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ABSTRACT 
Here, by using atomically resolved scanning transmission electron microscopy and electron energy loss spectroscopy, we investigate the 
structural and chemical evolution of Li3V2(PO4)3 (LVP) upon the high-voltage window (3.0–4.8 V). We find that the valence of vanadium 
gradually increases towards the core corresponding to the formation of electrochemically inactive Li3−xV2(PO4)3 (L3−xVP) phases. These 
Li-deficient phases exhibit structure distortion with superstructure stripes, likely caused by the migration of the vanadium, which can slow 
down the lithium ion diffusion or even block the diffusion channels. Such kinetic limitations lead to the formation of Li-deficient phase along 
with capacity loss. Thus, the LVP continuously losses of electrochemical activity and Li-deficient phases gradually grow from the particle core 
towards the surface during cycling. After 500 cycles, the thickness of active LVP layer decreases to be ~ 5–20 nm. Moreover, the micromorphology 
and chemical composition of solid electrolyte interphase (SEI) have been investigated, indicating the thick SEI film also contributes to the 
capacity loss. The present work reveals the structural and chemical evolution in the cycled electrode materials at an atomic scale, which is 
essential to understand the voltage fading and capacity decaying of LVP cathode. 
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1 Introduction 
The ever-growing demand for rechargeable lithium ion batteries in 
portable electronics and electric vehicles requires the next generation 
electrode materials featured with high energy and power delivery 
along with long cycling life [1]. One way to improve the energy and 
power densities is to increase the output voltage while maintaining 
a high capacity with long-term operations [2]. Among the cathode 
materials, lithium vanadium phosphate Li3V2(PO4)3 (LVP) with a 
monoclinic structure has attracted extensive research attention due 
to the high theoretical specific capacity (197 mAh·g−1), high average 
working potential around 4.0 V vs. Li+/Li [3–5]. When charged  
to 4.3 V, three plateaus can be observed corresponding to three 
successive two-phase transition processes: Li3V2(PO4)3 to Li2.5V2(PO4)3 
at 3.6 V, Li2.5V2(PO4)3 to Li2V2(PO4)3 at 3.7 V, Li2V2(PO4)3 to Li1V2(PO4)3 
at 4.1 V. When the last Li+ is extracted (Li1V2(PO4)3 to V2(PO4)3) at 
around 4.5 V, a slopy discharge–charge curve is observed, indicating 
a solid-solution behavior [6]. The practical application of LVP remains 
hindered by its low initial coulombic efficiency, capacity fading 
issues and poor high rate performance, especially cycling at a high 
voltage window 3.0–4.8 V [7]. Cycling in a high voltage window  

can lead to side reactions and thermodynamic instability, which can 
break the desirable crystal and electronic structures that allow for 
electrons and ions transport to achieve redox reactions. Despite 
that various strategies have been adopted to improve the cycling 
performance including carbon coating [8, 9], nano-crystallization 
[10, 11], and element doping [12], the capacity fading issue still 
exists after extended cycles. Thus, it is of great importance to probe 
the battery degradation mechanism with the aim of better designing 
the electrode materials.  

To achieve a stable cycling performance for cathode, it is vital to 
maintain the crystal and electronic structures, which ensures the 
efficient transport of the electrons and ions for the redox reactions. 
From in situ X-ray diffraction (XRD), Yoon et al. found the LVP 
cathode returns to be Li2.5V2(PO4)3 rather than LVP after one cycle 
in 3.0–4.8 V, which can also be confirmed by their X-ray absorption 
near edge structure results [13]. Moreover, by in situ X-ray absorption 
spectroscopy (XAS), Kim et al. also observed the average valence of 
vanadium (+3.73–3.84) for LVP after one cycle is higher than the 
expected +3 [14]. After cycling, Min et al. found the volume of LVP 
expanded irreversibly, responsible for the capacity fading [15]. 
Contrary to these findings about the structural irreversibility, Kang 
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et al. observed the structure of LVP can be fully recovered after 
one cycle in 3.0–4.8 V based on in situ XRD [16]. Also, Wang et al. 
demonstrated both V–O and V–P distances can recover to the 
pristine values, suggesting reversible local structure change [17]. 
These studies show contradictory results about the structure 
reversibility for LVP cycled in 3.0–4.8 V, which is likely because 
these bulk-sensitive techniques only provide an average structure or 
chemical information, easily losing some local inhomogeneity 
information. Transmission electron microscopy (TEM) with a high 
resolution has the rich imaging and powerful spectroscopic functions 
[18], which allows us to identify the localized structure reconstruction 
or distortion and measure the localized chemical compositions and 
valence. For example, we can investigate the mechanical fracture [19], 
the migration of transition metal ions [20], and surface structural 
reconstruction [21], which are all related with the failure in 
batteries cycled to a high voltage [22–24] but are largely remaining 
unexplored for LVP. Thus, it is urgent to reveal these microscopic 
changes to better understand the relationships between the structure 
and properties for LVP cathode and thus guide material designs. 

In this work, we mainly investigate the structural and the chemical 
evolution of LVP cycled in a high voltage window 3.0–4.8 V by using 
aberration corrected scanning transmission electron microscopy 
(STEM) and the electron energy loss spectroscopy (EELS). We find 
that the LVP suffers from a serious capacity fading after 500 cycles 
in 3.0–4.8 V while a good capacity retention and rate performance 
are observed when cycled in 3.0–4.3 V. The capacity fading at a high 
voltage window is mainly attributed to the formation of massive 
electrochemically inactive Li-deficient phases as well as a thick SEI 
layer. We find the valence of vanadium gradually increases towards 
the inner part, indicating that the inactive Li-deficient phase initially 
forms in the core while surface phase LVP remains active. The width 
of LVP surface layer decreases to be only ~ 5–20 nm after 500 cycles. 
Such Li-deficient phase is likely caused by the migration of vanadium, 
which may slow down the lithium ion diffusion or even block  
the diffusion channels. The kinetic limitations lead to the loss of 
electrochemical activity along with the capacity loss. Moreover, the 
thickness of the solid electrolyte interphase (SEI) layer ranges from 
48 to 113 nm of LVP after 500 cycles in 3.0–4.8 V while the thickness 
is about 20 nm when cycled in 3.0–4.3 V. The thick SEI layer also 
contributes to the capacity loss. Our observations help to better 
understand the main origins of the capacity fading of LVP and 
emphasize that maintaining structure stability is the key step towards 
high-voltage cathode materials. 

2 Experimental 

2.1 Material synthesis and characterization 

The LVP was synthesized by a conventional solid-state reaction route. 
The starting materials include analytical grade Li2CO3 (0.0157 mol, 
1.165 g), NH4VO3 (0.02 mol, 2.339 g), NH4H2PO4 (0.03 mol, 3.451 g) 
and citric acid (1.710 g). Citric acid here was used as the carbon 
precursor to obtain carbon coated LVP (LVP/C) to improve the 
intrinsically low electronic conductivity. After a high energy ball- 
milling process at 300 rounds per minute for 12 h, the mixture was 
annealed at 700 °C for 10 h under Ar/H2 (9:1) atmosphere at a heating 
ramp of 5 °C·min−1. 

Powder X-ray diffraction (PXRD) patterns were obtained on a D8 
Advance diffractometer using Cu Kα radiation (λCu-Kα1 = 1.54056 Å, 
λCu-Kα2 = 1.54439 Å). Scanning electron microscopy (SEM) images 
of the sample morphologies were examined by FEI NanoSEM 430. 
TEM images were acquired using Tecnai F20 at 200 kV. High-angle 
annular dark field (HAADF) STEM images, energy dispersive X-ray 
spectroscopy (EDS), and EELS were acquired at an aberration 
corrected FEI (Titan Cubed Themis G2) equipped with an X-FEG 
gun, a Bruker Super-X EDS detector and Gatan Enfinium ER  

spectrometer, operated at 300 kV. Under STEM mode, the convergence 
semi-angle is 21 mrad, the collection semi-angle snap is in the range 
of 80–380 mrad and the beam current is 80 pA. EELS semi-collection 
angle is 21 mrad. EELS spectra dispersion is 0.25 eV per channel. 
The EELS line scan was acquired with the 1 nm for each step. The 
background of core loss has been processed using power law and 
cubic curves with Lorentz peak. 

2.2 Electrochemical measurements 

For the preparation of the battery electrode, the slurry was prepared 
by mixing active LVP/C composite (80 wt.%), carbon black (10 wt.%), 
and polyvinylidene fluoride (PVDF, 10 wt.%) in N-methylpyrrolidone 
(NMP) solvent. The slurry was then cast onto a clear Al foil before 
drying in vacuum at 80 °C for 12 h. The loading of the electrode 
materials was approximately 2.0 mg·cm−2. An electrolyte (1 M LiPF6; 
ethylene carbonate (EC):dimethyl carbonate (DMC) = 50:50 (v:v) 
was used for the lithium ion batteries. 2032-type stainless steel 
coin cells were assembled in an argon-filled glovebox (O2 < 0.1 ppm; 
H2O < 0.1 ppm). The batteries were galvanostatically charged and 
discharged on a LAND CT2001A cell test apparatus at room 
temperature. The electrochemical impedance spectroscopy (EIS) 
was carried out on electrochemical workstation (Bio-Logic) with an 
amplitude of 5 mV in the frequency range 10−2–105 Hz. All the 
measurements were carried out with a two-electrode system at room 
temperature. For preparing ex situ samples after cycled 500 times, 
the obtained electrodes were immersed in DMC for 12 h and then 
washed with DMC for 3 times to clean the residue electrolyte. Then 
the electrodes were separated with the Al foil and grounded to be fine 
powders. The powders were dispersed in alcohol and then dropped 
onto the holey carbon copper girds for TEM characterizations.  

3 Results and discussion 
To improve the intrinsically low electronic conductivity of the LVP, 
we intentionally coated a carbon layer around LVP. The thickness of 
the carbon layer is about 5–10 nm as shown in Fig. S1(a) in the 
Electronic Supplementary Material (ESM). The carbon content is 
measured to be ~ 8.6 wt.% as the thermo gravimetric analyzer (TGA) 
test shows in Fig. S1(b) in the ESM. The SEM image in Fig. 1(a) 
shows the as-synthesized LVP/C ranges in size ~ 0.5–1 μm across. 
The STEM image in Fig. 1(b) shows a regular outlook of LVP/C, 
indicating a good crystalline. The crystalline is further inspected by 
the selected area electron diffraction (SAED) in Fig. 1(c) along  
the [11

＿

1] direction. The Rietveld refinement of the XRD pattern 
in Fig. 1(d) confirms that we have obtained the phase-pure LVP 
powders with a monoclinic structure (space group P21/n; a = 
8.61092 Å, b = 8.61004 Å, c = 12.05157 Å; α = γ = 90.0000°, β = 
90.5380°). Note that there is no evidence of carbon diffraction 
peaks, indicating the coated carbon is likely amorphous, which can 
also be confirmed by the TEM image in Fig. S1(a) in the ESM. The 
arrangement of the transition metal vanadium is atomically resolved 
along the [201

＿

] zone axis in Fig. 1(e). Note that the Li, O and P atoms 
are not identified due to their light atomic masses. The electronic 
structure is probed using the STEM-EELS in Fig. 1(f) wherein the 
V-K edge and the O-L edge are identified. The elements of V, P, O, 
and C distribute uniformly as the EDS mappings show (Fig. S2 in the 
ESM). The above results show that a single pure phase LVP/C has 
been successfully synthesized. 

The electrochemical performances of the LVP/C cathode were 
investigated. Distinct electrochemical behaviors are observed between 
a lower voltage window 3.0–4.3 V and a higher voltage window 
3.0–4.8 V. When cycled at 0.2 C in the voltage range 3.0–4.8 V, the 
capacity gradually decreases (Figs. 2(a) and 2(b)), while the capacity 
fading is slight during the cycles in 3.0–4.3 V at 0.2 C (Fig. 2(c)). 
After 500 cycles, the discharge specific capacity decreases largely 
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from 151 to 90 mAh·g−1 during the high voltage cycling while it 
fades slightly from 124 to 118 mAh·g−1 cycled in 3.0–4.3 V. Even 
cycled at higher rates like 0.5, 1, 2, 5, 10 C in 3.0–4.3 V, LVP still 
shows good cycling performance after 500 cycles with the specific 
capacity retention maintaining at 95%, 97.4%, 98.6%, 98.2%, and 
98.1%, respectively (Figs. S3(a) and S3(b) in the ESM)). The high 
capacity retention is mainly due to the good structural reversibility 
in 3.0–4.3 V, which can be confirmed by the in situ XRD [16]. 
Moreover, the charge–discharge curves with a plateaus-like shape 
evolved to be a slopy shape in 3.0–4.8 V during the cycles, 
corresponding to a gradual evolution from a “two-phase” reaction 
to a “solid-solution” behavior, as indicated with the black arrow in 
Fig. 2(a). This is an intrinsic behavior rather than a polarization 
behavior as reported [25]. Figures 2(d) and 2(e) show the EIS spectra, 
which contain a well-defined semicircle followed by a liner portion. 
The semicircle reflects the charge transfer resistance (Rct) and interfacial 
capacitance between the electrolyte and the active material while 
the liner part represents the Warburg impedance, associated with 
lithium ion diffusion in the LVP particles. In the voltage window 
3.0–4.8 V, the Rct increases from 179 to 790 Ω after 500 cycles (Fig. S4 
in the ESM), likely due to the decomposition of the electrolyte and 
structure distortion, as confirmed in the following part. In contrast, 
the Rct decreases from 84 to 24 Ω in the voltage window 3.0–4.3 V 
after 500 cycles called “activation” owning to a better contact between 
the electrolyte and the electrode [26, 27]. The impedance-decreased 
behavior can be observed at higher cycling rates in 3.0–4.3 V (Figs. S3(c) 
and S3(d) in the ESM) thus it promises good rate performances.  

The decomposition of the electrolyte leads to the formation of 
the SEI layer. Figure S5 in the ESM shows the micromorphology and 
chemical composition of the SEI film. The thickness of the SEI film 
ranges from 48 to 113 nm of LVP after 500 cycles in 3.0–4.8 V while 
the thickness is about 20 nm when cycled in 3.0–4.3 V after 500 cycles 
as shown in in Fig. S5(a) and S5(b) in the ESM. The thicker SEI 
film also contributes to the increased Rct of the LVP after 500 cycles 
in 3.0–4.8 V. The corresponding EDS mappings in Figs. S5(c) and 
S5(h) in the ESM further show the composition of the SEI film, 
which contains C, O, and F, referring to some inorganic compounds  

like Li2CO3, LiF and Li2O and organic compounds such as ROCO2Li, 
and RCO2Li. The thick SEI film in 3.0–4.8 V shows inhomogeneous 
distribution, suggesting the instability and progressive formation 
of SEI layer, thus leading to the successive irreversible capacity loss, 
while the uniform SEI film in 3.0–4.3 V can ensure an excellent 
electrochemical performance.  

To probe the electronic structures and chemical environments of 
LVP under high voltage cycling operations, we performed the EELS 
measurements as shown in Fig. 3. Note that EELS measurements 
were carried out on a cycled LVP in 3.0–4.8 V after 500 cycles, the 
valence of vanadium is expected to be +3. However, the EELS line 
scan profile shows a clear energy red-shift for the V-L3 edge from 
the core to the surface (Figs. 3(a) and 3(b))), indicating a reduction 
of the vanadium valence [28]. The total edge red-shift is ~ 1.3 eV 
(Fig. 3(c)), which matches the reported V-L3 edge red-shift from 
V2O5 to V2O3  (1.05 eV) [29] indicating a reduction from V4.5+ to V3+ 
(considering that the lowest energy corresponds to the V3+ in LVP). 
According to the linear relationship between the energy onset  
and the oxidation state [30], we can acquire the oxidation state of V 
from V-L3 onset energy (Fig. 3(c)), furthering obtaining the x values 
in Li3−xV2(PO4)3 (Li3−xVP) (Fig. S6 in the ESM). We can observe a 
gradual decrease of x value in Li3−x VP towards the surface, indicating 
the inner part of the particle has already lost the electrochemical 
activity and Li-deficient phase tends to form at the core and gradually 
grows outward. This is mainly because under kinetic limitations, 
it is difficult for Li+ to diffuse through numerous unit cells to arrive 
the core. Moreover, because of the lower ionic conductivity in 
Li-deficient phase [31], once Li-deficient phase is formed, it is 
more difficult for Li+ to migrate through the Li-deficient phase. The 
Li-deficient phase shares similar crystallographic structure with 
Li3V2(PO4)3 [32, 33]. According to the practical specific capacity  
(90 mAh·g−1) of LVP after 500 cycles, the average x in Li3−xVP is 
estimated to be ~ 1.6, which indicates the local measurement of 
chemistry from EELS is reasonable. After 500 cycles the core is 
consisted of L3−xVP phases. This is consistent with the previous study 
that the average valence of vanadium is higher than +3 after one 
cycle [14]. The valence decrease of vanadium is representative and 

 
Figure 1 The crystal structure and electronic structure of the pristine LVP/C. (a) A SEM image, (b) a STEM image, (c) a SAED pattern viewing from the [11

＿

1] 
direction. (d) The Rietveld refinement of the XRD pattern of the as-obtained LVP with observed data (black points), calculated data (red line), difference (green line)
and Bragg positions (blue bars). (e) A HAADF-STEM image along the [201

＿

] zone axis. The blue balls show the positions of vanadium. (f) The EELS spectrum shows
the V-L and O-K edges. 
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another cycled LVP particle after 500 cycles in 3.0–4.8 V also shows  
a similar energy red-shift from the core to surface in Fig. S7 in the 
ESM. Note that the EELS line scan profiles for a pristine LVP and  
a cycled LVP in 3.0–4.3 V after 500 cycles demonstrate only slight 
shifts of the V-L3 edge (Figs. 3(d)–3(f)).  

Furthermore, we investigate the atomic structure of the LVP 
particle after 500 cycles at 0.2 C in 3.0–4.8 V as shown in Fig. 4. 
Atomically resolved STEM image in Fig. 4(a) shows the arrangement 
of vanadium along the [11

＿

0] direction, judging from the fast Fourier 
transform (FFT) pattern in Fig. 4(b). Compared with the simulated 
electron diffraction (ED) pattern of LVP in Fig. 4(c), the FFT pattern 
(Fig. 4(b)) presents additional (0 0 2k+1) superstructure spots. The 
superstructure spots have also been observed from (Fig. 4(d)) along 
the [12

＿

0] direction, whose ED pattern (Fig. 4(e)) shows additional 
reflections compared to the simulated ED pattern in Fig. S8 in the ESM. 
The superstructure reflections likely arise from the VO6 octahedra 
distortion, which is common in oxide systems [34]. In our previous 
study based on the XAS [17], we can observe a significant increase 
of the pre-edge peaks, indicating the increase distortion of VO6 
octahedra due to a stronger 3d-4p mixing between metal 3d and 

ligand 2p orbitals [5]. It is reported for Li4Ti5O12 that the local 
distortion of TiO6 octahedra is related to the slight changes of Ti–O 
bond length (~ 0.2 Å) and the off-center displacements of Ti (0–0.2 Å) 
[35]. In our case, the distortion can be associated with the off-center 
displacements of vanadium, driven by the repulsive force between 
lithium ions and high oxidation state vanadium [36]. Note that such 
displacement is at the level of sub-angstrom [33, 35], which cannot 
directly be observed from the STEM image in Fig. 4(a). However, a 
previous in situ XAS study has confirmed the migration of vanadium 
to Li-vacancies based on the increased 1s-3d intensity [14]. Such 
lithium-vanadium anti-site mixing can block the lithium ion diffusion 
channel [37], leading to the formation of Li-deficient phase and the 
capacity loss due to the kinetics barriers under nonequilibrium 
condition, as evidenced in our previous study via galvanostatic 
intermittent titration technique and EIS a high electrochemical 
polarization can be observed in the transition from Li1V2(PO4)3 to 
Li0V2(PO4)3 [17]. It would be interesting to confirm the diffuse 
barrier by density-functional theory in the further study.  

High resolution TEM (HRTEM) image in Fig. 4(f) shows the 
structure of the interface between the LVP and the Li-deficient phase 

 
Figure 2 Battery cycling performance for LVP/C. (a) The charge/discharge voltage profiles of LVP cycling at 0.2 C in 3.0–4.8 V and (b) the corresponding cycling
performance. (c) The charge/discharge voltage profiles of LVP cycling at 0.2 C in 3.0–4.3 V. (d) and (e) The Nyquist plots of impedance data from the cells before test 
and after 500 cycles cycling at 0.2 C in (d) 3.0–4.8 and (e) 3.0–4.3 V. 

 
Figure 3 The chemical evolution for the LVP particle after 500 cycles in 3.0–4.8 V. (a) A STEM-HAADF image. The yellow arrow shows the line scan direction for 
acquiring the spectrum. (b) The corresponding 2D map to visualize the peak shift of V-L edges along the scanning direction. (c) The energy values of V-L3 edge 
extracted from (b) as a function of distance. (d) and (f) The 2D maps of EELS line scan profiles of (d) the pristine LVP and (f) the cycled LVP at 0.2 C in the voltage 
range 3.0–4.3 V after 500 cycles. (e) The energy values of V-L3 edge extracted from (d) and (f) as a function of distance, which shows a slight red-shift of the V-L3 edge. 
The dashed arrows show the scanning direction. 
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L3−xVP. Based on the FFT patterns (inset of Fig. 4(d)), the inner layer 
with additional (001) reflections is identified to be L3−xVP while the 
outer layer is LVP with the width of ~ 5–10 nm. By choosing different 
reflections in the FFT pattern (inset of Fig. 4(d)), we can obtain the 
inverse FFT (IFFT) images, which show the spatial distributions of 
the Li-deficient L3−xVP (green) using (001) spots as a mask (Fig. 4(g)), 
LVP (red) using (002) spots as a mask (Fig. 4(h)) and the combination 
of both phases (Fig. 4(i)). The interface has also been observed 
along the [201

＿

] direction in Fig. S9 in the ESM with the LVP width 
ranging from 10 to 20 nm. 

We mainly intend to probe the origin of the capacity loss based 
on the EELS, which, to best of our knowledge, has not been used in 
LVP cathode to investigate the capacity loss. Thus we hope to highlight 
the important role of EELS by the schematic diagram (Fig. 5) to further 
explain the capacity loss. The valence of vanadium in pristine 
LVP is +3. After charge–discharge cycles, the valence of vanadium 
is supposed to return to be +3. However, our EELS results show that 
the average valence of vanadium is higher than +3 cycled in 3.0–4.8 V. 
Specifically, for the LVP after 500 cycles, the valence of vanadium 
increases from the surface (+3) to the core (+4.5) when cycled in 
3.0–4.8 V while the valence shows a homogeneous distribution as 
+3 when cycled in 3.0–4.3 V. Such valence evolution corresponds to 
the formation of Li-deficient phase (Fig. S6 in the ESM), which is 
likely caused by the migration of the vanadium, thus slowing down 
the lithium ion diffusion or even blocking the diffusion channels, 
leading to the final capacity loss.  

To confirm this, lithium ion diffusion coefficients for LVP at 
various states have been calculated from the EIS data [38]. As 
shown in Table S1 in the ESM, the lithium ion diffusion coefficient 

is ~ 1.6 × 10−13 cm2·s−1 for the pristine LVP when cycled in 3.0–4.8 V 
while the diffusion coefficient decreases by an order of magnitude 
to be 4.8 × 10−14 cm2·s−1 after 500 cycles. In contrast, the diffusion 
coefficient increases from 6.9 × 10−13 to 3.8×10−12 cm2·s−1 after 500 
cycles in 3.0–4.3 V owning to a better contact between the electrolyte 
and the electrode. 

Further, it is of great importance to stabilize the structure and 
prevent the migration of vanadium to improve the capacity loss. 
Doping ions with large radii on V ion site helps to stabilize the 
monoclinic structure and buffer the volume changes during the 

 
Figure 5 The schematic diagram to show the origin of the capacity fading for 
LVP cycling between electrochemical window 3.0–4.8 and 3.0–4.3 V. 

 
Figure 4 The structure of the LVP after 500 cycles at 0.2 C in 3.0–4.8 V. (a) A STEM image of the Li-deficient phase (Li3−xVP). The darker layers indicated by the blue
arrows show the superstructure stripes. (b) The corresponding FFT pattern showing additional reflections like (001) compared to that of (c) the simulated ED pattern
of LVP along the [11

＿

0] zone axis. (d) A HRTEM image of surface structure along the [12
＿

0] direction. The inner layer is Li-deficient Li3−xVP with superstructure stripes 
while the out layer is LVP. Insets show the corresponding FFT patterns of LVP (yellow rectangular) and Li3−xVP (blue rectangular). (e) The corresponding SAED 
pattern with additional superstructure spots like (001). (f) An enlarged view of the HRTEM image and the corresponding inverse FFT patterns showing the
distribution of (g) Li3−xVP using (002) diffraction spot and (h) LVP using (001) diffraction spot and (i) the combined patterns. 
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cycles [39, 40]. Further, incorporating these foreign cations can also 
facilitate lithium ions transportation by creating defects or inducing 
lattice distortion with larger space and superionic channels [41–43]. 
With enhanced structure stability and ionic conductivity, doping on 
V ion site is supposed to prevent the formation of the electrochemically 
inactive Li-deficient phase and improve the capacity loss. 

4 Conclusions 
In summary, we focus on the microscopic electronic and atomic 
structures of pristine LVP and LVP after 500 cycles. EELS results 
show the valence of vanadium gradually increases towards the 
core, indicating that the surface LVP gradually evolves to the inner 
V2(PO4)3 in 3.0–4.8 V. After 500 cycles, massive electrochemical 
inactive Li-deficient phase is formed while the width of LVP layer 
decreases to be only 5–20 nm. This Li-deficient phase is likely 
caused by the migration of the vanadium to Li vacancies, which can 
slow down the lithium ion diffusion or even block the diffusion 
channel. Such kinetic limitations explain the formation of the 
Li-deficient phase along with the capacity loss. The direct evidence 
of the core–shell structure, Li-deficient phase as well as inhomogeneous 
SEI layers can well explain the capacity fading mechanisms at an 
atomic level. 
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