stabilities. During the past several years, considerable related 
researches about coating-modified electrode/SSE interfaces 
have been reported, and great success has been achieved.[17,18] 
Although these methods can mitigate the interfacial problems 
to some extent, point-to-point contact between inside cathode 
particles is still remained to be solved. To overcome this phe-
nomenon, buffer layers coating on individual cathode particles 
have been successively reported.[14,19] This core–shell structure 
makes use of the large contact area and numerous channels 
for rapid Li+ transport, thus cathodes with higher Li+ transport 
efficiency and lower interfacial impedance were fabricated. 
However, the sharp interfaces between SSE/bulk cathode 
and cathode/current collector still remain to be solved. The 

Solid-state lithium batteries (SSLBs) have attracted more attention due 
to their improved safety and high energy density. Although numerous 
solid-state electrolytes (SSEs) with high ionic conductivity have been 
frequently reported, poor solid–solid interfacial contact and interfacial 
chemical reactions around the cathode in SSLBs can hinder their practical 
application. Here, a gradient nanowire (NW) cathode is demonstrated for 
advanced interface engineering in SSLBs by a facile solvent evaporation 
process. In this unique gradient cathode membrane, one side surface 
with more ionic conductive polymer provides a smooth contact with 
SSE, while the other side surface with more electronic conductive NW/
reduced graphene oxide composite provides rapid electron transport 
acting as a current collector. Furthermore, the inside NW cathode 
materials are uniformly coated by a solid polymer electrolyte and such a 
structure changes the point-to-point contact to a large-area contact in the 
cathode, providing continuous channels for rapid electron/ion transport 
and improved mechanical strength. The effective interface engineering 
gives SSLBs enhanced structural stability and excellent electrochemical 
performance. The as-obtained SSLBs can deliver 200 mAh g–1 capacity after 
100 cycles at room temperature without obvious structural degradation. This 
novel design of NW-based gradient cathodes demonstrates a promising 
strategy for solid–solid interface engineering in solid-state lithium batteries.
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1. Introduction

Solid-state lithium batteries (SSLBs) have been widely con-
cerned and valued in recent years because of increased safety 
and high energy density.[1–3] However, problems like ionic 
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point-to-point contact and uncovered gaps between particles 
formed by bonding or simple stacking still cannot be fully 
infiltrated by SSE as same as the liquid electrolyte. And the 
coating thickness of SSE also affects the electron transport in 
the system.[20] In addition, the cracks of some inorganic buffer 
layer were observed after cycling due to the volume change 
of cathode particles, which significantly decreased the cycling 
stability of SSLBs.[21,22] Solid polymer electrolyte (SPE) is one 
of the promising SSEs due to the soft contact with electrode 
and outstanding interface compatibility.[23,24] Chen et  al. fab-
ricated a cathode-supported SSE framework by a brief tape-
casting approach, polymer filled the gaps between cathode 
materials.[20] The as-obtained integrated SSLBs possessed 
better electrochemical performance than SSLBs with the con-
ventional cathode, indicating the significant enhancement of 
interfacial contact between SPE and cathode. Moreover, SPE 
as a buffer layer successfully endures the volume change of 
cathode materials during cycling owing to the flexibility and 
tight attachment.[25,26] However, it still remains an issue to 
be solved that the pores in the tape casting cathode (noted as 
homogeneous cathode) are formed by simple random stacking 
of particles, which are disordered and hard to be controlled, 
even though the polymer melts and penetrates the pores, uni-
form and effective coating on every single particle is difficult to 
be achieved.

Therefore, constructing benign interfacial contact and 
arranged electron/ion transport channels between electrode/
SSE are great challenges. The flexibility of nanowire (NW) 
materials can effectively relieve the interfacial pressure caused 
by volume expansion during cycling as electrode materials, 
and provide direct pathways for rapid ionic conduction as 
additives in solid polymer materials.[27–29] As for cathode mate-
rials, vanadium oxide materials have been noted as promising 
electrode materials for various battery systems because of 
their high theoretical capacity,[30] which have also been used 
as cathode materials in SSLBs.[31,32] Herein, we demonstrate 
a gradient NW cathode for advanced interface engineering 
in SSLBs. In this unique gradient cathode, two polyethylene 
oxide (PEO) gradient distribution interfaces are constructed as 
interface buffer layers at two surfaces. One side surface with 
more ionic conductive polymer provides smooth contact with 
SSE, while the other side surface with more electronic con-
ductive H2V3O8 NWs/rGO (reduced graphene oxide) provides 
rapid electron transport as current collector. Furthermore, the 
inside NW cathode materials are uniformly coated by rGO and 
PEO-based SPE as the main cathode body, and such strong 
combination changes the point-to-point contact to large-area 
contact between cathode/SSE, providing continuous channels 
for rapid electron/ion transport and improved structural sta-
bility. All the interspaces in the bulk cathode are filled by SPE, 
reinforcing the structural strength of the integrated cathode. 
Owing to the interface engineering of cathode/SSE, cathode/
current collector, and the inner structure in the cathode, the 
SSLBs with this novel gradient NW cathode membrane pos-
sess higher lithium-ion diffusion efficiency, lower imped-
ance, excellent cycling capacity, and stability. Hence, this new 
design of gradient interface engineering opens a new avenue 
for solving the challenges of solid–solid interface problems in 
SSLBs.

2. Results and Discussion

In the traditional preparation method of cathode materials in 
solid-state battery, solid polymer electrolyte is usually intro-
duced as an ionic conductive agent, but the electronic insulation 
of SPE, coupled with random accumulation between particles 
and uncontrollable polymer coating, makes it difficult to main-
tain stable interface and continuous electron/ion transport 
channels (Figure 1a). In this study, NW/rGO composite mem-
brane was prepared by a suction filtration process. rGO helps 
to improve the conductivity and mechanical stability of cathode 
materials to construct a stable 3D electron transport framework. 
Then, PEO solution was dropped on the surface of the NW/
rGO composite membrane and penetrated the pores of the 3D 
framework (Figure 1b). This step can further increase the ionic 
conductivity of the 3D framework but not sacrifice its original 
electronic conductivity. Such unique structure simplifies the 
original complex and chaotic interfaces between particles and 
changes the point-to-point contact to large-area contact between 
cathode/SSE, providing continuous channels for rapid elec-
tron/ion transport and improved structural stability (Figure 1c). 
Besides, as a freestanding membrane, its surfaces were also 
modified to construct two PEO gradient distribution interfaces 
(Figure  1d). PEO-rich side can provide continuous and strong 
interface contact with SSE, effectively reduce the cathode/SSE 
interface impedance. PEO-lack side with the exposed NW/rGO 
composite thin layer can provide good conductivity and work as 
the current collector for the integrated freestanding electrode. 
These gradient interfaces can provide continuous and uniform 
ionic conductivity, and strengthen the structural integrity for 
the cathode membrane (Figure 1e). On the contrary, the sharp 
interfaces in the tape casting homogeneous cathode will cause 
larger interfacial impedance between SSE and bulk cathode, 
and lead to interface separation between cathode materials and 
metal current collector due to the volume expansion during 
cycling (Figure 1f). It should be emphasized that gradient inter-
faces only occupy small depth on both surfaces of the cathode 
membrane, and the main body of the composite cathode is still 
in a uniformly distributed state of PEO. Under the premise of 
maintaining the overall integrity of the composite cathode, this 
modification sufficiently optimizes the interface issues of micro 
single cathode NW/SSE, the bulk cathode/SSE, and cathode/
current collector.

Scanning electron microscope (SEM) images show the mor-
phology of the cathode materials (Figure  2a). H2V3O8 NWs 
exhibit uniform size of 5–10 µm in length and ≈100 nm in diam-
eter, and rGO nanosheets are well combined within the ran-
domly oriented NWs. Transmission electron microscope (TEM) 
characterization was further taken to observe the microscopic 
structural information. TEM image (Figure  2b) presents the 
ultrathin geometrical feature of NWs/rGO composite. Large-
scale rGO sheets show inseparable contact with NWs, which 
can reinforce the electrical conductivity and overall firmness for 
the gradient NW cathode. The high-resolution TEM (HRTEM) 
image of the NW (Figure 2c) shows the lattice spacing of 0.47 
and 0.34  nm, corresponding to the (210) and (011) planes of 
H2V3O8, respectively.[30] The selected area electron diffraction 
(SAED) pattern (Figure 2c) reveals that the NW is single crystal-
line with the corresponding crystal spots of (020) and (011).[33] 
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More characterizations were detected to study the structure of 
cathode materials. X-ray diffraction (XRD) patterns reveal that 
all the peaks of the cathode materials are in good agreement 
with the orthorhombic structure of H2V3O8 (PDF#85-2401) 
(Figure S1, Supporting Information). The only weak peak at 
26° can be matched to the diffraction peak of rGO due to its 
amorphous and low content in the cathode composites.[34,35] 
Thermogravimetry (TG) curve displays the weight loss around 
300 °C owing to the structural water (Figure S2, Supporting 
Information).[35] The subsequent 2.5 wt% weight loss of NW/
rGO composite at 300–600 °C is the pyrolysis of rGO. The X-ray 
photoelectron spectroscopy (XPS) spectra in Figure S3a,b (Sup-
porting Information) give the C 1s spectra of the H2V3O8/rGO  
composites and GO sheets, respectively. The C 1s spectra of 
H2V3O8/rGO exhibit less oxygen-containing functional groups 
compared to GO, revealing the reduction of GO, which ensures 
the advanced electrical conductivity between NWs. The V 2p 
spectra in Figure S3c (Supporting Information) confirm the 
normal mixed valence states of vanadium.[36] These results con-
firm the stable structure of cathode materials.

The cross-sectional image of gradient NW cathode is pre-
sented in Figure 2d, the thickness of gradient NW cathode is 
≈34  µm. Although the energy-dispersive spectrometer (EDS) 
mapping image was not successfully obtained because the 
bulk polymer was easily decomposed under high energy 
electron beam, it is still accessible to observe the profiles of 
NWs throughout the whole membrane. The concentration of 

polymer solution was accurately controlled to form the gra-
dient NW cathode, and two different surfaces can be found 
in Figure 2d. It is obvious that all the gaps in the cathode are 
filled due to the good concentration of SPE, indicating the 
firm interfacial contact and mechanical strength. Figure 2e is 
the enlarged view of the gradient NW cathode. The top side 
is the polymer-rich surface, the uniform SPE layer provides 
continuous contact with SSE to decrease the interfacial resist-
ance. The bottom side is the polymer-lack surface to expose a 
thin layer of NWs/rGO composites with the PEO content grad-
ually decreased, providing the typical electrical conductivity as 
current collector in the integrated freestanding cathode mem-
brane. This overall structure shows strong integrity, which 
can provide continuous firm contact between cathode/SSE 
and avoid the phenomenon that electrode particles separate 
from the current collector as in tape casting homogeneous 
cathode.[5] Further information about electrical conductivity of 
gradient NW cathode was given by testing the current–voltage 
(I–V) characteristics of each surface. The silver paste was 
carefully brushed on the surface of the membrane as testing 
electrode and guaranteed not to penetrate the other side. The 
electrical conductivity can be estimated from Figure  2f, the 
polymer-lack surface indeed affords higher electronic conduc-
tivity, about five orders of magnitude than the polymer-rich 
side. This result suggests that improved electronic conduction 
can be realized for the gradient cathode because of the modi-
fied polymer-lack surface.

Figure 1. Schematics of interface engineering in gradient NW cathode. a) Illustration of interfaces in tape casting homogeneous cathode. b) Prepara-
tion process of the gradient NW cathode. c) Internal electron/ion transport characteristics of the gradient NW cathode. d) The distribution and func-
tion of the PEO gradient interfaces in the gradient NW cathode, PEO gradient interfaces only occupy a small area, most of PEO is evenly distributed.  
e) Gradient interfaces in gradient NW cathode, i) SSE/bulk cathode interface, ii) cathode/current collector interface. f) Sharp interfaces in tape casting 
homogeneous cathode, i) SSE/bulk cathode interface, ii) cathode/current collector interface.
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To sort out the state of polymer wetting, a few polymer-coated 
NWs inside the membrane from the artificially damaged part 
were detected (Figure 2g), where stable polymer-coated structure 
can be clearly observed. Every single NW is uniformly coated 
by SPE, which can afford fast lithium-ion transport pathways. 
In addition, the flexibility of NWs and SPE can reinforce the 
interfacial contact to buffer the volume change during cycling. 
Figure 2h–j displays the distribution of V, C, F elements, respec-
tively. F element comes from lithium salt LiTFSI in the SPE, 
and it is obvious that the uniform interfacial contact between 
single NW cathode and SPE is realized. The lithium salt in the 
SPE is uniformly enriched on the NW surface, which can pro-
vide continuous lithium-ion supply during cycling. Therefore, 
the intricate interface issues of inside single NW cathode/SSE, 
the bulk cathode/SSE and cathode/current collector are simpli-
fied and optimized by a facile solvent evaporation process. This 
integrated gradient NW cathode membrane can be regarded as a 
steady continuous electron/ion transport framework.

The SSE was fabricated by mixing a suitable amount of 
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) particles with PEO/LiTFSI solu-
tion.[37] Electrochemical impedance spectroscopy (EIS) test was 
conducted at the temperature from 20 to 80 °C (Figure S4, Sup-
porting Information). The calculated ionic conductivity of SSE 
is 1.03 × 10−4 S cm−1 at room temperature. The electrochemical 
stability of SSE was tested by linear sweep voltammetry (LSV; 
Figure S5, Supporting Information). The electrochemical 
window of the SSE is 5 V, offering a potential possibility for the 
application of high-voltage cathode materials due to the addition 
of high oxidative stability of LLZTO and Lewis acid-base inter-
action between LLZTO and TFSI– anions.[38] The lithium com-
patibility test of SSE was performed with a current of 0.2  mA 
at 50 °C (2 h for a cycle) and the result is shown in Figure S6 
(Supporting Information). The polarization potential of the 
symmetric battery is about 50 mV. No short-circuit is observed 
and the polarization potential is steady after cycling for 500 h. 
TG curve of the solid electrolyte, executed in the Ar atmosphere 

Figure 2. Electron microscopy and transport characterizations of gradient NW cathode. a) SEM image of the H2V3O8 NWs/rGO composite. b) TEM 
image of the H2V3O8 NWs/rGO composite. c) HRTEM image of the NW showing the single-crystalline lattice of H2V3O8. Inset is the corresponding 
SAED image. d) Cross-sectional SEM image of the gradient NW cathode. e) SEM images of two surfaces of gradient NW cathode. f) Transport proper-
ties of different gradient NW cathode surfaces, the inset is the transport properties of bottom side. g) Individual polymer-coated NWs in gradient NW 
cathode and EDS mapping of h–j) V, C, F elements.
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from 25 to 600 °C (Figure S7, Supporting Information), illus-
trates that weight loss occurs in the pyrolysis process of the 
solid electrolyte at 300 °C. The results show solid electrolyte 
possesses excellent thermal stability, and no obvious weight loss 
occurs in the temperature ranging from 25 to 150 °C, implying 
the composite SSE can effectively work under high temperature.

For a better understanding of the cathode/SSE interface, 
SEM images of the cathode/electrolyte interface are presented 
in Figure  3a–d. The continuous cross-sectional morphology 
in the gradient NW cathode suggests closer interfacial con-
tacts (Figure  3a). After cycling, the gradient NW cathode still 
remains the continuous and firm interfacial contact with SSE 
(Figure  3b), and no degradation in the bulk cathode can be 
seen, indicating the durable gradient structure. It is obvious 
that the contact between the homogeneous NW cathode and 
SSE is rigid (Figure  3c). Moreover, in the homogeneous NW 
cathode, the sharp SSE/bulk cathode interface and point-to-
point contact of NWs are not accessible to fast Li+ transport. 
After cycling, there is an enormous crack between the homo-
geneous NW cathode/SSE interface, this giant contact loss 
will directly ruin the regular operation of batteries (Figure 3d). 
Figure  3e is the schematic diagram of possible issues in tape 
casting homogeneous cathode. Limited by the preparation 
process, the coating process is just simple stacking of the  

composite materials. Active materials, conductive additives, and 
solid polymer electrolyte are mixed disorderly in the cathode 
slurry, thus PEO polymer electrolyte cannot achieve uniform 
coating on the cathode materials as expected, which is difficult 
to construct continuous electron/ion transport channels for the 
cathode in SSLB system. Excessive coating of PEO will hinder 
the conduction of electrons on the surface of cathode materials. 
Incomplete PEO coating will block the transmission of lithium 
ions. In addition, disordered stacking is difficult to maintain a 
close connection between cathode materials, so that the volume 
expansion will cause cracks during cycling. Figure  3f shows 
the PEO-rich area and PEO-lack area in the same cathode sur-
face, indicating the inadequate PEO coating. Figure  3g shows 
the obvious crack in homogeneous cathode after cycling. This 
poor interface compatibility will greatly increase the interface 
impedance and aggravate the failure of the solid–solid contact.

To investigate the lithium-ion diffusion efficiency for 
gradient NW cathode, galvanostatic intermittent titra-
tion technique (GITT) was employed to study the diffusion 
kinetics of Li+. The overall discharge curves are presented in 
Figure 3h. After the introduction of the polymer coating, the 
polarization is significantly reduced throughout the range 
and a high discharge capacity of 290 mAh g–1 is achieved. 
Figure  3i shows the lithium-ion diffusion coefficient (Ds) of  

Figure 3. Cross-sectional SEM images of cathode/SSE interfaces before and after cycling: a,b) Gradient NW cathode, c,d) homogeneous NW cathode. 
e) Schematics of the possible issues in tape casting homogeneous cathode, e.g., e– blocking, Li+ blocking, and crack after cycling. f) SEM image of 
homogeneous cathode, PEO-rich and PEO-lack area are circled to demonstrate the e– blocking and Li+ blocking, respectively. g) Cross-sectional SEM 
image of the homogeneous cathode after cycling. h) GITT curves and i) the relationship of the diffusion coefficients versus discharge fraction. Nyquist 
plots of SSLBs with gradient NW cathode and homogeneous NW cathodes: j) before cycling and k) after 100 cycles.
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homogeneous NW cathode and gradient NW cathode in dif-
ferent discharge fraction, respectively.[11,39] The gradient NW 
cathode illustrates significantly increased Ds in the range 
of 0.1–10 × 10−11 cm2 s−1, which is about three times higher 
than the homogeneous NW cathode. The improved Ds of 
gradient NW cathode demonstrates faster lithium-ion diffu-
sion because of the consequent electron/ion transport path-
ways and much more sustained interfacial contact in the NW 
cathode. These results imply that the gradient NW cathode 
gives a powerful contribution to fast lithium-ion diffusion, 
resulting in improved electrochemical performance. As 
for the interfacial resistance, EIS test was conducted at the 
voltage of around 3.2  V for SSLBs before and after cycling 
(Figure 3j,k). Before cycling, the charge transfer resistance of 
gradient NW cathode is around 125 Ω, and it is a little larger 
at about 160 Ω for homogeneous cathode. After 100 cycles, 
the resistance increases for both cathodes, while the resist-
ance of the gradient NW cathode still keeps much lower than 
the homogeneous NW cathode. It is demonstrated that the 
gradient NW cathode effectively ameliorated interface issues 
of the bulk cathode/SSE and the inside NW cathode mate-
rials, providing continuous and uniform electron/ion trans-
port channels and enhanced structural integrity.

Charge–discharge curves of SSLBs with gradient NW cathode 
and homogeneous NW cathode are shown in Figure  4a,b, 
respectively. As shown in Figure  4a, SSLB with gradient NW 
cathode presents smooth charge–discharge curves at different 
current densities. The charge and discharge platforms are con-
sistent with the redox peaks in cycle voltammetry (CV) curves 

of lithium battery with liquid electrolyte (Figure  4c).[35] In 
Figure 4b, as the current density increasing, SSLB with homo-
geneous NW cathode shows extreme polarization because of the 
larger resistance caused by uneven PEO coating and poor con-
tact in sharp interfaces during cycling. In addition, poor inter-
face compatibility also results in capacity decay under elevated 
current densities. This result indicates improved properties of 
lithium-ion insertion/extraction on account of the reliable inter-
face stability and rapid electron/ion transport channels in the 
gradient NW electrode. Rate performances under current den-
sity from 50 to 300 mA g–1 at room temperature are presented 
in Figure  4d. The cell with homogeneous NW cathode has a 
specific capacity of around 300 mAh g–1 at the current den-
sity of 50  mA g–1 as same as the gradient NW cathode. How-
ever, with the current density increasing, the capacity drops 
sharply and only remains 140 mAh g–1 at the current density 
of 300 mA g–1. The chaotic electron/ion transport channels in 
homogeneous NW cathode make it difficult to adapt to sudden 
changes of current density, the sluggish electron/ion transport 
will result in poor stability and rapid capacity decay. On the 
contrary, the gradient NW cathode exhibits more excellent rate 
performance. The specific capacity still maintains more than 
200 mAh g–1 when the current density gradually increases to 
300 mA g–1. When the rate is back to 100 mA g–1, the specific 
capacity returned to 240 mAh g–1, which is only a little lower 
than the capacity of cathode in the liquid electrolyte (Figure S8, 
Supporting Information) due to the inferior ionic conductivity 
of SSE versus organic liquid electrolyte. This superior rate per-
formance relies on the enhanced cathode/electrolyte interface 

Figure 4. Electrochemical performance of gradient NW cathode for SSLBs. The charge/discharge profiles of a) gradient NW cathode and b) homoge-
neous NW cathode at the current density ranging from 50 to 300 mA g–1 based on SSE. c) CV curve of homogeneous NW cathode with liquid electrolyte 
at a scanning rate of 0.1 mV s–1. d) Rate capability at the current density ranging from 50 to 300 mA g–1 based on SSE. e) Cycling performance of gradient 
NW cathode at 100 mA g–1 based on SSE at room temperature.
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contact and continuous electron/ion transport in the SSLBs. 
Figure  4e indicates the long cycling performance under the 
current density of 100 mA g–1 at room temperature. The initial 
discharge capacities of both gradient NW cathode and homo-
geneous NW cathode delivered capacity around 230 mAh g–1. 
The capacity of SSLB with freestanding gradient NW cathode 
decreases at the beginning because it demands more time to 
optimize due to the inferior electronic conductivity than the 
metal current collector. Then the capacity of gradient NW 
cathode cell increases a little and gradually becomes relatively 
stable in the following cycles and finally remains the capacity 
of 200 mAh g–1 after 100 cycles. The enhanced capacity reten-
tion and cycling stability of gradient NW cathode are contrib-
uted to the fast electron/ion transport channels and sustained 
interfacial contact by the interface engineering. However, the 
capacity of the homogeneous NW cathode cell shows a con-
tinuous decline caused by the disordered connection and poor 
adhesive characteristic of the cathode/SSE interface. The SSLBs 
with gradient NW cathode show superior electrochemical per-
formance in the interface engineering field (Table S1, Sup-
porting Information). This modification is suitable for the most 
of 1D electrode materials, which can go through a better match 
between high-performance cathode materials and SSE to fab-
ricate advanced SSLBs with high energy density and cycling 
stability.

3. Conclusion

In conclusion, interface engineering on a gradient NW electrode 
by a facile solvent evaporation process is demonstrated. In this 
gradient composite system, interfaces of cathode/SSE, cathode/
current collector, and inner structures of cathode are modulated 
by accurately controlling the concentration of polymer solution. 
The obtained gradient structure with two different factional 
surfaces delivers both the smooth contact between cathode/SSE 
interface and fast electron transport as current collector, respec-
tively. Furthermore, the composite architecture with large-area 
interface contact between inner cathode particles and steady 
structural strength can significantly increase the electron/ion 
transport and buffer volume variation during cycling. Effective 
interface engineering endows the SSLBs with reduced inter-
facial resistance, high capacity, and enhanced cycling stability. 
This novel gradient interface engineering strategy can be fur-
ther extended for other nanostructured electrode materials, 
which is of great potential for the development of next-genera-
tion high-performance SSLBs.

4. Experimental Section
Preparation of the H2V3O8 NWs Membrane: The H2V3O8 NWs were 

synthesized by hydrothermal synthesis method according to the 
literature. First, 10  mL hydrogen peroxide solution (H2O2) was added 
into 0.237 g of vanadium pentoxide (V2O5) and the mixture was stirred 
vigorously. After that 50 mL deionized (DI) water and 0.04 g poly(ethylene 
glycol) (PEG-4000) were added to vanadium sol, respectively. Meanwhile, 
graphene oxide (GO) solution (obtained by Hummers method) was 
dispersed and then transferred to the vanadium sol solution, and the 
obtained solution was stirred continuously for 1 day. Finally, the solution 
was transferred to a 100 mL autoclave and kept in the oven at 180 °C for 

2 days. The products were washed three times alternately with water and 
ethanol, and then dried at 70 °C in the air for 12 h to obtain the H2V3O8 
NWs/rGO composite. Afterward, 25  mg H2V3O8 NWs/rGO composite 
were dispersed in water and sonicated for 2.5 h, then the dispersion was 
filtered and the products were dried at 70 °C to obtain H2V3O8 NWs/rGO 
composite membrane.

Preparation of the SSE Membrane: First, PEO (Mv = 106  g mol–1, 
Sigma Aldrich), LiTFSI (Aladdin), and LLZTO (HEFEI KEJING) were 
successively added into 20 mL anhydrous acetonitrile. Among these, the 
molar ratio of EO and Li+ was 8:1 and LLZTO accounted for 15 wt% of 
the overall solid particles. Then the mixture was blended by magnetic 
stirring for 24 h to obtain the homogeneous electrolyte slurry. The 
solid electrolyte membrane was obtained by blading the slurry on a 
polytetrafluorethylene plate and dried in an argon-filled glove box for 
12 h, and then the solid electrolyte membrane was further dried in the 
vacuum oven at 60 °C for 24 h. Finally, the electrolyte membrane with 
thickness of ≈100  µm was produced. All the preparation processes 
should be carried out in an Ar-filled glovebox with H2O and O2 contents 
below 0.1 ppm.

Preparation of the Gradient NW Cathode: The same method as the 
preparation of the solid electrolyte membrane was used to prepare the 
electrolyte solution with the molar ratio of 10:1 (EO:Li+). Homogeneous 
electrolyte slurry was then cast on the prepared H2V3O8 NWs/rGO 
composite membrane directly to achieve the composite gradient NW 
cathode membrane. The composite cathode material was initially dried 
at 60 °C in the vacuum oven for 24 h. The H2V3O8 active material loading 
was ≈1.5 mg cm−2 for the gradient NW cathode.

Materials Characterizations: XRD patterns were recorded using a D8 
discover X-ray diffractometer with Cu Kα radiation. The surface area and 
pore-size distribution were calculated from N2 adsorption isotherms 
measured by using a Tristar-3020 instrument. The thermal stability was 
executed by thermogravimetric analysis (TGA) using a NETZSCH STA 
449F5 instrument over the temperature range between 25 and 600  °C 
under Ar flux at a heating rate of 10 °C min−1. XPS tests were further 
carried out by the VG Multi Lab 2000. The morphology of H2V3O8 NWs 
membrane and H2V3O8/PEO composite cathode was represented by a 
field-emission scanning electron microscopy (JEOL-7100F) after gold 
spraying. EDS was collected by an Oxford IE250 system. TEM images 
were collected using JEM-1400plus. TEM and HRTEM images were 
recorded by using a JEM-2100F microscope.

Electrochemical Measurements: Electrochemical impedance 
spectroscopy was tested by assembling blocking stainless 
steel|SSE|stainless steel cell from 0.1 Hz to 1 MHz with an amplitude of 
10  mV via Autolab PGSTAT302N. The electrochemical stability window 
was analyzed by LSV on a lithium|SSE|stainless steel cell from open-
circuit voltage to 6.5 V at a scan rate of 0.5 mV s–1. The cycling stability 
of lithium|SSE|lithium, and SSLB was conducted using a multichannel 
battery testing system (LAND CT2001A). Homogeneous cathode 
materials were composed of 70 wt% H2V3O8 NWs/rGO composite 
materials, 15 wt% acetylene black conductive additive, and 15 wt% PEO/
LiTFSI, molar ratio of EO and Li+ was 10:1, and then the mixing slurry 
was coated on the Al foil current collector. The H2V3O8 active material 
loading was ≈1.5  mg cm−2 for homogeneous cathode. 2016 coin cells 
were assembled with cathode, SSE, and lithium metal anodes via ordinal 
stacking. Little ionic liquid (5 µL) was added only between lithium metal 
anode and SSE, and there was no ionic liquid added at the interface 
between cathode and SSE. The ionic liquid at anode/SSE interface was 
to achieve good interfacial wetting and would be helpful for the stable 
SEI formation.[40] The ionic liquid (EMIM0.83Li0.17)TFSI was prepared 
by mixing LiTFSI and (EMIM)TFSI through magnetic stirring.[41] All the 
electrochemical properties of SSLBs were tested at room temperature, 
lithium compatibility test of SSE was conducted at 50 °C.

Calculation for Ionic Conductivity: The bulk resistance (Rb) of SSEs was 
obtained from the EIS spectrum. The ionic conductivity was calculated 
from Equation (1)

L
R Sb

σ =  (1)
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where Rb is the bulk resistance, L is the thickness, and S is the area of 
the SSEs, respectively.

Calculation for the Apparent Diffusion Coefficients: Calculation for the 
apparent diffusion coefficients of Li+ ions through GITT results: The 
DGITT could be obtained through the potential variation to an intermittent 
invariable current pulse. The detailed calculation was carried out from 
Equation (2)

D
n V

S
E
Et

4GITT m m
2

s
2

πτ= 





∆
∆





  (2)

where τ represents the time for an individual constant current pulse and 
nm, Vm, and S indicate the molar number, molar volumes, and electrode–
electrolyte contact area, respectively. ΔEt is the integral difference of cell 
voltage for charging or discharging, and the voltage variation during 
the individual open-circuit period can be denoted as ΔEs.[39] The cells 
were charged for 10  min at constant current of 10  mA g–1 and rested 
for 30 min until the voltage reached 4.0 V and discharged for the same 
progress until the voltage reached 1.5 V.
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