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Harnessing Electron Delocalization for Enhanced Capacity
and Stability in Heterostructured Cathode for All-Solid-State
Thin-Film Battery
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Due to the maturation of Internet of Things (IoT) technology, all-solid-state
thin-film batteries (ATFBs) have become an optimal power source for
microelectronic devices by virtue of their exceptional compatibility and ease
of integration. Nevertheless, ATFBs face challenges related to the electron and
ion transport properties of electrode materials, resulting in a limited specific
capacity and comprehensive performance that often falls short of practical
application requirements. Herein, a strategy of constructing V2O5-Cu2V2O7

heterostructures is proposed with an electron delocalization interface via
introducing copper heteroatom, which effectively improves the lithium storage
capacity. Meanwhile, the construction of the built-in electric field and the
electron delocalization effect enhance the electron and ion transport kinetics.
Consequently, the initial discharge specific capacity of the heterostructured
thin-film cathode is up to 76.4 μAh cm−2 μm−1 and exhibited ultra-high
cycling stability over 4000 cycles in liquid half cells. Finally, benefiting
from this high capacity and stable heterostructured cathode, a highly durable
and flexible ATFB is further demonstrated. This work provides new ideas to
further improve the energy density and cycling stability of thin-film cathodes
and is expected to extend the potential applications in microelectronics.

Y. Yu, S. Cao, C. Dong, H. Wang, C. Zhou, Z. Miao, K. Yan, M. Gong,
L. Mai, X. Xu
State Key Laboratory of Advanced Technology for Materials Synthesis and
Processing
International School of Materials Science and Engineering
Wuhan University of Technology
Wuhan, Hubei 430070, P. R. China
E-mail: xuxu@whut.edu.cn
X. Xu
Hubei Longzhong Laboratory
Wuhan University of Technology (Xiangyang Demonstration Zone)
Xiangyang, Hubei 441000, P. R. China
X. Xu
Zhongyu Feima New Material Technology Innovation Center (Zhengzhou)
Co.
Ltd.
High Technology Industrial Development Zone
No. 60 Xuelan Road, Zhengzhou 450001, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202423990

DOI: 10.1002/adfm.202423990

1. Introduction

The advent of the Internet of Things (IoT)
has ushered in a new epoch marked by the
relentless advancement of electronic and
information technologies, characterized by
miniaturization and high integration.[1–3]

This progression has led to a proliferation
of micro-small autonomous wireless elec-
tronic devices interconnected via the In-
ternet. Nevertheless, the development of
suitable microenergy storage devices has
emerged as a critical bottleneck in fur-
ther advancing these miniaturized elec-
tronic devices.[4] All-solid-state thin-film
batteries (ATFBs), fabricated using thin film
deposition technology, are considered to
be a promising option for energy stor-
age in microscale electronic devices.[5–7]

Therefore, they have gained prominence
as a leading frontier in global scientific
and technological arenas and have become
pivotal to industrial development. How-
ever, ATFBs with limited energy storage
capacity have a long and arduous road
to meet the practical application require-
ments (0.1 μWh – 1 mWh) of typical

microelectronic devices and portable electronic devices. Most
ATFBs feature a lithium metal anode. Notably, compared to the
high theoretical specific capacity (3860 mAh g−1) of Li, the choice
of cathode material is crucial, which significantly influences the
battery’s capacity. Despite the favorable electrochemical perfor-
mance demonstrated by ATFBs utilizing widely used cathode ma-
terials like LiCoO2 and LiMn2O4 for lithium-ion batteries (LIBs),
the limited capacity poses challenges in meeting practical appli-
cation requirements.[8–10]

Among the various cathode materials for LIBs, vanadium pen-
toxide (V2O5) with a high theoretical capacity of 442 mAh g−1

has been intensively studied as a cathode for LIBs.[11] V2O5 is
a layered intercalation compound characterized by its distinct
structural arrangement. It features layers composed of twisted
[VO5] pyramidal coordination polyhedra, interconnected by weak
van der Waals forces, imparting notable stability.[12] However, its
widespread application in ATFBs is hindered by challenges such
as sluggish ion diffusion (10−12 to 10−13 cm2 s−1) and poor elec-
tronic conductivity (10−7 to 10−6 S cm−1). Additionally, in the
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typical operating voltage range (2.0–4.0 V, corresponding theo-
retical specific capacity of 294 mAh g−1), the capacity utiliza-
tion of V2O5 as a cathode for ATFBs is very restricted, thereby
significantly constraining its capability to function as a high-
capacity cathode material in ATFBs configurations.[13,14] Substan-
tial efforts have been directed toward enhancing the electrochem-
ical performance of V2O5 thin-film cathode, including construct-
ing nanostructure,[15] introducing vacancies,[13] and heteroatom
doping.[16,17] Hyun-Suk Kim and co-workers[13] designed and pre-
pared an amorphous V2O5−x cathode with oxygen vacancies, en-
hancing both ionic and electronic conductivities. David M. Stew-
art et al. reported a promising LVO cathode for thin-film cath-
ode made by co-sputtering of V2O5 and Li2O, achieving high
capacity.[17] Nevertheless, the specific capacity and cycle stability
are still unsatisfactory.

To enhance the capacity of ATFBs, a common strategy consid-
ered is increasing the electrode mass loading. Practically, elevated
loadings typically result in sluggish kinetics.[18–20] Hence, an opti-
mal thin-film cathode should ideally possess a high voltage range
and capacity, coupled with excellent electron and ion conductiv-
ity to support rapid discharge at high rates. Achieving this ideal,
however, poses significant challenges necessitating precise con-
trol over electrode structure and chemistry spanning atomic to
micron scales. Recent studies about constructing heterostructure
for vanadium oxide cathode materials have demonstrated an in-
novative and effective approach to enhancing capacity.[21–23] Het-
erostructure, in brief, is a composite of two or more different
materials or crystal structures. When different materials form a
heterogeneous interface, a built-in electric field is spontaneously
generated due to differences in electron cloud distribution and
work function.[24,25] This built-in electric field can greatly facili-
tate electron and ion transport. Under its influence, the electrons
can move rapidly through the material, and the Li+ can cross
the interface more efficiently, realizing rapid insertion and de-
insertion.[26] By designing and regulating the heterostructure, the
electron and ion transport can be optimized, allowing the battery
to maintain high capacity and excellent charging and discharging
performance at high voltage, which will help it to be widely used
in future electronic devices and other fields.

In this study, targeting the urgent need for high-capacity
applications of ATFBs, we propose a strategy of introducing
copper heteroatom in V2O5 by co-sputtering to in-situ form
a V2O5-Cu2V2O7 heterostructure. With Cu heteroatom intro-
duced, the Li+ storage capacity of the cathode has been viably
elevated by leveraging the high voltage characteristics of V2O5
combined with the substantial capacity of CuO. The introduc-
tion of a built-in electronic field significantly boosts both charg-
ing/discharging efficiency and electrode stability. The density
functional theory (DFT) calculations indicate the V2O5-Cu2V2O7
nano-heterostructure induces the construction of the built-in
electric field through the imbalanced charge distribution, simul-
taneously enabling a higher degree of electron delocalization,
which further privileges the electronic conductivity, the adsorp-
tion energy and diffusion energy barriers for Li+, and ultimately
facilitates the charge transfer kinetics of Li+ in the heterostruc-
tured cathode. As a consequence, the V2O5-Cu2V2O7 cathode at-
tained a reversible specific capacity of up to 76.4 μAh cm−2 μm−1

and an impressive capacity retention of ≈93% after 4000 cycles
at 20 μA cm−2 in the half-cells based on a liquid electrolyte and a

Li-metal anode, illustrating the significant improvements in ca-
pacity and stability by the heterostructures. Ultimately, an ATFB
based on the V2O5-Cu2V2O7 heterostructured cathode is success-
fully fabricated, which demonstrates an outstanding specific ca-
pacity of up to 65.0 μAh cm−2 μm−1 (5 μA cm−2), good rate per-
formance, and excellent flexibility.

2. Results and Discussion

2.1. Construction of V2O5-Cu2V2O7 Heterostructure and
Structural Characterizations

The fabrication procedure is briefly depicted in Figure 1. The
pure V2O5, V2O5-Cu2V2O7, and amorphous Cu2V2O7 thin films
were deposited by radio frequency (RF) magnetron sputtering
through adjusting the power of the co-sputtered copper, named
VO, VOC1, and VOC2. The magnetron sputtering power of 1 W,
and 2 W for Cu were selected to prepare VOC1 and VOC2, respec-
tively, followed by a post-annealing temperature of 573 K. Dur-
ing the low-temperature post-annealing process, VOC1 in situ
forms a V2O5-Cu2V2O7 heterostructure. Raman spectra and X-
ray diffraction (XRD) were employed to identify bonding states,
crystal structure, and phase evolution. As shown by the compar-
ison of Raman spectra in Figure 1b, VO shows favorable crys-
tallinity, and ten Raman bonds are observed at 122, 165, 215,
305, 321, 424, 503, 547, 725, and 1014 cm−1 respectively, in accor-
dance with the signature Raman spectrum of 𝛼-V2O5.[27] For the
VOC1 sample, new Raman bonds appear at 811 and 872 cm−1,
corresponding to the asymmetric stretching vibrational modes
of V─O3.[28] The V─O1 stretching mode at 938 cm−1 of the 𝛽-
Cu2V2O7 has a severe redshift of ≈76 cm−1 with respect to 𝛼-
V2O5, which is attributable to the strong electrostatic attraction
between Cu─O attenuates the local force between V─O.[29] The
VO sample in Figure 1c shows good diffraction peaks at 15.4°,
20.3°, 26.2°, and 31.1°, which can be indexed to the diffraction
pattern of orthorhombic V2O5 (ICDD PDF no. 001–0359).[30] As
compared to the VO, the XRD pattern of the VOC1 exhibits
new peaks at ≈24.8°, 28.2°, 28.8°, and 29.0°, revealing a simi-
lar diffraction pattern as monoclinic Cu2V2O7 (ICDD PDF no.
073–1032).[31] It is important to note that both the Raman spec-
trum and XRD indicate that VOC2 is a typical amorphous struc-
ture, which is due to the excessive ratio of the Cu heteroatoms
resulting in the need for Cu2V2O7 to crystallize at higher temper-
atures (typically ≥773 K). Upon increasing the annealing temper-
ature to 773 K, the VOC2 sample presented similar Raman peaks
of CuO, while Raman characteristic peaks and XRD diffraction
peaks matching Cu2V2O7 were also observed, indicating the ex-
cessive introduction of Cu atoms (Figures S1 and S2, Supporting
Information). To further study the elemental content in VOC1,
the energy dispersive X-ray spectrum (EDS) of the heterostruc-
tures was collected and shown in Figure 1e and Figure S3 (Sup-
porting Information). The proportion of Cu/V is 0.46, demon-
strating the effective introduction of Cu heteroatoms and the
formation of a biphasic composition. Alternatively, X-ray photo-
electron spectroscopy (XPS) reveals the Cu content evolution of
each sample as well as the elemental valence state of VOC1 in
Figure 1d,f,g.

The surface morphologies of different samples were examined
by field-emission scanning electron microscopy (FESEM). As il-
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Figure 1. a) Schematic representation depicting the process of fabricating VO, VOC1, and VOC2 thin films by magnetron sputtering. b) Raman spectra,
c) XRD patterns, and d) XPS spectra of VO, VOC1, and VOC2 thin films. e) STEM-EDS spectrum, f) V 2p, and g) Cu 2p core-level XPS spectrum of VOC1
thin film.

lustrated in Figure S4a–c (Supporting Information), the Cu in-
troduction not only induced the formation of Cu2V2O7 but also
refined the surface roughness, resulting in a reduction of film
porosity. Surface mass spectrometry results from the time-of-
flight secondary ion mass spectrometry (TOF-SIMS) also pro-
vide further testimony to the homogeneous elemental distribu-
tion on the film surface. The cross-sectional FESEM images of
VO, VOC1, and VOC2 thin films are presented in Figures 2a
and S5a,b (Supporting Information), which illustrate that the
corresponding thicknesses of different films are 300, 300, and
420 nm, respectively. Notably, the prerequisite for the deposi-
tion rate to be proportional to the power applied to the target
is that the voltage is high enough to energize the working gas
ions in the electric field sufficiently to exceed the target’s “sput-
tering energy threshold”.[32,33] This threshold was clearly not ex-
ceeded during the VOC1 deposition process, so the sputtering

rate was low and the heteroatoms introduction was minimal.
In addition, Cu occupies [VO6] octahedral interlayer vacancies
in Cu2V2O7 without drastic volume changes.[34] Thus, VOC1
at lower Cu co-sputtering power (1 W) does not cause signifi-
cant variation in film thickness with a hint of heteroatoms in-
troduced, which is pivotal for the attainment of high-density
films.

In order to have an intensive study of the heterostructure
and the distribution, high-resolution transmission electron mi-
croscopy (HRTEM) was employed for structural analysis. Figure
S6 (Supporting Information) presents a low magnification high-
angle annular dark field (HAADF)-STEM image of the VOC1
sample, which reveals that the film consists of irregularly shaped
nanograins. HRTEM images of the V2O5-Cu2V2O7 heterostruc-
ture as shown in Figure 2d, where Cu2V2O7 nanodomain (blue
area) with a diameter of ≈10 nm is embedded in the layered V2O5
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Figure 2. a) Cross-sectional FESEM image, and b) TOF-SIMS surface spectral distribution of VOC1 thin film. c) Crystal structures of orthorhombic V2O5
toward (101) plane and monoclinic Cu2V2O7 toward (200) plane. d) HRTEM image of the V2O5-Cu2V2O7 heterostructure. The yellow boxed portion
corresponds to the V2O5 toward (101) plane while the blue boxed portion represents the presence of the monoclinic Cu2V2O7 toward (200) plane. e)
HAADF-STEM image and corresponding elemental mapping images, f) 3D reconstruction images of sputtered volume for the H2Cu+, O−, and O2V+

fragment in the VOC1, and g) corresponding depth profiling curves.

matrix (yellow area), separated by a portion of the transition re-
gion (green area). The lattice fringes of 0.34 nm within the en-
larged yellow square of Figure 2d1 correspond to (101) plane of
V2O5, while the lattice fringes of 0.36 nm corresponding to (200)
plane of Cu2V2O7 are shown in Figure 2d2. Ideal structure mod-
els of 𝛼-V2O5 toward (101) plane and 𝛽-Cu2V2O7 toward (200)
plane (Figure 2c) were plotted to present a more intuitive illus-
tration for the intergrowth of 𝛼-V2O5 and 𝛽-Cu2V2O7 phases and
the formation of the heterostructure.

To have a more intimate understanding of the elemental and
structural distribution within the bulk phase of VOC1, TEM-EDS
and TOF-SIMS were exploited. The EDS (Figure 2e) and TOF-
SIMS surface spectral distribution (Figure 2b; Figure S7, Sup-
porting Information) results indicate a uniform elemental distri-
bution, whereas TOF-SIMS depth profiling of the films reveals
that the film surfaces are depleted in Cu and enriched in V, which
become progressively more homogeneous with depth, as 3D re-
construction images of sputtered volume for the H2Cu+, O2

−,
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Figure 3. a) Fitted EIS patterns of VO, VOC1, and VOC2 electrodes. b) Galvanostatic charge/discharge profiles of the VOC1 electrode at the 1st, 2nd,
and 5th cycles, respectively. c) Calculated dQ/dV profiles of VOC1 electrode for the first three cycles. d) Cycle performance comparison of the VO, VOC1,
and VOC2 electrodes at 5 μA cm−2. e) Rate capabilities of the VO, VOC1, and VOC2 electrodes, and f) corresponding galvanostatic charge/discharge
profiles at the different specific currents. Long-term cycle performance g) at 20 μA cm−2 and h) at 80 μA cm−2.

and O2V+ fragment and corresponding depth profiling curves
shown in Figure 2f,g. This result can be accounted for by the
presence of an oxygen partial pressure gradient during the an-
nealing process, giving rise to an enrichment of V2O5, which is
more prone to crystallize at 573 K, at the film surface.

2.2. Electrochemical Performance Evaluation

To understand the differences between VO, VOC1, and VOC2
cathodes in terms of their Li+ storage ability, electrochemi-
cal properties were evaluated using liquid electrolyte-containing
coin-type half-cells with a Li-metal anode (Figure 3). The electro-
chemical impedance spectra (EIS) of the three electrodes were
recorded at open-circuit potential. As shown in Figure 3a and
Table S1 (Supporting Information), the charge transfer resistance
of the VOC1 electrode, determined through EIS fitting, is the
lowest among the three electrodes at 62.45 Ω, which demon-
strates the enhanced charge transfer efficiency by the V2O5-

Cu2V2O7 heterostructure. Although the charge transfer resis-
tances of VOC1 and VOC2 are similar, the semicircle of VOC1
is incomplete in the high-frequency region, which is caused by
the heterostructure that improves the mass-transfer efficiency at
the V2O5-Cu2V2O7 interface as well as at the whole electrode. Fur-
thermore, VOC1 shows capacitive behavior with a larger slope of
the straight line in the low-frequency region, which is attributed
to the fact that the enrichment of V2O5 on the film surface en-
hances the ionic transport at the electrode/electrolyte interface,
and thus the impedance value of Li+ diffusion at the interface
is lower. The capacitive behavior of VOC1 was further explored
by Cyclic Voltammetry (CV) test at different scan rates between
0.1–1.0 mV s−1 (Figure S8, Supporting Information). Conversely,
the slope of the VOC2 Warburg impedance is small, indicating
that Li+ diffusion at the electrode surface is hindered.[35] The
EIS tests at different states of charge are shown in Figure S9
(Supporting Information), where VOC1 still exhibits excellent
electrochemical kinetics during discharge from open-circuit to
2.15 V.
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The galvanostatic charge–discharge curves between 2.15 and
3.8 V of the VO electrode at a current density of 5 μA cm−2 are
given in Figure S10a (Supporting Information), with three typi-
cal discharge plateaus located at ≈3.4 V, ≈3.2 V, and ≈2.3 V (co-
inciding to the redox peaks in CV and dQ/dV curves in Figures
S11a and S12a, Supporting Information), which correspond to
the generation of 𝜖-Li0.5V2O5, 𝛿-LiV2O5, and 𝛾-Li2V2O5, respec-
tively, from 𝛼-V2O5 after insertion of Li+. The initial discharge-
specific capacity of the VO electrode is 53.3 μAh cm−2 μm−1.
As shown in Figure 3b, the initial charge/discharge profiles of
the Li//VOC1 half-cell exhibit a prominent discharge plateau at
≈2.5 V as well as three smaller discharge plateaus located at ≈3.4,
≈3.2, and ≈2.3 V, respectively, which are more distinctly repre-
sented in the dQ/dV plot in Figure 3c. The latter is similar to the
charge/discharge plateau of the VO electrode, originating from
the gradual reduction of V5+ to V4+, while the former ≈2.5 V
discharge plateau is attributed to the reduction of Cu2+.[31] As a
result, VOC1 is capable of storing more Li+ with a specific ca-
pacity of up to 76.4 μAh cm−2 μm−1 at the first cycle, which is
a tremendous enhancement of 44% compared to the VO elec-
trode. Unexpectedly, the redox peaks of the CV curves of the
VOC1 electrode were not very distinct, which might be related
to the slower diffusion rate of Li+ in the Cu2V2O7 phase, and the
mass transfer rate could not satisfy the sufficient electrochemi-
cal reaction, and thus the redox peaks were not obvious. On the
other hand, the current is fixed during the testing of the dQ/dV
curve, so the diffusion rate is constant, the redox reaction is car-
ried out completely, and therefore the potential change obtained
is relatively accurate.[36,37] Surprisingly, the practical initial dis-
charge specific capacity of the VOC2 electrode, which theoreti-
cally should be higher, was only 49.0 μAh cm−2 μm−1, as shown
in Figure S10b (Supporting Information). The discharge plateau
commences at ≈3.4 V and the curve is more skewed, in addition
to the absence of an explicit redox peak in the CV curve, which
is related to the amorphous structure presented in VOC2. The
charging plateau does not appear until the voltage reaches ≈3V.
In order to demonstrate that it is too high current density that
leads to a much lower VOC2 capacity than the ideal case, we per-
formed low-current activation at 3 μA cm−2 for various electrodes.
As depicted in Figure S13 (Supporting Information), only the ini-
tial specific capacity of VOC2 dramatically increased to 138.2 μAh
cm−2 μm−1 and rapidly decreased at the third cycle. In addition,
the charge/discharge curves of VOC2 fluctuated severely due to
the irreversible phase changes during the possible conversion
process (e.g., CuO→Cu+Li2O). The low ion diffusion coefficient
induces elevated concentration polarization, manifested as volt-
age dips, while the metallic Cu phase formed during conversion
reactions mitigates ohmic polarization through enhanced elec-
tronic conductivity, resulting in partial voltage recovery. However,
insulating by-products may restrict ion diffusion pathways, driv-
ing dynamic polarization fluctuations.

The structure stabilities of the various electrodes were further
examined through cycling tests. Figure 3d presents a comparison
of the cycling performance between 2.15 and 3.8 V at a current
density of 5 μA cm−2. It is clear that VOC2 suffers from rapid
capacity fading and instability, retaining only ≈56% of its capac-
ity after 45 cycles, indicating its poor structural stability and re-
versibility. In contrast, VO has better cyclic stability, gradually de-
caying to ≈82% capacity after 200 cycles, but with a lower capac-

ity. As anticipated, the VOC1 electrode exhibited the highest spe-
cific capacity along with commendable cycling stability, retaining
≈69% after 200 cycles. To investigate the origin of the capacity
fading, SEM was carried out to observe the surface of each elec-
trode after cycling, as shown in Figure S14 (Supporting Informa-
tion). Both VO and VOC2 show varying degrees of cracking and
roughening. While the surface of VOC1 is still smooth, it shows
an obvious regional contrast difference, which may be the elec-
tron channeling contrast caused by the different crystal orienta-
tions produced after cycling.[38]

The rate capabilities of the three electrodes are compared in
Figure 3e. Layered V2O5, possessing a large layer spacing, could
facilitate the rapid diffusion of Li+ through 2D channels. The ca-
pacity of the VO electrode, however, is always at a lower value.
As mentioned before, VOC2 shows a high specific capacity only
at low current densities because of its extremely slow reaction ki-
netics. When Cu2V2O7 is stabilized in a heterostructure based on
V2O5, the VOC1 electrode demonstrates a high specific capacity
and optimized rate performance, which is still greater than the
of the VO electrode (37.9 μAh cm−2 μm−1) even at a high current
density of 80 μA cm−2 with an average specific capacity of 41.7
μAh cm−2 μm−1. The corresponding charge/discharge curves of
VOC1 at different current densities are shown in Figure 3f and
Figure S15 (Supporting Information), which reveals that the sta-
bility of the VOC1 electrode has been promoted well along with
high capacity.

As the VOC1 electrode was subjected to prolonged cycling
at 20 μA cm−2 (Figure 3g), the maximum capacity is 62.7 μAh
cm−2 μm−1 and ≈93% of the highest capacity can be retained af-
ter 4000 cycles, significantly surpassing the performance of pre-
viously reported V2O5-based cathodes (Table S2, Supporting In-
formation), and even better than thin-film cathodes have been re-
ported to our knowledge (Figure S16, Supporting Information).
The insert figure shows the charge/discharge curves for a specific
number of cycles, and we note that there is a capacity rise at the
beginning, which may be caused by the continuous optimization
of the heterostructure interface with the charging/discharging
process. Significantly, the prevalent phenomenon of rapid ca-
pacity fading during initial cycling reported in the literature for
Cu2V2O7-based electrodes[39] was not observed for VOC1 het-
erostructured electrodes in this study, suggesting that the stabil-
ity of the heterostructures is greatly elevated. On increasing the
current to 80 μA cm−2 for long cycling, the VOC1 electrode still
exhibits excellent stability and large capacity, with an initial spe-
cific capacity of 44.0 μAh cm−2 μm−1 and retaining ≈79% after
2500 cycles. To verify the repeatability and reproducibility of this
work, we performed extensive repeat experiments for the main
electrochemical results and collected duplicate data for valid sta-
tistical analysis (Figure S17, Supporting Information). The re-
sults corroborate the effective enhancement of electrochemical
performance by the heterostructure.

2.3. Heterostructure and Ionic Storage Mechanism

To explore the mechanism underlying the remarkable electro-
chemical reversibility of the V2O5-Cu2V2O7 heterostructure, in
situ Raman measurements were performed on various electrodes
to elucidate the potential-dependent reversible structural changes

Adv. Funct. Mater. 2025, 2423990 © 2025 Wiley-VCH GmbH2423990 (6 of 11)
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Figure 4. a) In situ Raman measurements of the VOC1 electrode in a voltage range between 2.15 and 3.8 V. b) V 2p, and c) Cu 2p ex-XPS spectra of
VOC1 at the different lithiated states. d) UPS spectra, and e) UV–vis absorption spectroscopy of the VO, VOC1, and VOC2 thin films. f) The schematic
illustration of the built-in electric field between V2O5 and Cu2V2O7. g) The computed charge density difference and h) the corresponding 2D slice of
the charge density of the V2O5-Cu2V2O7 heterojunction. The pink and green isosurfaces represent charge accumulation and depletion in the space,
respectively. i) The DOS and j) the adsorption energy values of Li-V2O5, the Li-V2O5-Cu2V2O7 heterostructure, and Li-Cu2V2O7.

and the VO bonding characteristic evolutions (Figure 4a; Figure
S18, Supporting Information). The broad, low-intensity Raman
peaks compared to the classic Raman spectrum of VOC1 thin
film indicated the fluorescence effect from the addition of the
electrolyte, which has been confirmed in previous reports.[40,41]

The lowest Raman shift peak at 145 cm−1 involves the shear
motion and rotations of the ladders along their axes. The pro-
nounced intensity of this peak indicates the presence of long-
range order within the vanadium-oxygen layers.[42] As can be dis-
cerned from the figure, the intensity of the 145 cm−1 mode de-
creases significantly during the discharge process, and the in-
tensity of other peaks also decays significantly until discharged

to 2.15 V with a minimum, suggesting that with the embed-
ding of Li+ leading to the inhibition of the interactions in the
V─O1, V─O2, and V─O3 bonds.[43] As a consequence, the disor-
der within the V2O5 layer increases. On the other hand, with pro-
gressive charging up to 3.8 V, the intensities of the peaks re-reach
maximal value and weakened again during the second discharge,
and the intercalation/expression of Li+ did not entail apparent al-
teration of the bonding characteristics, which revealed the excel-
lent structural stability and reversibility of the VOC1 electrode.
Indeed, it is evident that the local distortions within the V2O5
structure are relatively mild, which allows it to accommodate up
to 2 Li mol−1 of oxide, endowing it with superior reversibility.

Adv. Funct. Mater. 2025, 2423990 © 2025 Wiley-VCH GmbH2423990 (7 of 11)
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The ex-situ XPS was executed to study the Li+ storage capacity
of the VOC1 electrode, at the pristine state, lithiated to 2.9, 2.5,
and 2.3 V, and fully lithiated to 2.15 V, respectively (Figure 4b,c).
When in the pristine state, the V2O5-Cu2V2O7 heterostructure
contains only V5+ and Cu2+. However, when lithiated to 2.9 V,
VOC1 presents ≈48% of V4+ in addition to V5+, and the entire
Cu2+ is reduced to Cu+. This discloses that in addition to the
presence of the reduction of V5+ at the 3.4 and 3.2 V discharge
plateaus in the electrochemical tests, this stage also includes a
capacity contributed by the reduction of all Cu2+ to Cu+. Contin-
uing the lithiation to 2.5 V, the proportion of V4+ increases and
some of the Cu+ is further reduced to Cu0 until all of them trans-
form to Cu0 at 2.3 V, which corresponds to the peak located at
2.5 V in the dQ/dV curve. Eventually after complete lithiation at
2.15 V, the electrode contains only V4+ and Cu0. Therefore, the
enhanced capacity of the VOC1 electrode compared to the VO
electrode originates from the gradual reduction of Cu2+ to Cu0.

Based on the ultraviolet photoelectron spectroscopy (UPS)
(Figure 4d) and the UV–vis absorption spectroscopy (Figure 4e),
the proposed schematic energy-level diagrams for VO, VOC1,
and VOC2 are illustrated in Figure S19 (Supporting Informa-
tion). As VO has a lower work function (5.06 eV) as compared
to that of VOC2 (5.81 eV), thus electrons are inclined to transfer
from V2O5 to Cu2V2O7 across the interface in the V2O5-Cu2V2O7
heterostructure as briefly depicted in Figure 4f. The electron flow
leads to the accumulation of positive and negative charges on
each side of the interface. Meanwhile, the energy levels of V2O5
and Cu2V2O7 bend near the interface until their Fermi levels
achieve equilibrium. Bearing in mind that the Cu2V2O7 domains
are distributed randomly in the V2O5 matrix, Li+ is required to
diffuse from V2O5 into Cu2V2O7 during the electrode lithiation
process. The formed built-in electric field can accelerate Li+ trans-
port in this process. Specifically, Li+ is attracted and accumulates
on the Cu2V2O7 side of the hetero-interface, and the built-in elec-
tric field may eventually vanish after charge equilibrium.[44] Dur-
ing the delithiation process, Li+ in V2O5 is first extracted due to
the rapid Li+ migration properties of its layered structure. As the
Li+ in V2O5 continues to leach rapidly, a concentration gradient
will be formed until the driving force required to break the charge
equilibrium of the built-in electric field is exceeded, after which
the built-in electric field will be reconstructed.[45] Overall, the re-
versibly formed built-in electric field accelerates the diffusion of
Li+ at the interface of the heterostructure and significantly facili-
tates the electrode kinetics, allowing the advantages of high spe-
cific capacity and excellent cycling stability of VOC1 to be demon-
strated.

DFT calculations were performed to elucidate the principle
of Li+ storage kinetics at the V2O5-Cu2V2O7 heterojunction. The
charge density difference and the electron localization function
(ELF) were then calculated individually. The V2O5 (101)-Cu2V2O7
(200) heterostructure model (Figure S20, Supporting Informa-
tion) was first optimized. Upon heterojunction formation, elec-
trons are transferred from the V2O5 side to the Cu2V2O7 side with
an unbalanced charge distribution (Figure 4g,h), which probably
induces the construction of a built-in electric field. ELF calcula-
tions reveal a decrease in the degree of electron localization at the
interface after heterojunction formation (the color changes from
red to blue), which suggests that the degree of delocalization at
the interface is elevated (Figure S21, Supporting Information).

Combined with the charge density difference, it demonstrates
that the built-in electric field formed by the heterojunction delo-
calizes the electrons and facilitates the ion/electron transport. To
support such a statement, the density-of-states (DOS), the Li+ ad-
sorption energy, and the Li+ diffusion barrier were further calcu-
lated. Compared with V2O5, the V2O5-Cu2V2O7 heterostructure
exhibits stronger metallic properties and higher DOS strength
(Figure 4i; Figure S22, Supporting Information). The band gap
of the heterojunction is dramatically decreased after the forma-
tion of the heterojunction. The energy structure of the density of
states is shifted due to the alignment of the Fermi energy levels.
The comparison reveals an increase in the top electron density
of the valence band at the Cu2V2O7 side (the blue dashed box
portion), which, in combination with the charge difference den-
sity results, suggests that the electrons migrate from the n-type
semiconductor (V2O5) to the p-type semiconductor (Cu2V2O7)
side. Since the V2O5-Cu2V2O7 heterostructure has a more appro-
priate Li+ adsorption energy and lower Li+ diffusion barrier, Li+

can be readily adsorption/desorption and rapidly migrate within
the heterostructure-based cathode (Figure 4j; Figures S23 and
S24, Supporting Information). Thus, the V2O5-Cu2V2O7 nano-
heterostructure engenders a built-in electric field due to the im-
balance charge distribution, concurrently elevating the degree of
electron delocalization, which further optimizes the electronic
conductivity, the adsorption energy and diffusion energy barriers
for Li+, and ultimately facilitates the faster charge transfer kinet-
ics of Li+ at the heterostructure interface and even in the whole
VOC1 cathode.

2.4. All-Solid-State Thin-Film Battery

Since the limited active material loading capability of ATFBs, the
cathode material with low volumetric specific capacity renders
the capacity and stability of the whole battery at a disadvantage,
which is antithetical to the market application.[46–48] Herein, the
VOC1 electrode with unleashed capacity and optimized kinetics
through heterostructure is expected to seek an ideal application
in ATFBs. Most fundamentally, in order to determine the com-
patibility of the electrodes with the solid-state electrolyte before
constructing the ATFBs, LiPON was deposited on the VOC1 thin
film. As illustrated in the cross-section FESEM image (Figure
S25, Supporting Information), the interface contact is well estab-
lished, which guarantees efficient charge transfer at the interface
with low interfacial resistance. Subsequently, ATFBs were fab-
ricated with VO, VOC1, and VOC2 as the cathodes, LiPON as
the solid-state electrolyte, and lithium metal as the anode, as il-
lustrated in Figure 5a. Appropriate ionic conductivity (1.6×10−6

S cm−1) and wide electrochemical window (≈5.0 V) with high
stability make LiPON the most versatile solid-state electrolyte
for ATFBs, which was RF sputtered using a Li3PO4 target in a
pure N2 atmosphere.[49–52] In the magnetron sputtering process,
N2 serves as both the sputtering gas and the active gas and is
ionized into active particles at high pressure. The active parti-
cles react with the sputtered particles (atoms or groups of atoms
in the Li3PO4 target) to produce LiPON.[53,54] The cross-section
SEM images and corresponding EDS elemental mappings of
ATFB are shown in Figure 5b,c, respectively. The well-separated
and uniform distribution of elements such as V and Cu can be

Adv. Funct. Mater. 2025, 2423990 © 2025 Wiley-VCH GmbH2423990 (8 of 11)
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Figure 5. a) Schematic representation depicting the configuration of an all-solid-state thin-film battery. b) The cross-section FESEM image of the ATFB
and corresponding EDS line scanning spectra. c) EDS elemental mappings of the ATFB. d) Galvanostatic charge/discharge profiles of ATFB based on
the VOC1 cathode. e) Cycle performance comparison of the ATFBs at 5 μA cm−2. f) Rate performance of the ATFBs. g) Cycle performance of the flexible
ATFB at different bending states. h) Long-term cycle performance of ATFBs at 20 μA cm−2. The inset shows the photo of blue-LED lit by an ATFB based
on the VOC1 cathode.

explicitly observed, which further demonstrates the intimate in-
terfacial contact.

The charge/discharge curves of the all-solid-state thin-film bat-
teries constructed based on VO, VOC1, and VOC2 electrodes
are shown in Figures 5d; S26, Supporting Information. The pre-
sented electrochemical features are similar to those in the half-
cells, which can be more clearly visualized in the CV and dQ/dV
curves of the thin-film batteries (Figures S27 and S28, Support-
ing Information). At a low current density of 5 μA cm−2, the
heterostructure-based ATFB exhibits a substantially optimized
initial capacity of 65.0 μAh cm−2 μm−1 compared to 41.3 μAh
cm−2 μm−1 for the VO. The capacity was still retained at 63.7
(≈98%) after 100 cycles, as shown in Figure 5e. Figure 5e,f,h illus-
trate that the specific capacity, rate performance, and stability of
the ATFBs are relatively lower than those of the half-cells tested
in the organic electrolyte, revealing the limited charge transfer
kinetics of the solid-state battery architecture with LiPON as the
electrolyte.[55] Nevertheless, the constructed thin-film batteries

are substrate-selective-free and able to be perfectly constructed on
including, but not limited to, quartz, silicon wafers, and stainless-
steel foil. In addition, benefiting from the low annealing temper-
ature of 573 K, the ATFB can be also fabricated on the ultrathin
polyimide film (5 μm thickness) (Figure S29, Supporting Infor-
mation). As a consequence, this ATFB is flexible and robust, with
negligible capacity changes through various angles from 0° to
180° of in situ bending during galvanostatic charging and dis-
charging of the battery (Figure 5g). Significantly, based on the
high voltage advantage of vanadium oxides, the thin-film battery
successfully lit up a 3.5 V blue light-emitting diode (Figure 5h in-
set). The initial capacity was 54.0 μAh cm−2 μm−1 even at a high
current density of 20 μA cm−2 and could be cycled for 1000 cycles,
demonstrating the great potential of heterostructures for boost-
ing the electrochemical performance and applications of all-solid-
state thin-film batteries.

According to the galvanostatic charge/discharge curves in
Figure 5d, the all-solid-state thin-film battery based on the V2O5-

Adv. Funct. Mater. 2025, 2423990 © 2025 Wiley-VCH GmbH2423990 (9 of 11)
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Cu2V2O7 heterostructure can provide an energy of ≈51 μWh.
In addition, compared to all-solid-state thin-film batteries based
on conventional cathode materials, such as LiCoO2, LiMn2O4,
and LiFePO4, ATFBs based on VOC1 cathode can achieve su-
perior electrochemical performance, especially in terms of spe-
cific capacity, energy density, rate performance, and cycle stability
(Figure S30, Supporting Information).[47,56,57] Most notably, the
annealing temperature of VOC1 cathode is only 573 K, which is
considerably lower than the high annealing temperature of con-
ventional cathode materials (typically higher than 773 K), saving
the thin-film batteries from severe thermal damage during the
on-chip integration process.

3. Conclusion

In conclusion, we propose a strategy of introducing Cu het-
eroatom via co-sputtering in V2O5 to in situ generating V2O5-
Cu2V2O7 heterostructures. The approach fully equilibrates the
dual advantages of high voltage and large capacity of the elec-
trode and greatly inflates the Li+ storage capacity of the electrode.
With the reasonable design of the heterostructure, the introduced
built-in electric field promotes the rapid migration of electrons
and ions, enhancing the charging/discharging efficiency and sta-
bility of the electrode. Theoretical calculations indicate that the
charge redistribution and the interfacial electron delocalization
reduce the charge transport resistance and further boost the com-
prehensive performance of the electrode. Consequently, V2O5-
Cu2V2O7 heterostructured cathode delivered a reversible specific
capacity as high as 76.4 μAh cm−2 μm−1 at 5 μA cm−2 and a su-
perior capacity retention of ≈93% after 4000 cycles (20 μA cm−2;
298±2 K) in the organic electrolyte. The constructed ATFB also
has a large specific capacity of up to 65.0 μAh cm−2 μm−1, good
rate performance, and excellent flexibility. This study demon-
strated the effective improvement of vanadium oxide cathode ca-
pacity through heterostructure design and provided a novel in-
sight into the design of high-capacity, integratable all-solid-state
thin-film batteries for practical IoT terminal applications.
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Supporting Information is available from the Wiley Online Library or from
the author.
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