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A B S T R A C T   

The development of practical magnesium batteries is severely hindered by the sluggish solid diffusion processes 
resulting from the relatively high charge density of Mg2+ with two unit charges. Therefore, exploiting novel 
charge storage mechanisms to overcome the inherent kinetic obstruction is urgently needed. Herein, the rapid 
diffusion kinetics of Mg2+ in Wadsley-Roth phase TiNb2O7 (TNO) is realized through the electrochemical Li+

intercalation boosted approach, contributing to the successful fabrication of high-rate and ultra-long lifespan 
dual-ion batteries. Through adding lithium salt into the conventional all phenyl complex electrolyte, not only Li+

but also Mg2+ can be intercalated into the TNO, implying the intercalation of Mg2+ can be activated by the 
intercalation of Li+. Meanwhile, theoretical calculations reveal that the insertion of Li+ can significantly improve 
the electronic conductivity of TNO and reduce the diffusion energy barrier of Mg2+ in TNO. Moreover, in-situ 
Raman and ex-situ X-ray diffraction measurements also indicate the improved structural integrity of TNO 
with Li+ pre-intercalation during cycling. Consequently, such a dual-ion battery system with the TNO cathode 
and Mg metal anode exhibits a high reversible capacity (243.6 mAh g− 1 at 0.1 C) and excellent high-rate cycling 
stability (capacity retention of 85.1% at 5 C after 2000 cycles)   

1. Introduction 

Lithium-ion batteries (LIBs) have been widely used in portable de-
vices due to their high energy density, which also bring a lot of conve-
nience to mankind and promote the progress of society [1–4]. However, 
with the newly emerging application scene of large-scale electro-
chemical energy storage, the potential safety hazards and price issues of 
LIBs have attracted increasing attention. Therefore, the development of 
an alternative battery system with the features of low cost and high 
safety is highly desired [5–9]. Rechargeable magnesium batteries 
(RMBs) are one of the most promising technologies for large-scale ap-
plications due to their high safety and rich crustal content of Mg. 
Moreover, the high volumetric energy density (3833 mAh cm− 3) and the 
low electrode potential (-2.37 V vs. S.H.E.) of RMBs have also become 
the focuses of attention [10–18]. 

Despite these potential superiorities, the development of practical 

RMBs still faces serious challenges, mainly resulting from the immature 
cathode materials and electrolytes [19–27]. In terms of cathode mate-
rials, the sluggish solid-state diffusion kinetics of Mg2+ fails to achieve 
reversible and fast intercalation/deintercalation of Mg2+ in most ma-
terials. Targeting at the inherent defects restricting the diffusion ki-
netics, diverse modification strategies have been proposed. Constructing 
nanoparticles is an effective way to shorten the diffusion path of Mg2+

and provides more active sites for Mg2+ [28]. However, through this 
method, those materials that cannot achieve the Mg2+ inter-
calation/deintercalation still cannot serve as cathode materials for Mg 
storage. Subsequently, the construction of interlayer engineering of 
layered compounds has also been proposed. Pre-intercalated cationic, 
H2O, or polymer is a feasible approach to widen layer spacing of layered 
cathode materials, endowing the Mg storage capability for many 
two-dimensional materials [29–31]. Although many efforts have been 
devoted, these improvements in electrochemical reversibility are mainly 
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achieved based on a relatively low cycling current density (< 0.5 C), 
which are still hardly to meet the requirements of practical applications 
[32–35]. 

In recent years, Wadsley-Roth phase TiNb2O7 (TNO) with excellent 
rate performance and high theoretical capacity (387.6 mAh g− 1) has 
been extensively studied as high-rate electrode materials for Li+ storage 
[36–38]. Li+ tends to be reversibly intercalated into the 110 plane of 
TNO, exhibiting outstanding structural stability and good rate perfor-
mance in LIBs [39,40]. It is interesting that, with the increase of the Li+

intercalation, the electronic conductivity of TNO will be enhanced 
simultaneously [37]. The outstanding advantages of TNO in both Li+

and electron transport imply that its lattice host may be also appropriate 
for facile Mg2+ (de)intercalation processes. However, the reversible 
Mg2+ storage of TNO is rarely reported in previous studies, which may 
be due to the sluggish diffusion kinetics of high charge density of Mg2+

with two unit charges. 
Herein, the highly reversible and rapid Mg2+ storage performance in 

TNO is successfully activated thorough a Li+ electrochemical pre- 
intercalation strategy. By adding lithium salt into the conventional all 
phenyl complex (APC) electrolyte, the preceding intercalation of Li+ in 
TNO can weaken the electrostatic interaction between the crystal 
structure of TNO and Mg2+, leading to the enhanced Mg2+ intercalation 
kinetics. Meanwhile, the pre-intercalated Li+ can also alleviate the 
volume change caused by the intercalation of Mg2+ into TNO, achieving 
the excellent structural stability during ions (de)intercalation processes. 
Although TNO is a typical semiconductor, the Li+ pre-intercalated phase 
of LixTiNb2O7 is surprising transformed to a metallic conductor, 
achieving electron self-acceleration during discharging process and 
further promoting subsequent intercalation of ions. Consequently, the 
synergetic enhancement of electron transport, ion diffusion and struc-
tural integrity of TNO during Li+/Mg2+ co-intercalation process makes it 
a promising host structure for fabricating high-rate dual-ion batteries. 

2. Experimental section 

2.1. Material preparation 

Graphene is introduced to further improve the electronic conduc-
tivity of TNO (TNO/G) and the synthesis method was reported by our 
previous work [37]. For a typical synthesis of TNO, 0.17 g of tetrabutyl 
titanate was added to an appropriate amount of dilute ammonia and 
stirred for 10 min. Subsequently, 1.5 mL of 12 M concentrated nitric acid 
was added. When the mixture dissolved and the solution became a clear 
liquid, 1.5 g of glycine and 0.65 g of hydrated niobium oxalate were 
added under continuous stirring for 3 h. Then the mixture was calcined 
in air at 900 ◦C for 1 h. For the typical synthesis of TNO/G, 0.3 g TNO 
and 3 mL Poly(diallyl dimethyl ammonium chloride) were added in 50 
mL water under ultrasonic treatment. Then the mixed solution was 
centrifuged to collect TNO and the TNO was added in 25 mL water. Then 
this solution was added drop by drop to 30 mL of graphene oxide 
aqueous dispersion (1 mg/mL). After that, the mixed solution was frozen 
with sufficient liquid nitrogen and freeze-dried for 24 h. Finally, TNO/G 
was obtained by calcining the mixture at 700 ◦C under an Ar atmosphere 
for 3 h. 

2.2. Materials characteristic 

The crystal structures of samples were characterized by X-ray 
diffraction (XRD) on Rigaku Ultima IV. The morphologies of samples 
were recorded by scanning electron microscopy (SEM, Zeiss GeminiSEM 
500) and high-resolution transmission electron microscopy (HRTEM, 
Tecnai F30), respectively. The Raman spectra were ascertained by 
Raman spectroscope (Horiba Xplora). The valence state of samples was 
analyzed by X-ray photoelectron spectroscopy (XPS, PHI Quantum 
2000). 

2.3. Electrochemical measurements 

The APC electrolyte was prepared according to previous reports 
[41]. Typically, 0.5 M AlCl3 solution was prepared by adding 0.53 g 
AlCl3 into 8 mL tetrahydrofuran (THF) slowly. 8 mL THF was added to 4 
mL 2.0 M PhMgCl to get 0.67 M PhMgCl solution. The two solutions 
were mixed and stirred for 24 h to obtain APC electrolyte (0.4 M 
2PhMgCl-AlCl3/THF). To prepared hybrid electrolyte, appropriate 
amount of LiCl was added to the APC and stirred overnight. All the 
preparations were operated in glove box filled under Ar atmosphere. The 
slurry composed of 70 wt% TNO/G, 20 wt% acetylene black, 10 wt% 
polyvinylidene fluoride (PVDF) was casted on Ti foil and dried at 80 ◦C. 
The mass loading was about 1.5 mg of active material. Electrochemical 
performances were tested by using 2032 coin-type cell with fresh pol-
ished Mg as the counter electrode. The electrochemical tests were con-
ducted in the potential range of 0.2 ~ 2.0 V vs. Mg2+/Mg. The CV tests at 
various scan rates were taken after 10 activation cycles at 0.1 C. All the 
electrochemical measurements were performed at room temperature. 

2.4. Calculation methodology 

All the density functional theory (DFT) calculations were operated by 
using Vienna Ab Initio Simulation Package (VASP) [42]. The projector 
augmented wave potentials were used to calculate the electronic 
exchange-correlation interaction along with the Generalized Gradient 
Approximation functional in the parameterization of the Perdew Burke 
and Ernzerhof pseudopotential [43,44]. The cut off energy for the wave 
function was set to 450 eV. Geometry optimizations were operated until 
all the forces were less than 0.02 eV/Å per atom. A k-point mesh with a 
spacing of ca. 0.03 Å− 1 was adopted. The long-range interactions 
(DFT-DF3) are considered as a correction in all calculations. In addition, 
for the Ti and Nb atoms, the U schemes need to be applied, and the U has 
been set as 5.0 and 4.0 eV. The climbing image nudged elastic band 
(CI-NEB) method was adopted to calculate diffusion barriers of Mg2+ in 
TNO, and LiTiNb2O7 (LiTNO) [45,46]. The intercalation formation en-
ergies of atom in TNO and LiTNO were calculated according to Eq. (1) as 
follows: 

Eform = E(intercalated) − E(pristine) − E(M) (1)  

where E(intercalated) and E(pristine) are the total energies of atom 
intercalated and pristine TNO (or LiTNO). E(M) is the energy per atom of 
the metal. And the voltage of Mg2+ or Li+ insertion was calculated ac-
cording to Eq. (2) as follows: 

V = −
Eform

N
(2) 

Where N is the number of electrons transferred. 

3. Results and discussions 

As shown in Fig. 1a, the crystal structure of TNO exhibits large 
enough channels for the diffusion of Mg2+ with an ionic radius of 0.72 Å 
and enough empty sites for the intercalation of Mg2+, implying that TNO 
is a potential material for Mg storage. However, as shown in Fig. S1, the 
discharge-charge profiles of TNO/G with pure APC electrolyte at 0.1 C 
present negligible discharge capacity, indicating the intercalation/ 
deintercalation of Mg2+ cannot be achieved inside TNO/G. And the in-
hibition of Mg storage properties in TNO/G may be caused by the large 
electrostatic interaction between Mg2+ and the lattice host of TNO 
crystal structure and the poor inherent electronic conductivity of TNO. 
Herein, the electrochemical Li+ pre-intercalation strategy is expected to 
break the shackles and releases the potential Mg storage capability of 
TNO. The feasibility of this promising approach was investigated 
through DFT calculations firstly. Unexpectedly, after Li+ inserts into the 
crystal structure of TNO, the intercalation of Mg2+ can be activated. And 
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the preceding intercalation of Li+ can effectively improve the electronic 
conductivity of TNO cathode material, achieving electron self- 
acceleration during discharging process and benefitting to subsequent 
intercalation of ions [37]. The unique properties of the TNO and 
LiTiNb2O7 (LiTNO) materials were also verified by theoretical calcula-
tions. As shown in Fig. S2, after calculation, the band gap of TNO is 2.15 
eV, indicating that TNO is a semiconductor. LiTNO presents a higher 
density of state (DOS) than TNO at the Fermi level, implying that the 
TNO has been a conductor after Li+ intercalation. After more Li+ ions are 
intercalated, the Li2TiNb2O7 and Li3.5TiNb2O7 are still good conductors 
with better electronic conductivity than TNO. These results indicate that 
the electron self-acceleration process exists inside TNO during the 

earlier ion intercalation process. Besides, simulation calculations of 
thermodynamics were also conducted to simulate the intercalation of 
ions in TNO and LiTNO. Firstly, the intercalation voltages of Li+ and 
Mg2+ in TNO were calculated and the results are shown in Fig. S3a. The 
results demonstrate that When Li+ is intercalated into TNO, the Li+

tends to occupy the interstitial site there and the corresponding inter-
calation voltage is 1.21 V. When Mg2+ is intercalated into TNO, the 
Mg2+ tends to occupy the same sites and the corresponding intercalation 
voltage is 0.74 V. The above calculation results indicate that the Li+ is 
preferred to be inserted into TNO thermodynamically. Besides, in order 
to verify the consistency of the DFT models and the experimental results, 
the results of experimental and calculated were collected for 

Fig. 1. (a) Schematic illustration of the charge storage mechanism of TNO and LiTNO. Intercalation formation energies when Mg2+ is intercalated into (b) TNO and 
(c) LiTNO. (d) Diffusion path of Mg2+ inside the LiTiNb2O7 crystal structure and the block of LiTiNb2O7 crystal structure marked by yellow dotted line. (e) Mg2+

diffusion energy barriers of LiTiNb2O7. (f) Block volume change rate of TNO and LiTNO after Mg intercalation through theoretical calculations. 
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comparison. As shown in Fig. S3b, c, the experimental XRD patterns of 
pristine TNO electrode and TNO electrode discharged to 0.7 V are 
consistent with that of calculated XRD patterns of TNO and LiTNO-Mg, 
indicating that the DFT models are reliable. Subsequently, based on the 
rational DFT models, the intercalation formation energies of Mg2+ in 
TNO and LiTNO were calculated. As shown in Fig. 1b,c, Mg2+ tends to 
insert into the crystal structure of LiTNO with the more favorable 
intercalation formation energy (-1.57 eV) than TNO (-1.49 eV). Besides, 
Mg2+ can be inserted into the crystal structure of LiTNO easier due to the 
higher electronic conductivity of LiTNO which further shortens the 
electron transport path. Furthermore, based on the rational construction 
of Mg2+ diffusion path inside the TNO and LiTNO crystal structure, the 
behavior of Mg2+ diffusion is studied (Figs. 1d, e and S4) [47]. The Mg2+

diffusion energy barrier of LiTNO (1.31 eV) is smaller than that of TNO 
(1.33 eV), indicating that the transport kinetics of Mg2+ is rapid in 
tunnel of LiTNO. Benefitting from the preceding intercalation of Li+, it 
can effectively weaken the electrostatic interaction between the O atoms 
and Mg2+ and reduce the Mg2+ diffusion energy barrier. Consequently, 
Mg2+ can be inserted into the LiTNO due to the intercalation of Li+. 
Moreover, as shown in Fig. 1f, after Mg2+ inserts into the LiTNO, the 
block volume change rate of LiTNO-Mg (0.13%) is smaller than that of 
TNO-Mg (2.4%) through the theoretical calculations. Combining with 
the results of thermodynamic simulations and diffusion dynamics, the 
introduction of Li+ into TNO facilitates the intercalation reaction and 
diffusion kinetics of Mg2+ and alleviates the volume change during the 
Mg intercalation process, indicating the superiority of Li+

pre-intercalation approach by theoretical calculations. 
As shown in Fig. 2a, the XRD patterns of TNO and TNO/G can be well 

indexed to the TiNb2O7 (JCPDS No.77-1374) without crystal impurities. 
As shown in Fig. 2b, Raman spectrum of TNO can be well matched with 
previous reports [37,39]. After the introduction of graphene, the Raman 

spectrum of TNO/G composite material shows obvious signals of gra-
phene (around 1352 and 1598 cm− 1), corresponding to the D-band and 
G-band, respectively. And the remaining peaks correspond to the signal 
peaks of TNO. This structure can improve the electronic conductivity of 
the TNO/G composite electrode. XPS spectra of TNO/G were also per-
formed to confirm the valence state of element in TNO/G (Figs. 2c, d and 
S5). In Fig. 2d, the C 1s spectrum can be split to three peaks located at 
284.8 eV (C-C), 285.7 eV (C-O) and 288.8 eV (C=O), which proves the 
introduction of graphene. The XPS spectrum of Nb 3d two peaks is 
exhibited in Fig. S5a and presents at about 207.9 and 210.8 eV, corre-
sponding to Nb5+ in TNO/G. Besides, as shown in Fig. S5b, XPS spec-
trum of Ti 2p indicates that Ti 2p 1/2 and Ti 2p 3/2 peaks are located at 
about 465.2 eV and 459.5 eV, corresponding to Ti4+ in TNO/G. 

SEM and TEM images were taken to further verify the morphology of 
TNO/G. As shown in Fig. 2e, the structure of graphene wrapped TNO can 
be observed. In addition, it can be more clearly observed from the TEM 
images (Fig. 2f, g) that the size of TNO nanoparticles is about 50–150 nm 
and the TNO nanoparticles are well encapsulated in graphene sheets. As 
shown in Fig. 2h, the HRTEM of TNO/G exhibits good crystallinity of 
TNO. The interplanar distance of crystal is measured to be 0.27  nm, 
corresponding to the 203 plane of TNO. And amorphous graphene can 
be observed at the edge of the TNO particle, indicating the good elec-
tronic connectivity between TNO and graphene. The element mapping 
of Ti, Nb, O, and C elements in TNO/G is shown in Fig. 2i, proving the 
uniform distribution of all elements. The above data shows the suc-
cessful synthesis of TNO/G material. 

In order to explore the optimal amount addition of Li+, various 
amounts of LiCl were added into APC to investigate the electrochemical 
performance of TNO/G. The voltage profiles of TNO/G in APC with 
various amounts of LiCl at 0.1 C is shown in Fig. 3a. TNO/G shows a 
negligible discharge capacity in pure APC electrolyte due to the sluggish 

Fig. 2. (a) XRD patterns and (b) Raman spectra of TNO and TNO/G. (c) The XPS spectrum of the TNO/G powder. (d) The XPS spectra of C 1s of the TNO/G. (e) SEM 
image of TNO/G. (f, g) TEM images and (h) HRTEM image of TNO/G. (i) Elemental mapping of TNO/G powder. 
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diffusion kinetics of Mg2+. The discharge capacity of TNO/G is signifi-
cantly improved with the increase concentration of LiCl in APC. With 
only 0.02 M LiCl in APC, a discharge capacity of 40.5 mAh g− 1 can be 
obtained. When the addition amount of LiCl is 0.1 M, the discharge 
capacity of TNO/G jumps to 194.6 mAh g− 1. The discharge capacity of 
TNO/G increases to 212.5 mAh g− 1, 242.0 mAh g− 1 and 243.6 mAh g− 1 

with 0.2 M, 0.5 M and 1.0 M LiCl in APC, respectively. TNO/G exhibits 
remarkable electrochemical activity when the concentration of LiCl is 
0.5 M and 1.0 M. Besides, TNO/G presents a lower polarization with 
addition of 0.5 M LiCl so 0.5 M LiCl in APC is chosen as the optimal 
electrolyte. And the charge-discharge curves of TNO/G in APC with 0.5 
M LiCl at 0.1 C are shown in Fig. 3b. The pristine discharge and charge 
capacities of the TNO/G are 242.0 mAh g− 1 and 211.4 mAh g− 1, cor-
responding to the coulombic efficiency of 87.3%. After 5 cycles, TNO/G 
exhibits a stable voltage curves and discharge capacity of 232.9 mAh 
g− 1, indicating the good reversibility of electrode material during 
cycling. As shown in Fig. 3c, cyclic voltammetry (CV) curves of the TNO/ 
G in APC with 0.5 M LiCl show the distinct reaction potential. During the 
first cycle, the TNO/G presents a broad peak at 0.7 V vs. Mg2+/Mg. 
However, starting from the second cycle, TNO/G shows two reduction 
peaks at 0.8 V and 0.7 V vs. Mg2+/Mg, inferring that in addition to the 
intercalation of Li+, Mg2+ may be inserted into the TNO/G with the 

assistance of LiCl. Therefore, CV profiles of the TNO/G at 0.1 mV s− 1 in 
LIBs were also taken to verify this conjecture. As shown in Fig. S6, the 
TNO/G exhibits a set of redox peaks in LIBs with 301 electrolyte, which 
is in accordance with the reported results [37,39,48]. These results 
indicate that there may be the intercalation of Mg2+ in the TNO/G, 
which is achieved by the addition of LiCl in APC electrolyte. In order to 
confirm the existence of Mg2+, the Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES) results of discharged state TNO/G 
were collected. As shown in Table S1, when the TNO/G is discharged to 
0.8 V at 0.1 C, the obvious Li and trace amounts of Mg can be detected 
and the molar ratio of Mg and Li is 0.0899, indicating that Li+ is mainly 
intercalated into the TNO/G in former discharge process. After dis-
charging to 0.7 V at 0.1 C, the contents of Li and Mg increase and the 
molar ratio of Mg and Li is 0.3178, indicating that Mg2+ and Li+ are 
co-inserted into the TNO/G in this discharge process. Until the TNO/G is 
discharged to 0.2 V at 0.1 C, the insertion amount of Mg2+ and Li+

reaches the maximum and the molar ratio of Mg and Li is 0.4498. When 
the TNO/G electrode is discharged to 0.2 V after 2, 5, and 10 cycles at 
0.1 C, the molar ratio of nMg/nLi are 0.4443, 0.4431, and 0.4206, 
respectively. The molar ratio of nMg/nLi tends to stabilize after serval 
cycles. Besides, when the TNO/G electrode is discharged to 0.2 V after 
10 cycles at 1 C and 5 C, the molar ratios of nMg/nLi are 0.3324 and 

Fig. 3. (a) Voltage profiles of TNO/G in APC with different amounts of LiCl at 0.1 C. (b) Voltage profiles of the TNO/G in APC with 0.5 M LiCl at 0.1 C. (c) CV profiles 
of the TNO/G in APC with 0.5 M LiCl at 0.1 mV s− 1. (d) Cycling performance of the TNO/G in APC with 0.5 M LiCl at 0.1 C. (e) Rate performance of TNO/G in APC 
with 0.5 M LiCl. (f) Comparison between TNO/G and other advanced materials in hybrid Mg-Li batteries in terms of capacity retention at various current densities. 
(g) Long-cycle electrochemical performance of the TNO/G cathode in APC with 0.5 M LiCl at 5 C. (h) Comparison between TNO/G and other advanced materials in 
hybrid Mg-Li batteries in terms of long-term cycling stability. 
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0.2440, respectively, indicating that even at high rates, Mg2+ can still 
intercalate into TNO despite the decreased intercalation of Mg2+. 

As shown in Fig. 3d, TNO/G delivers a specific capacity of 224.1 mAh 
g− 1 after 50 cycles (capacity retention of 92.0%). And TNO/G also 
presents the remarkable rate performance due to its unique structure. As 
shown in Fig. 3e, TNO/G exhibits discharge capacities of 246.0 mAh g− 1, 
238.6 mAh g− 1, 216.8 mAh g− 1, 191.5 mAh g− 1, 158.9 mAh g− 1 and 
133.0 mAh g− 1 at the density of 0.1 C, 0.5 C, 1 C, 5 C, 10 C, and 20 C, 
respectively. TNO/G even delivers the discharge capacity of 100.8 mAh 
g− 1 at the current density of 40 C. It is worth noting that after the high- 
rate cycling at 40 C, TNO/G can still contribute discharge capacity of 
245.7 mAh g− 1 when the current density returns to 0.1 C. And the TNO/ 
G exhibits better capacity retention at various current densities than 
other advanced materials in hybrid Mg-Li batteries, implying the 
outstanding rate performance of TNO/G in this battery system (Fig. 3f). 

Besides, the TNO/G exhibits good cycling performance in APC with 0.5 
M LiCl at 0.1 C. As shown in Fig. 3g, the long cycling performance of 
TNO/G at 5 C was tested. At the current density of 5 C, TNO/G can still 
deliver 152.4 mAh g− 1 after 2000 cycles, corresponding to the capacity 
retention of 85.1%. When the current density raises to 10 C, TNO/G 
shows the remarkable cycling stability for 800 cycles and the discharge 
capacity of TNO/G remains at 142.9 mAh g− 1 and no capacity decay is 
observed (Fig. S7). Obviously, Fig. 3h indicates that the long-term 
cycling stability of TNO/G cathode material in this battery system is 
comparable to other previously reported advanced materials in Mg-Li 
hybrid battery [49–57]. 

To explore the energy storage mechanism of TNO/G in APC with 0.5 
M LiCl, ex-situ XRD measurements were conducted to verify the struc-
ture changes of the TNO/G. As shown in Fig. 4a–d, XRD patterns of 
TNO/G at different states are recorded. There are no peaks disappearing 

Fig. 4. (a) Voltage profiles of TNO/G at 0.1 C corresponding to ex-situ XRD tests. (b) XRD patterns of TNO/G at different states. (c, d) Local enlarged images of XRD 
patterns at different states. (e) The first-cycle voltage profiles of TNO/G corresponding to in-situ Raman measurements. (f) The simultaneous in situ electrochemical 
Raman spectra corresponding to (e). (g) Li 1s, Mg 2p, and (h) Nb 3d XPS spectra of the TNO/G electrode at different states. (i) Elemental mapping of TNO/G 
cathode material. 
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or new peaks appearing during the electrochemical tests, implying the 
electrochemical reaction mechanism of ions insertion/extraction in 
TNO/G. This result is consistent with the result of the previous article in 
LIBs [48]. When TNO/G is discharged to 0.2 V vs. Mg2+/Mg, diffraction 
peak of the 002 plane shifts to a lower angle 17.27◦ from initial angle 
17.49◦, and diffraction peak of 110 plane shifts to a lower angle 23.68◦

from initial angle 23.90◦, implying the intercalation of Li+/Mg2+. When 
TNO/G is charged to 2.0 V vs. Mg2+/Mg, diffraction peak of the 002 
plane shifts to the initial angle. Nevertheless, diffraction peak of the 110 
plane returns to 23.84◦, corresponding to the XRD pattern of the TNO/G 
electrode which is discharged to 0.7 V, implying that the intercalated 
ions are not completely released. 

Moreover, in-situ Raman measurements were conducted to further 
confirm the reaction mechanism of TNO/G. As shown in Fig. 4e, f, the 
bands observed in the region < 500 cm− 1 can be indexed to Nb-O and Ti- 
O vibrations and the bands observed around 750 cm− 1 and 900 cm− 1 

belong to vibrations of the TiO6 octahedra and the vibrations of the 
NbO6 octahedra [58]. During the whole initial discharge/charge pro-
cess, TiO6 octahedra and NbO6 octahedra exhibit equivalent intensity all 
the way, indicating the excellent overall structural stability of TNO/G. 
And the Nb-O and Ti-O bands present asymmetrical Raman spectra. 
When TNO/G is discharged to 0.7 V vs. Mg2+/Mg, the Raman peaks of 
Nb-O and Ti-O bands shift to high angles, indicating the change of the 
local metal-O coordination structure of the TNO/G due to the ion 
intercalation. And when TNO/G is charged to 2 V vs. Mg2+/Mg, the 
Raman spectrum of TNO/G is not consistent with the initial Raman 
spectrum of TNO/G. The asymmetric in-situ Raman spectra of TNO/G 
may be related to the incomplete extraction of ions, which is consistent 
with the results of ex-situ XRD measurements. 

Furthermore, in order to further confirm the type of intercalated 
ions, the XPS spectra of the TNO/G at different states were collected. As 
shown in Fig. 4g, when the TNO/G is discharged to 0.2 V vs. Mg2+/Mg, 
the characteristic peaks of Li 1s and Mg 2p appear, indicating the Li+/ 
Mg2+ co-insertion in TNO/G during the discharge process. When the 
TNO/G is charged to 2 V vs. Mg2+/Mg, the characteristic peaks of Li 1s 
and Mg 2p are weakened, representing the extraction of Li+ and Mg2+ in 
the TNO/G. Furthermore, the XPS spectrum of charged state of TNO/G 
electrode proves that little Mg2+ are trapped inside the lattice of TNO/G, 
which may be caused by the electrostatic interaction between Mg2+ and 
lattice oxygen. Besides, with the insertion/extraction of ions, the valence 
state of Nb also changes. As shown in Fig. 4h, the characteristic peaks of 
Nb4+ (peaks at 209.8 eV and 207.0 eV) appear in the discharged state 
TNO/G, indicating the intercalation of ions. And when the TNO/G is 
charged to 2.0 V vs. Mg2+/Mg, the valence state of most Nb returns to 
the Nb5+, indicating the incomplete extraction of ions. These results are 
consistent with the results of in-situ Raman characterizations and ex-situ 
XRD tests. To further investigate the effect of irreversible structural 
changes on Mg2+ intercalation in TNO/G, the electrochemical behavior 
of fully charged TNO/G (MgTNO/G) after cycling in APC with 0.5 M LiCl 
was investigated. The battery of fully charged TNO/G after cycling in 
APC with 0.5 M LiCl was disassembled and MgTNO/G electrode was 
reassembled with pure APC electrolyte to observe the effects of irre-
versible structural changes. As shown in Fig. S8, the MgTNO/G exhibits 
lower polarization and slightly higher discharge capacity than TNO/G, 
indicating the irreversible structural changes do have an effect on 
improving Mg2+ intercalation. However, both of them exhibit the 
discharge capacity of no more than 20 mAh g− 1, implying that the 
irreversible structural changes are not the primary responsibility for 
improving electrochemical performance. Th results indicate that the Li+

pre-intercalation is still the dominant factor to improve the Mg storage 
capability of TNO/G. To further prove insertion of Mg2+, energy 
dispersive spectroscopy (EDS) elemental mapping of the TNO/G at 
discharged state was obtained. As shown in Fig. 4i, elemental mapping 
results demonstrate that the Mg2+ has been successfully and uniformly 
inserted into the discharged TNO/G, implying the superiority of the Li+

pre-intercalation activation approach. 

In order to get more insights into the unusual kinetic process in the 
charge storage mechanism of TNO/G, CV tests at 0.1 mV s− 1, 0.2 mV s− 1, 
0.5 mV s− 1, 1 mV s− 1and 2 mV s− 1 were performed. As shown in Fig. 5a, 
all the CV curves of TNO/G at variable scanning rates present the 
distinct redox peaks. Generally, the following Eqs. (3) and (4) are used to 
describe the relationship between peak current (i) and scan rate (v): 

i = avb (3)  

logi = a + blogv (4) 

Herein, a and b are adjustable parameters. When b tends to 0.5, the 
electrochemical process is controlled by semi-infinite diffusion. when b 
tends to 1, the electrochemical process is controlled by surface- 
controlled behavior. The calculated value of b is 0.816 by linear 
fitting, indicating that electrochemical process tends to be dominated by 
surface-controlled behavior (Fig. 5b). The percentages of capacitive 
contribution can be calculated according to Eq. (5) as follows: 

i = k1v + k2v1/2 (5)  

in which k1v and k2v1/2 are ascribed to the capacitive contribution and 
diffusion-controlled contribution, respectively. Contribution ratios of 
the capacitive contribution and diffusion-controlled process at various 
scan rates are shown in Fig. 5c. When the scan rate goes from 0.1 to 2 mV 
s− 1, the percentage of capacitive contribution increases from 63.5 to 
90.5%, indicating the electrochemical performance at high rate is 
mainly attributed to capacitive contribution. 

Besides, in order to verify the high safety of the Mg anode at high 
current density, the SEM images of Mg foil were also taken to observe 
the morphological changes of the Mg anode side during the process of 
dissolution and deposition of Mg. As shown in Fig. 5d, the surface of 
fresh Mg anode is flat before cycling. After 800 cycles at 10 C, as shown 
in Fig. 5e, the surface of Mg anode is porous and uneven but not 
appearance of any dendrites, which implies that this battery system can 
work safely under high current density. To further describe the elec-
trochemical behavior in TNO/G||APC+LiCl||Mg dual-ion battery, 
visible schematic illustration of the TNO/G||APC+LiCl||Mg dual-ion 
battery is shown in Fig. 5f. In this system, TNO/G serves as the cath-
ode material, and Mg foil serves as the anode and reference electrode. 
APC with 0.5 M LiCl is used to the electrolyte. During the discharge 
process, Li+ is inserted in TNO/G firstly. Subsequently Li+ and Mg2+ are 
co-inserted inside the TNO/G. At the same time, Mg is dissolved on the 
side of anode. During the charge process, the reaction process is 
reversed. In conclusion, this battery system not only utilizes the rapid 
insertion and extraction of Li+ and Mg2+ on the cathode side, but also 
uses high-stability Mg foil as the anode, which greatly improves the 
long-term cycling performance and safety performance of the battery. 
These results demonstrate the superiority of Li+ per-intercalation acti-
vation approach. 

4. Conclusions 

In conclusion, the Li+ intercalation activated approach for realizing 
the highly reversible and rapid electrochemical kinetics of Mg2+ in Ti- 
Nb oxides is proposed in this work. The preceding intercalation of Li+

can not only enhance the electronic conductivity of TNO, but also reduce 
the diffusion energy barrier of Mg2+ simultaneously, benefitting to 
subsequent intercalation of ions. Meanwhile. the pre-intercalated Li+

can also alleviate the volume change caused by the intercalation of Mg2+

into TNO, achieving the excellent structural stability during ions (de) 
intercalation processes. Consequently, the synchronous manipulation of 
electron transport, ion diffusion and structural integrity of TNO leads to 
an outstanding electrochemical performance. This work is expected to 
open up the new insights for fast charge/discharge and high-safety Mg- 
Li dual-ion batteries and shed light on the potential application of the 
Mg-Li dual-ion batteries in large-scale energy storages. 
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[43] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (1994) 
17953–17979, https://doi.org/10.1103/PhysRevB.50.17953. 

[44] B. Hammer, L.B. Hansen, J.K. Nørskov, Improved adsorption energetics within 
density-functional theory using revised Perdew-Burke-Ernzerhof functionals, Phys. 
Rev. B 59 (1999) 7413–7421, https://doi.org/10.1103/PhysRevB.59.7413. 

[45] G. Henkelman, H. Jónsson, Improved tangent estimate in the nudged elastic band 
method for finding minimum energy paths and saddle points, J. Chem. Phys. 113 
(2000) 9978–9985, https://doi.org/10.1063/1.1323224. 

[46] D. Sheppard, R. Terrell, G. Henkelman, Optimization methods for finding 
minimum energy paths, J. Chem. Phys. 128 (2008), 134106, https://doi.org/ 
10.1063/1.2841941. 

[47] C.P. Koçer, K.J. Griffith, C.P. Grey, A.J. Morris, Lithium diffusion in niobium 
tungsten oxide shear structures, Chem. Mater. 32 (2020) 3980–3989, https://doi. 
org/10.1021/acs.chemmater.0c00483. 

[48] H. Yu, H. Lan, L. Yan, S. Qian, X. Cheng, H. Zhu, N. Long, M. Shui, J. Shu, TiNb2O7 
hollow nanofiber anode with superior electrochemical performance in 
rechargeable lithium ion batteries, Nano Energy 38 (2017) 109–117, https://doi. 
org/10.1016/j.nanoen.2017.05.057. 

[49] T. Gao, F. Han, Y. Zhu, L. Suo, C. Luo, K. Xu, C. Wang, Hybrid Mg2+/Li + battery 
with long cycle life and high rate capability, Adv. Energy Mater. 5 (2015), 
1401507, https://doi.org/10.1002/aenm.201401507. 

[50] M. Asif, M. Rashad, Z. Ali, I. Ahmed, Synthesis of ternary metal oxides as positive 
electrodes for Mg–Li hybrid ion batteries, Nanoscale 12 (2020) 924–932, https:// 
doi.org/10.1039/C9NR08758C. 

[51] M. Vincent, V.S. Avvaru, M. Haranczyk, V. Etacheri, High-performance Mg− Li 
hybrid batteries based on pseudocapacitive anatase Ti1-xCoxO2-y nanosheet 
cathodes, ChemSusChem (2022) 15, https://doi.org/10.1002/cssc.202102562. 

[52] W. Wang, Y. Yang, Y. NuLi, J. Zhou, J. Yang, J. Wang, Metal organic framework 
(MOF)-derived carbon-encapsulated cuprous sulfide cathode based on 
displacement reaction for Hybrid Mg2+/Li+ batteries, J. Power Sources 445 (2020), 
227325, https://doi.org/10.1016/j.jpowsour.2019.227325. 

[53] X. Fan, R.R. Gaddam, N.A. Kumar, X.S. Zhao, A hybrid Mg2+/Li+ battery based on 
interlayer-expanded MoS2/graphene cathode, Adv. Energy Mater. 7 (2017), 
1700317, https://doi.org/10.1002/aenm.201700317. 

[54] M. Rashad, X. Li, H. Zhang, Magnesium/lithium-ion hybrid battery with high 
reversibility by employing NaV3O8 1.69H2O nanobelts as a positive electrode, ACS 
Appl. Mater. Interfaces 10 (2018) 21313–21320, https://doi.org/10.1021/ 
acsami.8b04139. 

[55] Y. Wang, C. Wang, X. Yi, Y. Hu, L. Wang, L. Ma, G. Zhu, T. Chen, Z. Jin, Hybrid Mg/ 
Li-ion batteries enabled by Mg2+/Li+ co-intercalation in VS4 nanodendrites, Energy 
Storage Mater. 23 (2019) 741–748, https://doi.org/10.1016/j.ensm.2019.06.001. 

[56] F. Liu, Y. Liu, X. Zhao, K. Liu, H. Yin, L. Fan, Prelithiated V2C MXene: a high- 
performance electrode for hybrid magnesium/lithium-ion batteries by ion 

D. Wu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1021/acsnano.8b06917
https://doi.org/10.1021/acsnano.8b06917
https://doi.org/10.1016/j.jelechem.2019.113788
https://doi.org/10.1002/adma.201905524
https://doi.org/10.1002/adma.201905524
https://doi.org/10.1016/j.ensm.2021.12.023
https://doi.org/10.1016/j.ensm.2021.12.023
https://doi.org/10.1002/aenm.202103352
https://doi.org/10.1002/aenm.202103352
https://doi.org/10.1039/C6TA10663C
https://doi.org/10.1002/aenm.201801475
https://doi.org/10.1002/aenm.201801475
https://doi.org/10.1002/adma.200701495
https://doi.org/10.1039/D0TA10708E
https://doi.org/10.1016/j.cej.2020.127005
https://doi.org/10.1016/j.cej.2020.127005
https://doi.org/10.1002/adma.201805930
https://doi.org/10.1002/anie.202002177
https://doi.org/10.1002/aenm.201900145
https://doi.org/10.1016/j.ensm.2019.11.023
https://doi.org/10.1016/j.chempr.2019.02.014
https://doi.org/10.1016/j.chempr.2019.02.014
https://doi.org/10.1038/s41560-020-00734-0
https://doi.org/10.1002/asia.201402286
https://doi.org/10.1021/acs.nanolett.5b00388
https://doi.org/10.1021/acs.nanolett.5b00388
https://doi.org/10.1021/acsnano.8b00959
https://doi.org/10.1021/acsnano.8b00959
https://doi.org/10.1002/adma.201801984
https://doi.org/10.1016/j.nanoen.2019.01.053
https://doi.org/10.1016/j.nanoen.2019.01.053
https://doi.org/10.1016/j.electacta.2021.137965
https://doi.org/10.1016/j.electacta.2021.137965
https://doi.org/10.1021/acs.chemmater.8b05218
https://doi.org/10.1039/D2NR00128D
https://doi.org/10.1039/D2NR00128D
https://doi.org/10.1021/cm200441h
https://doi.org/10.1021/cm200441h
https://doi.org/10.1002/advs.202104530
https://doi.org/10.1063/5.0054030
https://doi.org/10.1063/5.0054030
https://doi.org/10.1016/j.nanoen.2017.01.058
https://doi.org/10.1002/aenm.201200396
https://doi.org/10.1016/j.electacta.2016.05.198
https://doi.org/10.1016/j.electacta.2016.05.198
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1063/1.1323224
https://doi.org/10.1063/1.2841941
https://doi.org/10.1063/1.2841941
https://doi.org/10.1021/acs.chemmater.0c00483
https://doi.org/10.1021/acs.chemmater.0c00483
https://doi.org/10.1016/j.nanoen.2017.05.057
https://doi.org/10.1016/j.nanoen.2017.05.057
https://doi.org/10.1002/aenm.201401507
https://doi.org/10.1039/C9NR08758C
https://doi.org/10.1039/C9NR08758C
https://doi.org/10.1002/cssc.202102562
https://doi.org/10.1016/j.jpowsour.2019.227325
https://doi.org/10.1002/aenm.201700317
https://doi.org/10.1021/acsami.8b04139
https://doi.org/10.1021/acsami.8b04139
https://doi.org/10.1016/j.ensm.2019.06.001


Energy Storage Materials 52 (2022) 94–103

103

cointercalation, Small 16 (2020), 1906076, https://doi.org/10.1002/ 
smll.201906076. 

[57] N. Wu, Z.Z. Yang, H.R. Yao, Y.X. Yin, L. Gu, Y.G. Guo, Improving the 
electrochemical performance of the Li4Ti5O12 electrode in a rechargeable 

magnesium battery by lithium-magnesium co-intercalation, Angew. Chem. Int. Ed. 
54 (2015) 5757–5761, https://doi.org/10.1002/anie.201501005. 

[58] N.G. Eror, U. Balachandran, Coordination of cations in TiNb2O7 by raman 
spectroscopy, J. Solid State Chem. 45 (1982) 276–279, https://doi.org/10.1016/ 
0022-4596(82)90283-3. 

D. Wu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1002/smll.201906076
https://doi.org/10.1002/smll.201906076
https://doi.org/10.1002/anie.201501005
https://doi.org/10.1016/0022-4596(82)90283-3
https://doi.org/10.1016/0022-4596(82)90283-3

	Realizing rapid electrochemical kinetics of Mg2+ in Ti-Nb oxides through a Li+ intercalation activated strategy toward extr ...
	1 Introduction
	2 Experimental section
	2.1 Material preparation
	2.2 Materials characteristic
	2.3 Electrochemical measurements
	2.4 Calculation methodology

	3 Results and discussions
	4 Conclusions
	Supplementary materials
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Supplementary materials
	References


