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Abstract
Pseudocapacitive materials with high-rate behavior of lithium-ion charge storage offer a pathway to
narrow the kinetics gap with capacitive porous carbon cathode toward lithium-ion capacitors both with
high energy and high power densities. However, most of pseudocapacitive materials are subject to their
relatively high redox potential and/or the morphological requirement of nanoscale, thus resulting in an
undesirable decrease in energy density from either gravimetric or volumetric sides. Here, we demonstrate
that lithium-rich disordered rock salt vanadium oxide (DRX-Li3V2O5) exhibits typical pseudocapacitive

behaviors within a low working potential range between 0.1 V and 2 V versus a Li/Li+ reference electrode.
The pseudocapacitive behaviors of DRX-Li3V2O5 is inherent to its bulk form, which mainly arises upon a
percolating network that offers three-dimensional lithium-ion transport pathways con�rmed by the Monte
Carlo simulations. A lithium-ion capacitor is further assembled by combing this pseudocapacitive DRX-
Li3V2O5 anode with a capacitive activated carbon cathode, yields a cell voltage of 4.0 V and both high
values of energy and power densities, higher than or comparable to that of the state-of-art lithium-ion
capacitors based on graphite and other pseudocapacitive materials. Lithium-ion capacitor based on this
high-rate and low-cost DRX-Li3V2O5 anode is ready for commercialization.

Introduction
Lithium-ion capacitors (LICs) as a new type of energy storage devices, have been proposed to possess
the advanced characteristics of both batteries and supercapacitors1,2. This device is expected to alleviate
technological challenges associated with the rapid development of portable electronics, electric vehicles,
and rail transit which are primarily relied on high and fast energy delivery systems3. Commercially
available LICs are usually based on pre-lithiated graphite anode and activated carbon cathode which are
separated by a porous membrane soaked in a lithium-ion based organic electrolyte4. LICs can deliver high
energy density (twice more than conventional supercapacitors), however the delivered energy density of
LICs would decrease rapidly at the high charge/discharge rates5. These limitations are intrinsically due to
the kinetics mismatch between two electrodes, where the kinetics of battery-type graphite is far more
sluggish than capacitive activated carbon3.

In the past decade, various strategies have been proposed to solve the issues of kinetics mismatch
between graphite cathode and activated carbon anode for LICs. An alternative approach is to use
pseudocapacitive materials to replace graphite3,6. Thanks to charge storage occurs via Faradaic charge
transfer at surface or near surface or channels of pseudocapacitive materials, the kinetics is not
diffusion-limited and thus highly comparable to capacitive activated carbon7,8. So far, several transition
metal oxides and sul�des were found to exhibit pseudocapacitive behavior.6 With better understanding of
pseudocapacitive behavior, pseudocapacitance is typically classi�ed into two categories: intrinsic and
extrinsic. Intrinsic pseudocapacitive materials exhibit the pseudocapacitive responses is inherent to the
materials in its bulk form, or size and morphological independent6,7. These are materials such as T-
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Nb2O5
9, TiO2(B)10, and Nb16W5O55

11 with large, open channels or layered structure which allow rapid ion
access and signi�cantly improved rate capability. However, these intrinsic pseudocapacitive materials
worked with the relatively high redox potential (> 1 V versus Li/Li+), thus resulting in an undesirable but
necessary decrease in working potential of LICs and thus energy density. On the other hand, extrinsic
pseudocapacitive materials (e.g. MoS2

12, MoO3
13, H2Ti6O13

14, V2O5
15,) do not directly exhibit

pseudocapacitive response in the bulk state, which are strongly size-dependent. So, the most effective
way to achieve extrinsic pseudocapacitance is to create nanometer-sized or porous structures due to
decrease Li+ solid-state diffusion distances. However, these nanosized or porous structures inherently
result in a low volumetric energy density, a low initial coulombic e�ciency, and a high-cost synthesize
process. 

Lithium-rich disordered rocksalt (DRX) oxides possess a crystalline rock-salt structure (or NaCl-like
structure) but with a cation disordering characteristic that refers to the random distribution of lithium and
transition metal (TM) on the cation lattice16,17. Such cation disordering structure leads to the formation
of a lithium percolating network, enabling fast lithium diffusion17. Since the lithium-rich DRX oxides were
found to be electrochemically active, more attention was paid to use them as the cathode materials
which were capable of delivering high capacities exceeding those of commercial cathode materials18–

20. There have been only a few studies that investigate the lithium-ion further intercalated into lithium-rich
DRX oxides as the anode material21. These limited results suggested that lithium-rich DRX oxides can be
cycled reversibly between 0.01 V and 2.0 V accompanied by a fast 2e- charge-transfer process, in the case
of DRX-Li3V2O5

21. These unique features indicate that DRX-Li3V2O5 may be an ideal pseudocapacitive
material for LICs that researchers are pursuing all the time. 

Here, we characterize capacitive charge storage in DRX-Li3V2O5 and demonstrate that DRX-Li3V2O5 is a
pseudocapacitance-dominated material with an average charge/discharge potential of 0.6 V versus a
Li/Li+ reference electrode. Theoretical calculations results show that pseudocapacitive properties of DRX-
Li3V2O5 is strongly related to its unique 3D Li-ion percolation network through the 0-TM channels where
TMs are absent in the face-sharing octahedra. A LIC with this pseudocapacitive DRX-Li3V2O5 anode
yields a safe cell voltage up to 4.0 V, which is close to graphite based LIC but much higher than those of
other pseudocapacitive anodes based LICs. Additionally, this LICs delivers a maximum gravimetric energy
density of 126.8 Wh kg−1 and a high gravimetric power density of 38 520 W kg-1 as well as a long-term
cycling life over 30 000 cycles.

Results And Discussion
Lithium-rich disordered rock salt (DRX) Li3V2O5 was achieved by electrochemical Li+ intercalation into

commercial V2O5 powder through a two-electrode V2O5//Li coin-type cell21,22. Figure 1a exhibits the
typical voltage curve during the initial and followed lithiation/delithiation process. Several voltage
plateaus are found during the initial lithiation process down to 1.0 V (versus Li/Li+), corresponding to
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irreversible phase transformations of V2O5 to DRX-Li3V2O5, as con�rmed by three new peaks (26.4o,

44.0o, and 64.4o) arising from ex-situ XRD patterns in Fig. 1b. The lithiation plateau below 1.0 V suggests
Li+ could further insert into DRX-Li3V2O5. Even the lithiation potential down to 0.1 V (vs Li/Li+), the rock-
salt phase still maintains. In the followed delithiation and lithiation process, the symmetric voltage
pro�les are observed (Fig. S1), which indicates that DRX-Li3V2O5 can be cycled reversibly between 0.1

and 2.0 V (vs Li/Li+). The observed speci�c capacity and average discharge voltage are ~220 mAh g-

1 and 0.6 V (vs Li/Li+), respectively. Ex-situ XRD patterns shown in Fig. S2 further con�rm the newly-
formed rock salt phase persists throughout the followed electrochemical process and even cycled more
than 1000 cycles. The initial irreversible Li+ intercalation into V2O5 and the followed reversible Li+

detercalation/intercalation processes on Li3V2O5 are represented by the following equation21:

V2O5 + 3Li + 3e-→Li3V2O5                                                       (1)

Li3V2O5 + xLi+ + xe- ↔ Li3+xV2O5 (x≤2)                                            (2)

We employed transmission electron microscopy (TEM) to disclose the structure of DRX-Li3V2O5. Figure
1c and Fig. S3 show that the bulk of DRX-Li3V2O5 is well crystallized. The well-resolved lattice fringes
with an interplanar distance of 0.2 nm can be indexed to the (200) plane of DRX-Li3V2O5. The
corresponding electron diffraction (ED) pattern in Fig. 1d shows spots which are characteristic of a
system composed of DRX-Li3V2O5. In addition, DRX-Li3V2O5 was coated by a thin solid electrolyte
interphase layer (SEI) with a thickness of ~5 nm. X-ray photoelectron spectroscopy (XPS) in Fig. S4
con�rmed that SEI is mainly composed by organic compounds and inorganic salts23. SEM images in Fig.
S5 show that DRX-Li3V2O5 maintain the bulk morphology of pristine V2O5 powder, even after a long-term
cycling process.

To investigate the charge storage mechanism during Li-ion insertion and extraction, ex-situ XPS spectra
are measured at different lithiation and delithiation state, as shown in Fig. 1e. For pristine V2O5, the V 2p

spectrum exhibits one main peak centered at 517.4 eV, associated with V5+ 15. As the potential is down to
2.0 V, the V 2p peak becomes broaden and gradually shifts to lower binding energy, indicating lowered
valence state of vanadium ions upon lithiation. The V 2p peak could be separated to three peaks at 515.2
eV, 516.1 eV, and 517.4 eV associated with V5+, V4+ and V3+, respectively22. Upon discharge at 1.0 V (vs
Li/Li+), negligible change is occurred on V 2p peak except the relative fractions of V5+ is reduced slightly
(Fig. S6). As the potential down to 0.1 V (vs Li/Li+), the broaden V 2p peaks gradually shifts to lower
binding energy, suggesting the formation of V2+ ions (at 513.6 eV) in Li3+xV2O5. After the potential returns

to 2.0 V (vs Li/Li+), V 2p slightly shifts to higher bonding energy, accompanying with the disappearance
of V2+ ions and the decrease of the relative fractions of V3+ ions as well as the increase of the relative
fractions of V4+ and V5+. The V 2p XRS spectra (Fig. S7) for the electrode discharged to 0.1 V (vs Li/Li+)
in the second cycle and tenth cycle overlap with the spectra in the �rst cycle, indicating that the V redox is
highly reversible. A previous V K-edge X-ray absorption near edge structure (XANES) spectra showed that
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DRX-Li3V2O5 predominantly consists of V3+ and V4+; lithiation reduces V4+ to V3+ or even lower than

V3+ 21. The ex-situ XPS studies carried out here con�rm that lithiation/delithiation results in a continuous
and reversible change in oxidation state of V. Besides V 2p, reversible changes of Li 1s, O 1s and F 1s
upon lithiation/delithiation were observed in Fig. S8, which are indicative of reversible lithiation-
delithiation in DRX-Li3V2O5.

To elucidate the Li+ diffusion mechanism in DRX-Li3V2O5, density functional theory (DFT) calculations
using a cluster expansion (CE) model and Monte Carlo (MC) simulations were performed. Figure 2a
depicted the typical DRX structure of Li3V2O5 where O anions fully occupy the 4a sites in the anionic
sublattice, while Li and V cations distribute randomly at the octahedral 4b sites in the cationic sublattice.
In a DRX material, Li diffusion proceeds by hopping from one octahedral site to another octahedral site
via an intermediate tetrahedral site19. The most relevant to Li transport is through tetrahedral clusters
(formed by O anions) including 0-TM, 1-TM, and 2-TM, as shown in Fig. 2b. Especially, 0-TM channels (or
Li4 tetrahedra) are considered as the most important for fast Li transport because of that 0-TM channels

can form a percolating network to support macroscopic lithium diffusion24–27. To model the realistic
condition, a CE model (more details seen in experimental part and Fig. S9) in the con�gurational space of
LixV5-xO5 (x=3) on a rocksalt lattice was constructed to enable extensive con�gurational sampling to
determine the system energy. MC simulations were then performed to evaluate the equilibrium ordering in
the multicomponent compounds, which could further analyze the local and macroscopic Li-transport
environments in LixV5-xO5. Figure 2c shows the calculated Li concentrations in tetrahedral clusters which
can be used to study the connectivity based on CE-MC-derived structures. All the fractions of Li content of
0-TM,1-TM and 2-TM tetrahedral clusters are more than 88% of the total number, indicating a uniform
distribution of Li throughout the MC supercell without a tendency for Li or V sites aggregation. While the
number of Li4 tetrahedra is critical for local Li migration, su�cient connectivity between these
environments is another key criterion to ensure macroscopic Li transport. To visualize the Li diffusion
pathways in DRX-Li3V2O5, representative MC structures at 300 K are depicted in Fig. 2d. A 3D framework
of 0-TM connected Li networks (highlighted in green color) in Li3V2O5 is formed with a short-range order
structure. Note that short-range order strongly modi�es the population of local Li4 tetrahedral clusters
which will lead to a fast Li transport. The slices in Fig. 2d provide more details on the interconnected
skeleton-like pathways, showing the excellent connectivity of Li-migration channels. The connectivity of
1-TM, 2-TM, and 3-TM in the same structure is also studied (Fig. S10), which demonstrates that 1-TM and
2-TM have a large number of channels for Li+ diffusion. From the simulated results presented above, the
pathways of Li transfer in Li3V2O5 becomes clear. The 3D framework of 0-TM channels forms a fast

transfer pathway in the whole crystal, like the highway, which will lead to a fast Li+ redistribution
macroscopically; the uniform distribution of 1-TM and 2-TM makes sure that Li+ could reach every corner
of crystal.

To probe the structures and electronic properties (band structure and density of state, DOS) during the Li-
inserted process including Li3V2O5 (initial structure), Li4V2O5 (transition structure) and Li5V2O5 (fully
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lithiated structure) have been simulated by DFT calculations using the PBE+U functional were performed
(see Experimental section for details) on different Li/V ordering in a √5×√5×2 supercell which contains
2x Li (x is the Li number in the unit cell), four V and ten O atoms. For Li3V2O5, a typical lamellar structure
can be observed, which could be divided into V-O slab and Li slab along the b direction (Fig. S11). The
asymmetric spin-up and spin-down DOS indicates Li3V2O5 crystal is a ferromagnetic material, which

agrees with the previous study.21 Both Li4V2O5 and Li5V2O5 crystals have also a typical lamellar structure
(Fig. S11). As predicted, the thickness of lamella gradually increases with the increase of Li content (from
6.8 Å (Li3V2O5) to 6.9 Å (Li4V2O5) and �nally reached 8.1 Å (Li5V2O5) in b direction). Interestingly, the
lattice vector in the b direction hardly changes for transition structure. But in plane a and c, a large lattice
distortion (9.2%) has been observed even larger than Li5V2O5 crystal (6.2%), suggesting a relatively strong
Li-O interaction in Li4V2O5. Note that the band structure of DRX-Li3V2O5 does not change signi�cantly
with the increase of Li content. DRX-Li3V2O5 is a narrow gap semiconductor with an indirect bandgap of
0.94 eV (Fig. 2e). The indirect bandgap increases to 1.22 eV for DRX-Li4V2O5 and then decreases to 0.78
eV for DRX-Li5V2O5. The larger bandgap of DRS-Li4V2O5 can be explained by the fact that the relatively
large lattice distortion localized the valence electron of Li, while larger Li concentration suggest more
delocalized Li electron gas, thus leading to a smaller bandgap of DRS-Li5V2O5. These structural and
theoretical studies emphasize the potential value of a percolating network to enable rapid ion transport
within the semiconducting DRX-Li5V2O5.

To investigate the potential phenomenon of intercalation pseudocapacitance and high-rate behavior of
DRX-Li3V2O5 electrode, several classical electrochemical techniques were carried out. Figure 3a shows
the potential response of thin DRX-Li3V2O5 electrode during the galvanostatic intermittent titration
technique (GITT) test. The potential pro�le is pseudolinear, which are clearly distinguish this charge
storage mechanism from batter-type or diffusion dominated charge storage9. The polarization between
the charge/discharge curve is relatively small (∆E = ~0.15 V). The lithium-ion storage is mainly below 1.0
V with an average working potential of ~0.6 V, which is much lower than that of Li insertion in other high-
rate electrodes, such as Nb2O5 (~1.6 V) 9, TiO2-B (1.5 V)10, and LTO (1.55 V)28, thus enabling a LIC with
higher working potential. The Dk value can be calculated by solving Fick’ second law based on the GITT

potential curves, shown in Fig. S12. The average Li+ diffusion coe�cients are determined to be at the
level of 1.15×10-13~1.18×10-12 cm2 s-1, suggesting the fast Li+ diffusion in DRX-Li3V2O5 anode.

Cyclic voltammetry (CV) measurements were employed to gain insight into the reaction kinetics and
charge-storage mechanism of the DRX-Li3V2O5 electrode. Figure 3b and Fig. S13 show the CV curves

from 0.2 to 100 mV s-1 in a thin electrode where it is evident that similar shapes with broad peaks during
both anodic and cathodic process. The broad redox peaks suggest that DRX-Li3V2O5 electrode mainly
store charge via an intercalation dominant process with respect to bulk DRX-Li3V2O5 with limited surface

area. These anodic peaks show small shift (∆E = ~0.1 V) as the scan rate increases from 0.2 to 10 mV s-

1 (Fig. 3c), suggesting small polarization at high rates. Above a critical sweep rate of 10 mV s-1, the peaks
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shift increased more rapidly as the cell reaches diffusion-limited behavior. According to the power law
between the peak currents (i) and scan rates (v) 9: 

 i = avb                                                                       (1)

where a and b are appropriated values. Previous studies proposed that the b-value of 1 indicates a
capacitive behavior where the kinetics are surface-controlled, whereas the b-value of 0.5 represents a
battery-like behavior where the kinetics are diffusion-controlled9,29. Then, plots of log(v)-log(i) are
depicted in Fig. 3d. The b-values of for anodic and cathodic peaks are 0.85 and 0.87 within a sweep rate
range from 0.2 to 10 mV s-1 (corresponding to charge time > 200 s), respectively, indicating that the
kinetics are mainly surface-controlled, thus capacitive-dominated9. A change in the slope occurred as the
scan rates above 10 mV s-1, corresponding to a decrease in b-value to 0.69 for anodic peaks, respectively.
Such rate limitation arisen from diffusion constraints at high sweep rates was observed in other
pseudocapacitive materials such as Nb2O5

9,29, and TiO2
10 which can be attributed to the diffusion

constraints/limitations or an increase of the Ohmic contribution. 

The relationship between capacity and scan rate can also establish to investigate the electrochemical
lithiation/delithiation kinetics of DRX-Li3V2O5. Fig. S14 depicts the plot of capacity versus v-1/2 shows

that the capacity does not vary signi�cantly as the scan rate increases from 0.2 to 100 mV s-1. This
indicates that solid-state lithium-ion diffusion is not the rate-limiting step for charge storage, thus
capacitive dominated mostly.6,9 While as the scan rate over 10 mV s-1, the capacity decreases rapidly
upon the increase of scan rate, approximate a linear relationship. This indicates a rate-limited diffusion
process at high sweep rates. 

A previous study reported by Dunn et al. suggest that the measured current response at a �xed potential
is composed of both capacitive currents (expressed as k1v) and diffusion-controlled currents (k2v), as

given in followed equation9,29:

i(V) = k1v + k2v1/2

where i is current at a particular potential, v is scan rate, k1 and k2 are �tting parameters. Accordingly, the
contribution of capacitive response can be evaluated by k1v/i. Figure 3e shows the typical voltage pro�le
for the capacitive currents (shade area) of DRX-Li3V2O5 electrode as comparted with the total measured

currents at the scan rate of 1 mV s-1. The capacitive charge is mainly generated at around the peak
voltage, and the corresponding capacitive contribution is quali�ed as 82% of the total current. That is to
say that most of charge storage is capacitive throughout the entire voltage range measured, which
indicates that DRX-Li3V2O5 electrode is pseudocapacitive in nature during the lithiation/delithiation
process. The kinetics analysis reveals that the high proportion of diffusion-controlled currents are found
on either side of 0.6 V (vs Li/Li+) in the lithiation process. Reports have suggested that the initial insertion
of Li leads to an increase in tetrahedral site occupancy with a constant Li occupancy in the octahedral
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sites, while x≥1 of Li inserted into Li3+xV2O5 (lithiation potential ≤ 0.5 V) induces a redistribution of Li
where a sharp decrease in octahedra site occupancy and a linear increase in Li tetrahedra sites
occupancy21. This transition on Li site occupancy may in�uence the kinetics of Li ion diffusion. 

Electrical impedance spectroscopy (EIS) measurements were conducted to con�rm the pseudocapacitive
characteristic of Li ion charge storage for DRX-Li3V2O5 electrode. The Nyquist plot measured at 0.2 V (vs

Li/Li+) in Fig. 3f consist of two parts: a semicircle line in the high frequency and an oblique straight line in
the low frequency, corresponding to the charge transfer resistance and diffusion resistance,
respectively7,30. Interestingly, in the low frequency region, the angle between the oblique line with Z-axis is
approximately close to 90o, which indicates that the Li ion charge storage in DRX-Li3V2O5 electrode is not

limited by diffusion process7. This surface-controlled behavior is well retained for thick electrodes with
the mass loadings of 2, 6 and 8 mg (Fig. S15). For thick electrodes, the large proportions of the capacitive
process are also maintained (Fig. S16), e.g., 74% for 2 mg-mass-loading electrode and 68% for 8 mg-
mass-loading electrode at 1 mV s-1.

Figure 4a displays the typical galvanostatic charge-discharge voltage pro�les over DRX-Li3V2O5 electrode

under a wide current density range from 0.1 A g-1 to 20 A g-1 in the potential window 0.1-2.0 V (vs Li/Li+).
All the charge and discharge curves are a feature like a pseudolinear in the full work potential range,
which is similar to other pseudocapacitive materials, such as Nb2O5

9, TiO2
10, H2Ti6O13

14. DRX-Li3V2O5

electrode shows a superior rate performance (Fig. 4b). At 0.1 A g-1, DRX-Li3V2O5 anode delivers a speci�c

capacity of 212.4 mAh g-1. Even at the high rate of 5 and 20 A g-1, the speci�c capacity of DRX-
Li3V2O5 anode remains at 131.4 and 75.9 mAh g-1, 61.9% and 35.7% of initial speci�c capacity,
respectively. In comparison, the rate performance for DRX-Li3V2O5 is signi�cantly higher than battery-

like graphite31 and Li4Ti5O12
32 and highly comparable to other pseudocapacitive materials (Fig. 4c), such

as Li2TiSiO5 nanoparticles33, 2D MXene34, Nb2O5
9,35, TiO2(B) nanowires36, meso-MoS2

37, and H2Ti6O13

nanowires38. It should be pointed out that such high-rate performance of DRX-Li3V2O5 has been achieved
without create nanometer-sized or porous structures. To examine the size effect on rate capability, a DRX-
Li3V2O5 nanosheet electrode was achieved by a nanosheet-morphological V2O5 precursor through the
same lithiation process (Fig. S17), as con�rmed by ex-situ XRD patterns in Fig. S18. Figure S19 shows
that the speci�c capacity and rate capability of DRX-Li3V2O5 nanosheets electrode do not obtain
signi�cantly improvement as compared with bulk electrode. Furthermore, DRX-Li3V2O5 bulk electrode

(Fig. 4d) exhibits excellent cycling stability even after no 2000 cycles at the different rates of 2 A g-1 and
10 A g-1. During the whole cycling test, the corresponding Coulombic e�ciencies are close to 100%. The
excellent cycling performance can be attributed to that the stable structure and morphology for DRX-
Li3V2O5 as con�rmed by ex-situ XRD patterns (Fig. S2) and SEM images (Fig. S5). 

The above results present that DRX-Li3V2O5 electrode exhibits typical electrochemical features of a
pseudocapacitive material despite Li ion charge storage occurring in the bulk. It's pointed out that such
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behavior is highly consistent with intercalation pseudocapacitance. This is because of those indicatively
electrochemical features are observed such as currents that are linearly proportional to the sweep rate, CV
peaks that are broad with small peak-to-peak voltage separation, capacity that does not decay rapidly
with charging rate, and the angle between the oblique line with Z-axis that is approximately close to 90o.
In addition, the pristine rock-salt structure does not undergo phase transformations on insertion during
the constant lithiation/delithiation process, which is considered as a key design rule for intercalation
pseudocapacitance. Most importantly, facile three-dimensional (3D) lithium-ion diffusion through a
percolating network of octahedron-tetrahedron-octahedron pathways is crucial. 

To further identify the potential of pseudocapacitive DRX-Li3V2O5 in LICs, a prototype full cell was
fabricated by using DRX-Li3V2O5 as pseudocapacitive negative electrode and home-made polyaniline
derived porous carbon (PDPC) as capacitive-type positive electrode in LiFP6 based organic electrolyte, as
schematically illustrated in Figure 5a. More details about the synthesis of PDPC cathode can be seen in
our previous work39,40. This DRX-Li3V2O5//PDPC LIC was cycled upon a cell voltage window ranging in
1.0-4.0 V with an optimal negative/positive electrode mass ratio of 1:1 (Fig. S20). Figure 5b and Fig. S21
shows the CV curves of DRX-Li3V2O5//PDPC LIC under a scan rate range between 5 and 100 mV s-1. The
CV pro�le of this LIC shows a slight deviation from the ideal rectangular CV shape of symmetric
supercapacitor, which is mainly associated to the synergistic effect of two different energy-storage
mechanisms (pseudocapacitance for anode and EDLC for cathode) 41. 

DRX-Li3V2O5//PDPC LIC was further cycled galvanostatically, while monitoring the cell voltage and
recording the potentials of the positive and negative electrodes separately vs. a Li reference electrode
through a Swagelok cell. Figure 5c shows the typical galvanostatic charge/discharge pro�les at a current
density of 0.2 A g-1 in the potential range between 1 V and 4 V. In this range, the PDPC cathode works
within 4.32-2.27 V vs Li/Li+, which prevents SEI formation on the surface of porous carbon and avoids
electrolyte oxidation. While the DRX-Li3V2O5 negative electrode operates within 0.32-1.27 V versus Li/Li+,
avoiding lithium plating. Concerning the high rates, no sign of electrolyte decomposition and Li plating
occur (Fig. S22), as con�rmed by the working potential ranges for DRX-Li3V2O5 and PDPC electrodes
within safe area. 

Figure 5d and Fig. S23 shows that the galvanostatic charge/discharge curves under the different rates
exhibit approximately linear slope under the wide range of current densities, presenting a typical
electrochemical characteristic of hybrid capacitors. The speci�c capacities (Fig. 5e) of DRX-
Li3V2O5//PDPC LIC (expressed per total mass of both electrodes) were calculated with the value of 56.9,

45.5, 38.4, 32.4, 24.1, 20.6, 17.1, 16.2 mAh g-1 at the current densities of 0.1, 0.5, 1, 2, 5, 10, 15, 20 A g-1,
respectively. The energy density and power density of DRX-Li3V2O5//PDPC LIC were further evaluated

from charging/discharging curves, as plotted in Fig. 5f. At a gravimetric power density of 184.0 W kg-1,
the LIC delivers a high gravimetric energy density of 126.8 Wh kg−1. Even at an ultrahigh gravimetric
power density of 38 520 W kg-1, the LIC can still deliver 21.4 Wh kg-1. The power density of DRX-
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Li3V2O5//PDPC LIC is on the same level as the conventional supercapacitors, while the energy density of

this LIC is 2-3 orders of magnitude higher than that of conventional supercapacitors1. The Ragone plot
also shows that the energy and power densities of this LIC outperforms many the state-of-art reported
LICs, including battery-like anodes based LICs (such as graphite//AC5, Li4Ti5O12//AC42) and

pseudocapacitive anodes based LICs (such as T-Nb2O5//AC43, TiO2-rGO//AC44, H2Ti6O13//AC14,

MXene//AC45).

Most importantly, this LIC exhibits the extremely stable cycling life. Figure 5g shows that even after
20,000 constant current charge/discharge cycles at a current density of 2 A g-1, 80.1% of its capacity was
retained. The coulombic e�ciencies of DRX-Li3V2O5//PDPC LIC are approximate 100% during the whole

cycling. Even at a high current density of 5 A g-1, this LIC has no obvious decay (retention ratio: 85.6%)
after 30,000 cycles (Fig. S24). In addition, three-electrode Swagelok cell was used to monitor the potential
changes of respective negative and positive electrodes during long-term cycling. The up and down
potentials in Fig. S25 for DRX-Li3V2O5 and PDPC are in stable area, suggesting no sign of electrolyte
decomposition and Li plating during the cycling. The capacity decay of this LIC is mainly caused by the
capacity decay of DRX-Li3V2O5 negative electrode during the long-term cycles, which is indicative by the
expanded potential swing window of DRX-Li3V2O5 negative electrode and the decreased potential swing

window of PDPC positive electrode. For a LIC, the charge of Li+ inserted into negative electrode should
counter-balance the charge of positive electrode.46 Once the Li+ stored in the charged DRX-
Li3V2O5 negative electrode becomes ine�cient to fully counter-balance the charge of PDPC positive
electrode, the swing window of PDPC positive electrode will decrease during the subsequent cycling.
Overall, the above results suggest that pseudocapacitive DRX-Li3V2O5 anode with unique 3D Li+ diffusion
path shows the great potential for next-generation LICs with low cost to replace commercial graphite, LTO
and other pseudocapacitive materials.

Conclusions
In summary, we have demonstrated that DRX-Li3V2O5 has the pseudocapacitive characteristics during
lithium-ion intercalation: the little structural change during intercalation process, the absence of solid-
state diffusion limitation, the broad redox peaks with small voltage offsets even at high rates, and the
sloping charging/discharging curves. The pseudocapacitive behavior of DRX-Li3V2O5 is achieved without
nanoscaling by its disordered rock-salt crystal structures which has a percolating network that offers
three-dimensional lithium-ion transport pathways, as con�rmed by MD calculations. DRX-Li3V2O5 has a
relatively low working potential range, enabling a LIC with high working potential up to 4 V, which is close
to that of graphite based LICs and much higher than that of high-rate Li4Ti5O12 and other
pseudocapacitive materials of T-Nb2O5 and TiO2-B based LICs. Furthermore, DRX-Li3V2O5 anode based
LIC can deliver both high energy and power densities as well as long-term cycling stability. To best our
knowledge, this is �rst LICs based on lithium-rich disordered rock salt metal oxide materials. Taken
together, this work thus establishes lithium-rich disordered rock salt metal oxides as a new family of
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pseudocapacitive materials that allow as-fabricated LIC to make signi�cant improvement in cell voltage
and power density while still maintain their high-energy density advantage, thus opening a new avenue
for high-rate energy storage devices.

Methods
Materials: 

All chemicals were of analytical grade and used directly without any puri�cation. V2O5 (AR, 99.0%), 1-
Methyl-2-pyrrolidinone (NMP, AR, ≥99.9%) were purchased from Aladdin Chemicals. Polyvinylidene
�uoride (PVDF), acetylene black and Li foil were purchased from MTI corporation. 1 M LiPF6 in
EC:DMC:EMC = 1:1:1 Vol% was purchased from DoDoChem, China.

Fabrication of half-cell and hybrid Devices: 

For the fabrication of DRX-Li3V2O5 bulk anode, V2O5 (AR, 99.0%) active material, acetylene black (as the
conducting �ller), and polyvinylidene �uoride (PVDF) (as the binder) with a mass ratio of 5:4:1 in methyl-
2-pyrrolidone (NMP) were mixed in a mortar. The well-mixed slurry was homogeneously coated on the
copper foil using a �lm casting doctor. After heated at 110 °C for 10 h under vacuum, the �lm was
pressed at 10 MPa and then punched into 12 mm diameter round electrodes with a mass loading of
about 2 mg. In order to study the kinetic mechanism of DRX-Li3V2O5 anode, the thin electrode with a
mass loading of 0.4 mg and thick electrodes with the mass loadings of 6 and 8 mg were prepared with
same procedure. V2O5 nanosheets were synthesized according to previous work47, which were used to
obtain the DRX-Li3V2O5 nanosheet anode through the same procedure with bulk-morphological anode.

For the cathode materials, high-performance polyaniline derived porous carbon (PDPC) was synthesized
according to our previous report.39 90 wt% PDPC and 10 wt% polytetra�uoroethylene (PTFE) were mixed
and then were rolled into thin sheets. After heated at 80 °C for 10 h, the sheet was cut into 10 mm × 10
mm electrodes, and then pressed on Al foil at 10 MPa. After that, the PDPC cathode electrodes were dried
over-night at 160 °C under vacuum and then were transferred into glove box �lled with Ar. 

For half cells, the anode was tested using the coin type cell (2032 type), where Celgard 2400 was used as
the separator, and Li metal foil was used as the counter and reference electrode. The cells were cycled
under a potential window of 0.1-2 V (Li/Li+). Before the fabrication of LICs hybrid cells (or full cells), the
anode was charged-discharged for 5 cycles and ending in a lithiation state at 0.1 V under a current
density of 0.1 A g-1 in a half cell, and then detached in an Ar �lled glovebox. The pre-activated anode
coupled with a home-made polyaniline derived porous carbon (PDPC) cathode was assembled in a 2032
type coin cell, which was separated by a round Celgard 2400. For both half and full cells, 1 M LiPF6 in
EC:DMC:EMC = 1:1:1 Vol%  was employed as the electrolyte. The half/full cells were assembled into Ar
�lled glovebox with the low H2O and O2 contents (less than 0.1 ppm).



Page 12/23

Structural characterization: Field emission scanning electron microscopy (FESEM, JSM-7800F, JEOL,
Japan) and transmission electron microscopy (TEM, Tecnai F20) were carried out to investigate the
morphology and structure of as-prepared samples. The structure and composition of the samples was
studied by Powder X-ray diffraction (XRD, Rigaku D/Max-2400, Japan) using Cu-Ka radiation. X-ray
photoelectron spectroscopy (XPS, Perkin-Elmer PHI-5702 Spectrometer) was used to record the surface
chemical species of the samples. For the ex-situ XRD/XPS characterizations, the assembled half-cells
were cycled with potential window between 0.1-2 V, then the DRX-LixV2O5 electrodes under the different
lithiated state were obtained by disassembling the cells into Ar �lled glovebox. The electrodes were
washed with dimethyl carbonate (DMC) to remove residual electrolytes. In order to avoid the XRD signal
interference and acquire the strong XRD signal, a thick V2O5 (> 10 mg cm-2) was coating on carbon paper
(Toray, TGP-H-060, Japan) current collector instead of copper foil. During the ex-situ XPS
characterization, DRX-Li3+xV2O5 electrodes were etched by Ar+ for 100 s with a etch rate of 0.29 nm/s to
remove the surface SEI layer.

Electrochemical Measurements: 

Cyclic voltammetry (CV) test, galvanostatic charge/discharge measurements and electrical impedance
spectroscopy (EIS) test were recorded by a CHI760E (Shanghai, China). Life-span tests for half-cell and
hybrid cells used a battery test system (Land CT2001A model, Wuhan Land Electronics, Ltd.). The energy
density (E, Wh kg-1) of hybrid LICs can be evaluated by the constant discharge current (I), the cell voltage
(V) and the start and end-of-discharge time (t1 and t2) according to the following equation:

The power density (P, W kg-1) of hybrid LICs can be achieved by the energy density (E) and the
discharging time (t) according to the following equation:

P=E/t

Computational details 

All the density functional theory (DFT) calculations with collinear spin-polarization were performed by the
Vienna ab initio simulation package (VASP) using the projector augmented wave (PAW) method48,49. The
generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) formulation with a
Hubbard U extension (U value) of 3.25 eV for vanadium was adopted for structural relaxations and
energy calculations50,51. The plane wave energy cutoff was set as 520 eV for the plane-wave expansions.
The total energy convergence criterion was 10-5 eV/cell, and force components were relaxed to 0.02 eV/Å.
The convergence of the results with respect to these parameters has been carefully checked.
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For band structure and density of states calculations of Li3V2O5, a K-point grid of 11×8×12 was used in a 

 supercell of the rock salt primitive cell. Different occupancies were generated, and the
lowest energy structure was selected for further electronic structure analysis. Band structure and density
of states visualization employed the sumo package52. For cluster expansion training, the unit cells of all
structures were optimized with k-points per reciprocal atom (KPPRA) of 5000. The Γ-centered k-point grids
for the Brillouin zone integrations were then determined automatically by KPPRA and the number of
atoms53. After the structure was relaxed, a static energy calculation was performed with the tetrahedron
method with Blöchl corrections for more accurate total energy values.

The determination of the crystal con�gurations with random occupation (like LiXV5-XO5) requires
thousands or even more atoms, which makes it impractical to utilize the DFT simulation because of too
much expensive computational cost. The CE method based on Ising model is widely used for the
Hamiltonian calculation of different con�gurations on a parent lattice54, which is de�ned by the energy
associated with any distribution of atoms on the lattice. The occupation of each spin over the lattice sites
of a structure represents con�guration . The formalism of CE parameterizes the total energy of a structure
as a linear combination of interactions between different clusters (Eq. 3).

 is the total energy of the system with con�guration , α denotes a particular cluster,  is the

cluster multiplicity,  is the effective cluster interaction (ECI) of that cluster, and  is the cluster
correlation function55. The energies of DFT calculations are collected and �tted in CE method. As the
internal database of structures grow, the clusters set grows accordingly and then the energy of any
con�guration can be easily and rapidly calculated by Eq. 3. Although these models are performed on a
rigid lattice, the atomic relaxations are effectively incorporated in the effective cluster interactions using
relaxed con�gurations for �tting training56.

For the LixV5-xO5 system, the lattice can be occupied by Li or V. We �t the cluster expansion model
consisting of pair interactions up to 12.7 Å, triplet interactions up to 6.0 Å and quadruplet interactions up
to 5.2 Å based on the rocksalt structure. The CE model was constructed by �tting to around 304 lattice
con�gurations and their DFT calculated energies. In this work, the maps code in the alloy theoretic
automated toolkit (ATAT) was adopted to generate the energy landscape and perform the CE �ts. The
accuracy was determined by the leave-one-out cross-validation score (LOOCV). The LOOCV is 0.052
eV/atom, indicating good �tting and prediction performances. 

All canonical Monte Carlo simulations based on converged CE were performed using emc2 in ATAT57,58.
To ensure the convergence of the Li network size, 15 × 15 × 15 supercells of the MC con�gurations
containing 3375 active sites totally were used. For the connectivity analysis, the number of transition
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metal (TM) ions within the environment (i.e., 0-TM, 1-TM, or 2-TM channels) were used59,60. The
annealing simulations were started from high temperatures (2000 K) and gradually approached room
temperature (300 K) with the step of 50 K, to make sure that the most stable arrangement can be
obtained. Equilibrium was reached once the standard deviation in energy during each canonical MC
calculation was less than 10-5 eV/atom. About 20 different initial structures have been simulated to
ensure the convergence under every temperature to ensure the convergence.
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Figure 1

Structural properties of the as-prepared DRX-Li3V2O5. a The typical voltage curve during the initial and
followed lithiation/delithiation process. b Ex-situ XRD patterns of V2O5 during the initial cycle. c TEM
image of DRX-Li3V2O5 and d the corresponding electron diffraction (ED) image. e Ex-situ XPS spectra are
measured at different lithiation and delithiation state during the initial cycle.
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Figure 2

Results of the simulation. a Crystal structure of a DRX lithium metal oxide used to build cluster
expansion. The black and green spheres can be occupied by Li or V atoms, and the red spheres represent
O atoms. The black spheres represent V atom, the green spheres represent Li atom, and the red spheres
represent O atom. b The crystal structures of 0-TM, 1-TM, 2-TM, and 3-TM tetrahedral clusters. c Li
content in tetrahedral clusters (including 0-TM, 1-TM, 2-TM, and 3-TM) as the fraction of total Li sites. d
Representative Monte Carlo simulated structures of LixV5-xO5 (x=3) at 300 K (only the atoms contained in
0-TM are shown), 0-TM connected Li atoms are bridged with green lines. Yellow and purple areas indicate
the locations of the slices in the whole structure. The electronic properties (band structure and DOS) of e
Li3V2O5, f Li4V2O5 and g Li5V2O5.
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Figure 3

Kinetic properties of DRX-Li3V2O5. a The potential response of DRX-Li3V2O5 electrode during the

galvanostatic intermittent titration technique (GITT) test at a current density of 0.1 A g-1. b CV curves of
DRX-Li3V2O5 electrode. c The variation of anodic peak voltages with the different scan rates ranging from

0.2 to 100 mV s-1. d b-values determination of the anodic and cathodic peak currents. e Voltametric
response for DRX-Li3V2O5 electrode at a sweep rate of 1 mV s-1. The capacitive contribution to the total
current is shown in the red region. f Nyquist plot of DRX-Li3V2O5 achieved at 0.2 V (vs. Li/Li+).
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Figure 4

Electrochemical properties of DRX-Li3V2O5. a Discharge–charge pro�les at different current densities. b

Rate capability from 0.1 to 20 A g-1 for DRX-Li3V2O5. c Speci�c capacity value and working potential
range of DRX-Li3V2O5 electrode and comparison with other commonly used anode materials. d Long-term

cycle stability at 2 and 10 A g-1.
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Figure 5

Capacity performance of DRX-Li3V2O5//PDPC LIC in full-cell con�guration. a Schematic image of the
assembled full-cell device. b CV pro�le at the different sweep rates. c The potential swings for DRX-
Li3V2O5 (-), PDPC (+), and full cell recorded by three-electrode Swagelok cell at 0.2 A g-1. d The
galvanostatic charge/discharge pro�les under different current densities. e Speci�c capacities under the
different discharging current densities. f Ragone plots showing energy and power densities versus other
reports. g Long-term cycling performance at 2 A g-1.
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