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A B S T R A C T

Owing to the high energy density, high security and low price, rechargeable magnesium batteries (RMBs) are
promising candidate for the next generation of high-performance batteries. However, the development of
cathode materials for RMBs is hindered by the intensive polarization of Mg2+, which tends to destroy the
stability of crystal structure and results in the degradation of batteries. Pre-intercalating the different alkali ions
in crystal structure is an effective strategy to improve the layered structure stability and electrochemical per-
formance of materials. Herein, the alkali ions (Li+, Na+, K+) pre-intercalation is presented to improve the
structure stability of layered vanadium oxide (A-V3O8) for Mg2+ storage. From the result, the cycling perfor-
mance of cathode is promoted with the pre-intercalation radius increase. To explain the optimizing principle, we
use density functional theory (DFT) calculation to simulate the interaction effect between pre-intercalated cation
and layered structure. Among intercalation compounds A-V3O8 (A= Li, Na, K), the electrochemical performance
of Na+ pre-intercalated materials (NaV3O8) is better than the most of cathode materials for RMBs. Besides, the
reaction mechanism of NaV3O8 is demonstrated. This work confirms that the pre-intercalation of appropriate
alkali cation is an efficient strategy to improve the electrochemical performance of layered cathode materials for
RMBs.

1. Introduction

Lithium-ion batteries (LIBs) have been researched intensively in
electrochemical energy storage device and the relevant technological
problems are solved gradually [1–6]. However, some problems such as
safety issues, high prices, resource scarcity and insufficient energy
density still hinder the further development of LIBs [7,8]. Rechargeable
magnesium battery has been considered as a promising alternative to
LIBs in recent years, due to the advantages of magnesium metal anode
[9–11]. Compared with lithium, magnesium could avoid one-dimension
dendrite because of its uniform deposition/dissolution property
[12,13], which could avert the short circuit of battery. Moreover, when
exposed to air, magnesium is safer and more convenient to handle due
to the relatively stable chemical properties and oxide surface passiva-
tion [14,15]. Furthermore, magnesium is the fifth most abundant me-
tallic element in the earth crust and more available (cost less than 1/24
of lithium) [10]. Magnesium also provides a high theoretical specific
capacity of 2230mA h g−1 and 3832mA h cm−3 [16,17]. However, the
development of RMBs is still sluggish and insufficient due to the

dissatisfactory Mg2+ intercalated cathode materials [18]. The large
charge-mass ratio of Mg2+ results in strong polarization effect and the
sluggish diffusion rate when Mg2+ intercalate and migrate in the
cathode materials [19]. For the above reasons, most commercial
cathode materials for LIBs exhibit the poor electrochemical perfor-
mance in RMBs [20]. Thus, developing the high performance cathode
materials is one of the most urgent tasks in RMBs [18,21,22].

In 2000, Aurbach et al. found that the Chevrel phase Mo6S8 is an
excellent cathode material for RMBs with excellent cycling performance
(> 2000 cycles) [23]. Regrettably, Chevrel phase Mo6S8 only exhibit a
low discharge voltage around 1.1 V (vs. Mg2+/Mg) and the limited
theoretical specific capacity of 128.8 mA h g−1. Thus, the low energy
density restricts the further development of Mo6S8. To improve the
energy density, various vanadium oxides with large capacity and high
working voltage were researched in RMBs. In vanadium oxides, mul-
tifarious chemical valences of vanadium elements and facile distortion
of V-O bonds generate diverse vanadium oxides with extremely high
capacity [24]. Therefore, vanadium oxides are the potential candidate
cathode materials to the high energy density RMBs [25]. In 2013,
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Gershinsky et al. reported V2O5 as cathode materials in RMBs, which
delivered the high specific capacity of ~180mA h g−1 in the first cycle
and remained ~150 mA h g−1 after 35 cycles with the discharge pla-
teau around 2.2 V. Except V2O5, layered vanadium bronzes have also
attracted much attention of researchers, owing to the existence of in-
terlayer ions which linked the layered structure and stabilized the
crystal framework. Moreover, in V3O8 layer of vanadium bronzes, the
special zigzag chains consisted by VO5 trigonal bipyramids could pro-
vide more vacancies for guest ions intercalation [26]. The edge shared
interconnection of VO5 trigonal bipyramids are more flexible and could
accommodate the higher levels of structural deformations when com-
pared with normal VO6 octahedrons [27]. Therefore, the vanadium
oxides with V3O8 layer could insert more bivalent Mg2+, possess higher
specific capacity and exhibit better cycling stability. Besides, the va-
nadium oxide with V3O8 layer also possess large interlamellar spacing
which further improve the space for guest ions storage and diffusion
[27]. Novak et al. reported the vanadium bronzes applied in Mg2+

storage at first [28]. These vanadium bronzes exhibit the high initial
discharge capacity about 170mA h g−1. However, the low coulombic
efficiency and fast capacity decay in the first 15 cycles limited the
further development of these vanadium bronzes. Moreover, the reaction
mechanism of these vanadium bronzes in Mg2+ storage is still unclear.
Although the different vanadium oxides exhibit high specific capacity,
the cycling performance is still an intractable challenge.

Pre-intercalating the appropriate ions in cathode materials is an
effective way to improve the structure stability and cyclability [29–32].
Herein, we presented the alkali ions pre-intercalation strategy to im-
prove the structure stability of vanadium oxides during the Mg2+ in-
tercalation/deintercalation process. Moreover, we also researched the
different optimization effect of pre-intercalated alkali ions (Li+, Na+,
K+) to the electrochemical performance of materials (as V3O7 is not the
layered structure, there is no comparability to the V3O7). The vanadium
oxide with pre-intercalation of Na+ (NaV3O8) in layered space pos-
sesses more stable crystal structure and exhibits the best magnesium
ions storage performance. In addition, to ascertain the reaction me-
chanism, the structure evolution of NaV3O8 in Mg2+ storage process
was investigated deeply by ex-situ X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS).

2. Experimental section

2.1. Material synthesis

LiV3O8 nanowires were synthesized from H2V3O8 nanowires.
H2V3O8 nanowires were synthesized by hydrothermal method. Briefly,
corresponding aniline and 1.2mmol V2O5 sol were mixed under con-
stant stirring for 1 h. Then, 0.04 g polyethylene glycol (PEG-4000) was
added into solution. Finally, the above solution was transferred to
Telfon-lined stainless steel autoclave, kept in 180 °C for 48 h. Dark
green products could get after washed by deionized water and ethanol,
respectively. To LiV3O8, H2V3O8 nanowires was mixed in alcohol and
LiOH·H2O (V/Li= 3:1.05) were added. After stirred for 5 h, the mixture
was heated at 80 °C and then annealed in 450 °C in air to obtain LiV3O8

products. NaV3O8 (KV3O8) was synthesized from V2O5 powder and
NaOH (KOH) by hydrothermal method. Briefly, 1.8 g V2O5 (0.9 g for
KV3O8) powder and 0.4 g NaOH (0.2 g KOH) were mixed in deionized
water (40ml) and stirred for 30min. Then, the above solution was
transferred to Telfon-lined stainless steel autoclave, kept in 180 °C for
48 h. Finally, these products were treated at 500 °C (400 °C for KV3O8)
for 3 h in air and washed by deionized water and ethanol, respectively.

2.2. Material characterizations

To investigate the crystallographic information, the XRD patterns
were recorded by using a Bruker D8 Advance X-ray diffractometer with
a non-monochromated Cu Kα X-ray source. Scanning electron

microscopy (SEM) images were collected with a Jeol JSM-7100F field
emission scanning electron microscope at an acceleration voltage of
20 kV. Transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) images were carried out by
using the Jeol JEM-2100F scanning transmission electron microscope/
energy dispersive X-ray spectroscopy (EDX) microscope and titan G2
60-300 with image corrector. Inductively Coupled Plasma Optical
Emission Spectroscopy analysis (ICP-OES) is JY/T015-1996. Atomic
Absorption Spectroscopy (AAS) is CONTRAA-700.

2.3. Electrochemical measurements

The synthetic A-V3O8 (A=Li, Na, K) products, acetylene black, and
polytetrafluoroethylene (PTFE) were mixed in a weight ratio of 6:3:1
and then grinded in agate mortar sufficiently about 30min. Next they
were put into steel mash with an area about 0.5 cm2 and a loading of
~1.5 mg cm−2. Finally, the disks of cathode material was dried in the
vacuum drying oven about 12 h. To three-electrode cell, activated
carbon (AC) clothes are both used as counter and reference electrode.
The potential of AC cloth was measured to be 0.12 V vs. ferrocene/
ferrocenium, i.e. 2.4 V vs. Mg2+/Mg [33]. The working electrodes were
operated within −1 to 0.7 V vs. AC, equivalent to 1.4–3.1 V vs. Mg2+/
Mg. To coin cell, the glass microfibre membrane was chosen as the
separator. Mg metal was polished with sandpaper and pushed into disks
as anode before use. These parts were assembled orderly by CR2016
coin cells in glove box. Galvanostatic charge/discharge cycling, cyclic
voltammetry were measured using a potentiostat (Bio-Logic VMP-3).
All the materials were tested in the inert atmosphere glove box (argon,
both moisture and oxygen concentrations were under 0.1 ppm).

3. Results and discussion

To compare the structure difference of A-V3O8 (A=Li, Na, K),
powder XRD pattern of them are exhibited in Fig. 1a-b. The diffraction
peaks of A-V3O8 (A=Li, Na, K) are well indexed to JCPDS No.01-072-
1193, JCPDS No.00-028-1171, JCPDS No.00-022-1247, respectively,
indicating a pure phase of these vanadium oxides. The interlayer space
of Li, Na, K, -V3O8 enlarge regularly with radius increasing of pre-in-
tercalations (LiV3O8 = 6.32 Å, NaV3O8 =6.85 Å, KV3O8 =7.48 Å),
indicating the layered structure is affected significantly by the size of
the pre-intercalated alkali cations. Fig. 1c-e reveals the crystal structure
of A-V3O8 (A=Li, Na, K). The layered structure of LiV3O8 and NaV3O8

are both composed of VO6 octahedrons and VO5 trigonal bipyramids
which share edges and corners by oxygen atoms (Fig. 1c-d). Specifi-
cally, four VO6 octahedrons as the structure unit form double chains of
(V4O20)n and two VO5 trigonal bipyramids as the structure unit form
zigzag chains of (V2O8)n, respectively. Then, the (V4O20)n and (V2O8)n
chains constitute the V3O8 layer of LiV3O8 and NaV3O8 by edge-sharing
oxygen atoms. The layer of KV3O8 also consists of V2O8 units and VO6

octahedrons, sharing edges and corners by oxygen atoms [34]. But the
connection type and sequence of V-O polyhedrons in KV3O8 are dif-
ferent with that of LiV3O8 and NaV3O8. Specifically, two VO5 square
pyramids are connected by one VO6 octahedron and form (V3O12)n
chains stacked along c axis. Then, another reversed (V3O12)n chains link
the above (V3O12)n chains and form V3O8 layers of KV3O8 along b axis
(Fig. 1e) [26]. Therefore, the layered structure of KV3O8 is different
with that of the LiV3O8 and NaV3O8, which might result from the large
atomic radius of K atom. On the other hand, the morphology of A-V3O8

(A= Li, Na, K) were explored by scanning electron microscope (SEM)
and transmission electron microscope (TEM) (Fig. S1). Element map-
ping pattern (Fig. S2) indicated that the elements of V, O are uniformly
distributed within the A-V3O8 (A=Li, Na, K) and Na, K are distributed
within NaV3O8 and KV3O8, respectively.

To explore the influence of pre-intercalation and electrochemical
insertion performance of Mg2+ in layered A-V3O8 (A= Li, Na, K).
These layered vanadium oxides were assembled as cathode materials in

H. Tang et al. Nano Energy 58 (2019) 347–354

348



three-electrode cell. 0.5 M Mg(ClO4)2 in acetonitrile (CH3CN) is used as
electrolyte and activated carbon clothes (AC) are chosen both as
counter and quasi-reference electrode. The calibrated potential of AC
electrode is 2.4 V (vs. Mg2+/Mg)[33]. First, cyclic voltammetry (CV)
curves were measured at 0.1mV s−1 (Fig. 2a). The cathodic and anodic
peaks are associated with Mg2+ insertion and extraction in the cathode
materials, respectively. In the CV curves of these materials, both
cathodic and anodic peaks decrease regularly with the pre-intercalated
alkali cations radius increase (LiV3O8>NaV3O8>KV3O8). This phe-
nomenon might result from the different interaction effect between
Mg2+ and pre-intercalated alkali cations, which we will discuss in the
calculation part. Charge and discharge curves of A-V3O8 (A= Li, Na, K)
at 100mA h g−1 are exhibited in Fig. 2b. A-V3O8 (A= Li, Na) possess
high specific capacity of 252.2, 204.16mA h g−1, respectively. Un-
fortunately, KV3O8 obtains low specific capacity of only 37.56 mA h
g−1. The cycling performance of A-V3O8 (A= Li, Na, K) at 100mA g−1

are demonstrated at Fig. 2c. After 30 cycles, A-V3O8 (A=Li, Na, K) still
maintain specific capacity of 106.4, 174.99 and 33.29mA h g−1, re-
spectively. Their capacity retention ratios are 42.2%, 85.78% and
88.6%, respectively. From the result, the cycling performance is
KV3O8>NaV3O8> LiV3O8, illustrating that the larger pre-intercalated
alkali cations can prevent the structure destruction to greater extent. In
order to further explore the electrochemical kinetics of A-V3O8 (A=Li,
Na, K), the electrochemical impedance spectroscopy (EIS) was mea-
sured. The Nyquist plots of A-V3O8 (A= Li, Na, K) reveal a depressed
semicircle in the high-frequency region and a straight line in the low-
frequency region (Fig. S3). The radius of the depressed semicircle is
related to the charge transfer impedance (Rct). The straight line is as-
sociated with the Warburg impedance (W). In the comparison of the
materials, the Rct of the A-V3O8 (A= Li, Na) is smaller than that of
KV3O8, illustrating that Li+, Na+ in crystal structure might improve the
electronic conduction of vanadium materials. On the other hand, the
Warburg impedance is mainly connected to the diffusion of Mg2+ in
cathodes materials in which NaV3O8> LiV3O8 and this result might
account for the excellent electrochemical performance of NaV3O8.

To investigate the influence of pre-intercalated alkali cations on
electrochemical insertion/extraction behavior of Mg2+. The Mg2+ in-
tercalation process in A-V3O8 (A=Li, Na, K) is simulated based on
DFT. From the calculate result (Fig. 2d, Fig. S4 and Table S1), the in-
tercalation energies of Mg2+ in LiV3O8 (−5.63 eV), NaV3O8 (−5.4 eV)
KV3O8 (−4.74 eV) rises with the increase of pre-intercalated ion radius,
which could explain the regular increase of the cathodic peaks in CV
curves of these materials. Therefore, this result indicates that pre-in-
tercalating alkali cations can adjust the discharge voltage of vanadium
oxides in RMBs.

To further explain the complicated mechanism about the different
optimization effect in cycling stability after different alkali cations pre-
intercalation, we investigate the structure stability of A-V3O8 (A= Li,
Na, K) based on the diffusion process (via energy barrier, Ebarrier) of pre-
intercalated A ions in V3O8 layers without considering Mg2+ inter-
calation (Fig. 2e). Fig. 2g-i exhibit the most probable diffusion path of
pre-intercalated alkali cations in A-V3O8 (A=Li, Na, K). The diffusion
barrier comparison of pre-intercalation is that K (1.91 eV)>Na
(0.64 eV)> Li (0.33 eV). From the result, the migration of larger pre-
intercalated cations in the interlayer space will result in the greater
distortion of V-O single bond, leading to the larger diffusion barrier of
pre-intercalated cations [24]. Therefore, the diffusion and de-inter-
calation of large pre-intercalated cations will be restricted, and the pre-
intercalated ions can act as stable “pillar” in the interlayer space. The
“pillar” will prevent the relative slippage between the two adjacent V-O
layers and support two layers which stabilize the V-O layered structure
and avoid the structure collapse vertically. However, if the cation with
oversize-radius (e.g. K ion) pre-intercalated into the interlayer space of
vanadium-based materials, the guest ions will difficult to intercalate
into the materials, resulting in the low specific capacity. On the other
hand, the oversize-radius pre-intercalation will also change the layered
structure of vanadium oxide largely (the layered structure of KV3O8 is
different with the A-V3O8 (A=Li, Na)), which may also restrains the
intercalation of Mg2+ and results in the low specific capacity. The V3O8

layers will selectively combine the intercalated cations and adjust the

Fig. 1. (a) XRD pattern, (b) interlayer space, and (c-e) illustration of the crystal structure of A-V3O8 (A= Li, Na, K).
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layered structure according to the intercalated ionic size. Therefore, the
interaction effect between layered structure and intercalated cations
decided by the category and property of intercalated cations [24]. From
the above, these results are different with our previous work about pre-
intercalation with V2O5 [24], which might result from the different
layered structure of V2O5 and V3O8.

According to the comprehensive consideration of both specific ca-
pacity and cycling stability of three samples (Fig. 2f), the electro-
chemical performance of NaV3O8 is the best one. Thus, the NaV3O8 was
selected as representative to further investigate in detail. The rate
performance of NaV3O8 is shown in Fig. 3a and the charge/discharge
curves are shown in Fig. S5. The high capacity of 260mA h g−1 is ob-
tained at the current density of 50mA g−1. This result declares that the
NaV3O8 is a potential candidate for high capacity cathode materials in
RMBs. At higher current density of 100, 200, 500 and 1000mA g−1, the
specific capacities of 184, 123.9, 86.6, 62.4 mA h g−1 are still obtained,
respectively. In long-term cycling performance test, NaV3O8 could
maintain more than 60mA h g−1 (88.3% of initial specific capacity)

after 100 cycles at the high current density of 500mA g−1 (Fig. S6). We
also tested the electrochemical performance of NaV3O8 in (PhMgCl)2/
AlCl3/THF (APC) and MgCl2/AlCl3/DME (MACC) electrolyte, which is
active for reversible Mg platting/stripping (Fig. S7 a, c). However,
NaV3O8 only exhibits low specific capacity in these electrolytes (Fig. S7
b, d). This phenomenon might result from the compatibility problem,
which often appeared in various vanadium oxides [35]. In order to
confirm the insertion/extraction of Mg2+, High Angle Annular Dark
Field (HAADF) images and EDS elemental mappings of NaV3O8 at in-
itial, discharge and charge state were measured (Fig. 3b-c, Fig. S8). In
different state, Na, V, O elements are distributed within the NaV3O8

nanowires uniformly. In initial state, there is no Mg element existed in
the materials (Fig. S8a). After discharge process, abundant Mg element
is discovered in the NaV3O8 nanowires (Fig. 3c), indicating that the
Mg2+ in electrolyte have intercalated into the NaV3O8 nanowires. In
charge state, only a small quantity of Mg element could be found in the
NaV3O8 nanowires (Fig. S8b), indicating the extraction of Mg2+. The
mapping result provides visual proof about the Mg2+ intercalation/

Fig. 2. Electrochemical performance of A-V3O8 (A=Li, Na, K). (a) CV curves of A-V3O8 (A=Li, Na, K) at scan rate of 0.1 mV s−1. (b) Charge and discharge curves of
A-V3O8 (A= Li, Na, K) at current density of 100mA g−1. (c) Cycling performance of A-V3O8 (A= Li, Na, K) at the current density of 100mA g−1. (d) Mg2+

intercalation energies (Ei) in A-V3O8 (A= Li, Na, K). (e) Energy barrier for Li, Na, K atom along the diffusion paths in V-O layers. (f) Specific capacity of A-V3O8

(A= Li, Na, K) at 100mA g−1 and the capacity retention of A-V3O8 (A= Li, Na, K) after 30 cycles. (g-i) The diffusion path of pre-intercalated cations (Li, Na, K) in
crystal structure of vanadium oxides.
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extraction process in NaV3O8 nanowires. The ICP result also certifies
the intercalation/extraction process of Mg2+ (Table S2). To further
study the structure change of NaV3O8 cathode in cycling process, we
also measured the Na+ concentration in the electrolyte before and after
cycling and we found that a small amount of Na+ might be extracted
from the NaV3O8 (Table S3). To investigate the maximum capacity of
NaV3O8 and diffusion coefficient of Mg2+, the galvanostatic inter-
mittent titration technique (GITT) curve was measured. In Fig. 3d,
NaV3O8 could obtain the high capacity of 350mA h g−1, corresponding
to 2mol Mg2+ intercalation for per mole of NaV3O8. This capacity is
very high among the reported cathode materials in RMBs [19,35–42].
Furthermore, the Mg2+ diffusivity (DGITT) can be calculated from the
slight potential response (Fig. S9) with the formula (Scheme 1 in
Supporting information). The Mg2+ diffusivity decreases from
2.25×10−10 to 6.45× 10–15 with the intercalation capacity in-
creasing of Mg2+ (Fig. 3e). This phenomenon might result from the
intense electrostatic repulsion when more Mg2+ occupied the active
sites. On the other hand, the discharge capacity and operation voltage
of various vanadium-based cathode materials in RMBs have been
summarized to compare the energy density (Fig. 3f) [19,28,36–41]. The
energy density of NaV3O8 in this work could achieve 700Wh kg−1

(based on the weight of cathode material), much higher than most other
vanadium-based materials in RMBs. Although the energy density of VO2

reported by Lou et al. is higher than NaV3O8, the cycling stability of
NaV3O8 is better [40]. Considering from multiple factor synthetically,
NaV3O8 is a promising cathode material in RMBs.

Besides, exploring the crystal structure evolution and reaction me-
chanism during the cycling process is important for further promoting
the electrochemical performance of NaV3O8. Thus, the ex-situ XRD was
performed to investigate the crystal structure change of NaV3O8 at
different charge and discharge stages. In Fig. 4a, there is no peak
generate or disappear in the cycling process. Fig. 4b is the enlarge view
of ex-situ XRD result of NaV3O8 between 12° and 20° (the peak in 18° is
contributed by the polytetrafluoroethylene (PTFE) which acts as binder
in cathode slice) [43]. The main peak (002) of NaV3O8 in 12.66° shifts

obviously, which links to the change of layer spacing. When NaV3O8

was discharged to 1.8 V, the peak (002) shifts to higher angle, in-
dicating the contract of layer distance. This phenomenon might come
from the coordination between intercalated Mg2+ and oxygen element.
This abnormal phenomenon often takes place in layered vanadium
oxide materials [44,45]. After discharge to 1.4 V (III), the (002) peak
shift to lower degree, which indicated that more Mg2+ intercalated into
the layered structure and the interlayer space enlarged. Plenty of Mg2+

inserting into the layered structure will result in the powerful electro-
static repulsion effect and the V-O layered structure will be expanded
due to the repulsive interaction from Mg2+. In the charging process
(III→IV→V), the peak (002) shift to higher degree, indicating the
contract of interlayer space. The partial Mg2+ in layered structure ex-
tracting from the NaV3O8 alleviates the electrostatic repulsion effect
and the layer spacing reduces. After charge to 3.6 V (VI), the (002) peak
shifts to lower degree, corresponding with the expansion of layer spa-
cing. A large amount of Mg2+ extracting from the layer spacing will
reduce the coordination action between Mg2+ and oxide atoms, leading
to the increase of interlayer space. However, the (002) peak in VI stage
did not reverse to initial stage, indicating that the distance of V-O layers
in charged stage is still smaller than that of initial stage. Some Mg2+

might remained in the layered spacing and provide partial coordination
reaction with oxygen, leading to the contract of V-O layers. These series
of changes are illustrated in Fig. 4d. From the above, the ex-situ XRD
result illustrates that it is the single-phase reaction in NaV3O8 during
the Mg2+ intercalation/deintercalation. To explore the valence varia-
tion of vanadium elements, ex-situ XPS tests of NaV3O8 in initial, dis-
charged and charged stages were performed (Fig. 4c). For pristine
NaV3O8, the 2p core level spectrum of vanadium displays two asym-
metrical peaks related to the V2p3/2 and V 2p1/2 orbital. The V2p3/2
peak could be divided into a main peak and a weak peak, corresponding
to V5+ (517.3 eV) and V4+ (516.3 eV), respectively, confirming the
slight existence of V4+. After discharge to 1.4 V, the peak of V5+

weaken and the peak of V4+ strengthen, indicating that a part of V5+

are reduced to V4+ when Mg2+ intercalate into the NaV3O8. In charge

Fig. 3. (a) Rate performance of NaV3O8. (b) HAADF image and (c) EDS elemental mappings of NaV3O8 at discharge state. (d) The galvanostatic intermittent titration
technique (GITT) curves of NaV3O8 at 50mA g−1. (e) Mg2+ diffusivity at different discharge state. (f) Specific energy density comparison of vanadium-based cathode
materials in magnesium batteries.
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state, the peak of V5+ and V4+ return to the original condition basi-
cally, illustrating the good reversibility of NaV3O8 in Mg2+ insertion/
extraction process. From above result, NaV3O8 could maintain the
structure stability when Mg2+ insert/extract from the layered spacing
and is a potential cathode material for RMBs.

4. Conclusions

We have systematically explored the alkali cations (Li+, Na+, K+)
pre-intercalated vanadium oxides as optimized cathode materials for
magnesium batteries, basing on structure analysis, electrochemical tests
and DFT calculation. The pre-intercalation with Na+ yields a more
stable interlayer structure, which allows Mg2+ to diffuse freely and
prevent the destructive collapse of layers. It is indicated that appro-
priate pre-intercalated ions in layered structure can optimize Mg2+

intercalation capacity and cycling performance in magnesium batteries.
This phenomenon is attributed to the stabilizing effect between layered
structure and intercalated alkali ions. The intercalated ions will act as
“pillars” to stabilize the layered space and buffer space to accommodate
the expansion/contraction of layered structure during charge and dis-
charge process. This kind of optimizing strategy provides an effective
and available way to regulate diffusion channel of vanadium oxides. On
the other hand, the structure evolution and the single-phase reaction
mechanism of NaV3O8 in magnesium ions storage have been revealed
for the first time, which is instructive and meaningful to the further
optimization in the Mg2+ storage of layered vanadium-based materials.
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