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Effect of Mg
2+

/Li
+
 mixed electrolytes on a rechargeable hybrid 

battery with Li4Ti5O12 cathode and Mg anode 

Qi Miao, Yanna NuLi,* Nan Wang, Jun Yang, Jiulin Wang and Shin-ichi Hirano

The rechargeable hybrid batteries with Li
+
 insertion cathode, Mg 

anode and mixed Mg
2+

/Li
+
 electrolyte could synergistically exploit 

the advantages of Li
+
 and magnesium. Herein, we report the 

electrolyte dependencies on the performance of a hybrid battery 

containing commercial Li4Ti5O12 cathode. Additionally, the 

performance is improved using graphene based composite. 

The rechargeable magnesium batteries have been proposed as 

a candidate of high energy density batteries for practical 

applications in electric vehicles and energy storage systems 

due to the inherent merits of metallic Mg such as natural 

abundance, high theoretical volumetric capacity (3832 mAh 

cm
-3

) and operational safety.
1 

Moreover, Mg can be considered 

as a safe anode in liquid electrolyte duo to non-dendritic 

deposits.
2
 However, the development of Mg batteries suffers 

from electrolyte and the sluggish kinetics of Mg
2+

 ions in 

cathode originating from the strong coulombic interaction 

between bivalent Mg
2+

 and intercalation host.
3
 A hybrid 

battery has been constructed combining Mg anode and Li
+
-

intercalation cathode in a mixed Mg
2+

/Li
+
 electrolyte to benefit 

from dendrite-free Mg and efficient Li
+
 intercalation in terms 

of specific capacity, cycling stability, and rate capability.
4 

 Herein, we report a hybrid Mg
2+

/Li
+
 battery, consisting of 

Mg anode, cheap and non-toxic commercial Li4Ti5O12 (LTO) 

cathode, and two dual-salt electrolytes: 0.5 mol L
-1

 

Mg(BH4)2+1.5 mol L
-1

 LiBH4/tetraglyme (TG) (called Mg(BH4)2-

based mixed electrolyte) or 0.4 mol L
-1

 (PhMgCl)2-AlCl3+1.5 mol L
-

1
 LiBH4/tetrahydrofuran (THF) (called APC-based mixed 

electrolyte). Mg(BH4)2-based mixed electrolyte is not corrosive 

towards stainless-steel current collector and casings (in contrast to 

both the “first generation” and “second generation” magnesium 

electrolytes and containing halogen Mg
2+

/Li
+
 mixed electrolytes).

5
 

The performance of Mg(BH4)2+LiBH4/TG electrolytes with various 

Mg(BH4)2 and LiBH4 concentrations has been systematically 

studied.
4d,

 
5
 0.5 mol L

-1 
Mg(BH4)2+1.5 mol L

-1
 LiBH4/TG shows 

the highest current density and efficiency for Mg deposition-

dissolution, and higher capacities and better cycling performance 

using as the electrolyte for TiO2/Mg coin. Herein, the same 

concentration LiBH4 was added in “second generation” magnesium 

electrolyte 0.4 mol L
-1

 (PhMgCl)2-AlCl3/THF as another dual-salt 

electrolyte. The effect of dual-salt electrolytes on the 

electrochemical performance of LTO│Mg cells was studied. 

Spinel LTO is an excellent Li
+
-insertion material due to the 

unique feature of zero-strain during lithium 

intercalation/deintercalation.
6
 Furthermore, LTO has an 

appropriate lithiation voltage plateau at 1.54 V versus Li/Li
+
, 

within the electrochemical stability window of the magnesium 

electrolyte when non-inert metals are used as the current 

collector. However, LTO has pretty low electronic conductivity 

(ca. 10
-13 

S cm
-1

) and moderate Li
+
 diffusion coefficient (10

-9
-10

-

13
 cm

2
 s

-1
 ).

 7
 Additionally, LTO/G composite prepared by simply 

ball-milling LTO with graphene (G), which has large surface 

area, excellent electronic and thermal conductivity, and high 

mechanical strength,
8
 was used as cathode material, which 

delivers higher specific capacity, and better cycling life and 

rate capability. This work demonstrates the importance of 

compatibility of the cathode materials and electrolytes in 

rechargeable hybrid batteries. 

 Commercially available LTO (Shenzhen Tianjiao Technology Co., 

Ltd.) was used without further treatment. LTO/G composite was 

prepared by simple ball-milling LTO with graphene powder (Deyang 

Carbonene Technology Co., Ltd.) at different weight ratios of 

80:20, 70:30 and 60:40. The discharge-charge cycling result (Fig. 

S1a, Table S1) shows a high content of graphene improves the first 

discharge capacity. However, the initial coulombic efficiency 

increases over 100 %, which is resulted from some side reaction 

(discussed below). The phenomenon becomes more severe with 

the increase of graphene content duo to increased surface area of 

the composite. More graphene also influences the uniform 

dispersion of LTO particle in the composite as shown in SEM images 

of Fig. S1b, thus results in poor cycling performance. 20 wt.% of 

added graphene in LTO can provide an improved electrochemical 

performance with an acceptable coulombic efficiency and better 

cycling performance.  

 The corresponding X-ray diffraction (XRD) pattern, Raman, and 

scanning and transmission electron microscope (SEM and TEM) 

images are presented in Fig. 1. The diffraction peaks shown in Fig. 

1a can be indexed to Li4Ti5O12 with JCPDS No. 49-0207 (space group: 
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Fd3�m). The sharp and strong diffraction peaks of LTO indicate a 

well-defined crystal structure. XRD pattern of LTO/G (80:20) exhibit 

little change, which is mainly because of the low amount of 

graphene within the composite. Raman spectroscopy is a powerful 

analytical tool for carbon materials to evaluate the degree of 

graphitic order. As shown in Fig. 1b, graphene powder and LTO/G 

sample both show two main peaks corresponding to G and D bands, 

which is due to the in-plane stretching vibration (E2g) of the sp
2
-

bonded carbon atoms and symmetrical breathing vibration (A1g) of 

the hexagonal carbon rings, respectively.
 9

 The intensity ratio 

between D and G band, (ID/IG) is usually used to measure the defect 

density in the carbon nanostructures. The increased ID/IG ratio for 

LTO/G sample is ascribed to an enhanced structural distortion 

caused by LTO within the graphene sheets, as shown in Fig. 1d. The 

particles (Fig. 1c) are found to be a few micrometers in size, and 

decrease a little after mill-balling (Fig. 1d). SEM image of LTO/G 

shows the coexistence of the particle-like LTO and wrinkled layered 

graphene sheets, and these wrinkles are the indication of highly 

defective morphology of the structure. The distribution of LTO 

particles over graphene is illustrated by TEM images (Fig. 1f).  

 

 
 

Figure 1. (a) X-ray diffraction pattern of LTO and LTO/G (80:20) 

composite and the standard pattern of LTO. (b) Raman spectrum of 

LTO, graphene and LTO/G (80:20) composite. SEM images of LTO (c) 

and LTO/G composite (d). TEM images of LTO (e) and LTO/G 

composite (80:20) (f). 

 

 Fig. 2a shows first galvanostatic discharge/charge curves of 

LTO cathode in three different cells: LTO│0.5 mol L
-1

 

Mg(BH4)2/TG│Mg, LTO│1.5 mol L
-1 

LiBH4/TG│Li and LTO│0.5 mol L
-1

 

Mg(BH4)2+1.5 mol L
-1 

LiBH4/TG│Mg at a rate of 0.1 C (1 C = 175 mA 

g
-1

). LTO barely delivers any capacity in the LTO│Mg
2+

│Mg cell, 

indicating that Mg
2+

 could not intercalate into LTO structure. It has 

been reported that magnesium storage behaviors in LTO are 

strongly size dependent and Mg
2+ 

electrochemical insertion into 

LTO are notable only when the particle size is below 40 nm.
 10

 On 

the contrary, the behavior of LTO│Li
+
│Li cell is typical of LTO in a 

lithium electrolyte with a flat plateau at an average potential of 

1.55 V which is attributed to a two-phase phenomenon pertaining 

to Li4Ti5O12 and Li7Ti5O12 phases.
11

 In the LTO│Li
+
, Mg

2+
│Mg cell, 

similar discharge/charge curves and a comparable capacity with 

higher polarization as that in the LTO│Li
+
│Li cell are shown, 

indicating similar reaction in the hybrid cell. The higher polarization 

is likely resulted from the lower electronic conductivity of the dual 

salt electrolyte than lithium electrolyte (616 and 634 µS cm
-1

, 

respectively).  

  

 

 
Figure 2. Discharge-charge profiles of (a) LTO│Mg(BH4)2/TG│Mg, 

LTO│LiBH4/TG│Li and LTO│Mg(BH4)2+LiBH4/TG│Mg cells, and (b) 

LTO│(PhMgCl)2-AlCl3/THF│Mg, LTO│LiBH4/THF│Li and 

LTO│(PhMgCl)2-AlCl3+LiBH4/THF│Mg at 0.1 C. (c) (d) Cycling 

performance of LTO│Li cells with lithium electrolytes and LTO│Mg 

cells with mixed electrolytes at 0.1C.  

  

 Considering the possible influence of electrolytes on the 

electrochemical performance, the performance of the cells with 

APC-based mixed electrolyte was further tested. Fig. 2b shows the 

first galvanostatic discharge/charge curves of LTO cathode in three 

cells: LTO│0.4 mol L
-1 

(PhMgCl)2-AlCl3/THF│Mg, LTO│1.5 mol L
-1 

LiBH4/THF│Li and LTO│0.4 mol L
-1 

(PhMgCl)2-AlCl3+1.5 mol L
-1 

LiBH4/THF│Mg at a rate of 0.1 C.  Similarly, LTO│Mg
2+

│Mg cell 

delivers little capacity, and LTO│Li
+
, Mg

2+
│Mg shows comparable 

capacity with higher voltage polarization than LTO│Li
+
│Li cell. 

However, the APC-based mixed electrolyte has higher electronic 

conductivity than the lithium electrolyte (3.18 mS cm
-1 

and 853 µS 

cm
-1

, respectively). It is suggested that higher voltage polarization is 

mainly related to higher overpotential of Mg deposition-dissolution 

than that of Li deposition-dissolution (Fig. S2a). Notably, the cell 

with APC-based mixed electrolyte presents lower voltage 

polarization than that with Mg(BH4)2-based mixed electrolyte. Fig. 

2c and 2d displays the discharge and charge capacities with respect 

to cycle number at 0.1 C of LTO│Li
+
, Mg

2+
│Mg cells with Mg(BH4)2-

based and APC-based mixed electrolytes. As a comparison, the 

LTO│Li
+
│Li cells with lithium electrolytes are also represented. 

Partly due to higher and more stable deposition-dissolution 

efficiencies of Mg than Li (Fig. S2b), the hybrid cells show better 

cycling performance than lithium cells (92.6% and 91.8% capacity 

retention for Mg(BH4)2+LiBH4/TG and LiBH4/TG, respectively), 

especially with APC-based mixed electrolyte (95.3% and 89.4% for 

(PhMgCl)2-AlCl3+LiBH4/THF and LiBH4/THF, respectively). The 

reversible specific capacities of hybrid battery with (PhMgCl)2-

AlCl3+LiBH4/THF electrolyte remain at the quite considerable value 

of ~160 mAh g
-1

 for all of the cycles. For LTO│Li
+
, Mg

2+
│Mg cells, 

over 100 % coulombic efficiency during discharging/charging 

appears in two mixed electrolytes (Fig. S3), which is resulted from 
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electrolyte and/or PVDF decomposition during charging (Fig. S4). 

Both of mixed electrolytes have approximate 2.5 V anodic stability 

on stainless steel (SS), however, the values decrease notably when 

introducing binder, which is a necessary component for powder 

electrode. To examine the PVDF decomposition, the 70% PVDF+30% 

Super-P electrodes were scanned by the liner sweep voltammetry 

to different cut-off potentials, after which the amounts of carbon 

and fluorine were compared (Table S2). C and F amounts change 

linearly with the increase of cut-off potentials, indicating the bonds 

in PVDF might be in part loosen or broken during the oxidation 

process. LTO undergoes more decomposition in APC-based mixed 

electrolyte duo to the lower anodic stability. However, APC-based 

mixed electrolyte shows higher electronic conductivity (3.18 ms cm
-

1 
and 616 µs cm

-1
, respectively), higher cycling efficiencies and lower 

overpotential for Mg deposition-dissolution (Fig. S5) than 

Mg(BH4)2-based mixed electrolyte, which is contributed to the 

better performance.  

 Cyclic voltammetry (CV) was used to further investigate the 

electrochemical behavior of LTO│Li
+
, Mg

2+
│Mg with APC-based 

mixed electrolyte at different scan rates. As shown in Fig. 3a, only 

one pair of prominent cathodic/anodic peaks can be observed. The 

actual peak potentials depend on the scan rate, and the reversibility 

increases with decreasing scan rate. The cathodic (intercalation) 

and anodic (de-intercalation) peaks are in accordance with the 

plateaus of the discharging/charging curves. The main redox 

reaction corresponds to Li4Ti5O12/Li7Ti5O12 conversion, which are 

also assigned to the flat voltage platforms in the discharging and 

charging curves. In order to study the acceleration of graphene to 

the reversibility of the intercalation process, CV of LTO/G 

(80:20)│Li
+
, Mg

2+
│Mg with same electrolyte at 0.01 mV s

-1
 was 

carried out (Fig. 3b). Compared with those of LTO, the intensities of 

cathodic/anodic peaks increase and voltage difference of the peaks 

for LTO/G decrease, indicating a lower polarization and better 

reversible intercalation and de-intercalation of Li
+
. To gain further 

understanding on the improved electrochemical performance, 

electrochemical impendence spectra (EIS) measurements were 

employed to characterize the cells with LTO and LTO/G (80:20) 

cathodes after CV measurements. As shown in Fig. 3c, both of the 

Nyquist plots are composed of a depressed semicircle at high-to-

medium frequency and a long inclined line at low frequency. The 

semicircle corresponds to the charge transfer process at the 

interface between the electrolyte and electrode, and the linear 

segment relates to the ion diffusion within the cathode. The 

impedance spectra were fitted with a model circuit (inset of Fig. 3c), 

where Rs is the resistance of the electrolyte, and Rct is the charge-

transfer resistance at the electrode/electrolyte interface. ZW is the 

diffusive Warburg impedance. A constant phase element, 

abbreviated to CPE, is placed to represent the double-layer 

capacitance due to the surface roughness of the particle.
12 

The 

fitted resistance values from EIS are displayed in Table S2. Rct value 

for LTO/G electrode is smaller than that of the LTO electrode, thus 

demonstrating the lower charge-transfer resistance. The major 

contribution is attributed to the higher specific surface area of the 

graphene framework, which facilitates fast electron transport from 

the poorly conducting LTO by their close contact. Furthermore, it 

can be observed that the slope corresponding to Warburg 

impedance is greater for the LTO/G composite than that of LTO, 

meaning that the ion transport process within the LTO/G electrode 

is also improved.  As a result, the LTO/G (80:20) composite shows 

higher specific capacities and better cycling stability than LTO at 0.1 

C (97.3% and 94.0%, respectively) and 0.15 C (90.6% and 86.2%, 

respectively), as shown in Fig. S1a and Fig. 3d.  

 To further discuss the effect of graphene on the performance, 

discharge-charge cycling test of LTO/G│Li
+
, Mg

2+
│Mg hybrid cell 

with APC-based electrolyte at 0.2 C was carried out and the initial 

three discharge-charge profiles are shown in Fig. 3e. The voltage 

polarization decreases and the specific capacities increase 

compared with LTO│Li
+
, Mg

2+
│Mg cell. Fig. 3f further presents the 

comparison of the capacities at various current rates from 0.2 to 2 C 

for LTO/G│Li
+
, Mg

2+
│Mg and LTO│Li

+
, Mg

2+
│Mg cells with APC-based 

electrolyte. The LTO/G electrode shows higher reversible capacity, 

better cyclability, especially at high current densities. At the rates 

from 0.2 to 2 C, the discharge and charge capacities match each 

other well during cycling. At a relatively low rate of 0.2 C, LTO/G 

exhibits an initial discharge capacity of 152 mAh g
-1

 and charge 

capacity of 150.9 mAh g
-1

. The discharge capacity at 0.4 C, 1 C and 2 

C is 132.9, 90.1 and 55.7 mAh g
-1

, respectively. In addition, a 

capacity of ~135 mAh g
-1 

and 145 mAh g
-1

 at 0.2 and 0.1 C, 

respectively, is retained after discharge/charge cycles at various 

preceding rates, indicating the relatively high rate performance 

than LTO due to the better electronic conductivity.  

 

  
Figure 3. CVs of the cells (a) LTO│Li

+
, Mg

2+
│Mg at different scan 

rates, (b) LTO and LTO/G (80:20)│Li
+
, Mg

2+
│Mg at 0.01 mV S

-1
, and 

(c) the Nyquist plots of the cells after CV measurements, inset is the 

model circuit. (d) The cycling performance of LTO and LTO/G 

(80:20)│Li
+
, Mg

2+
│Mg cells at 0.15 C. (e) The initial three discharge-

charge profile of LTO and LTO/G (80:20)│Li
+
, Mg

2+
│Mg cells at 0.2 C. 

(f) Rate capability of LTO and LTO/G (80:20)│Li
+
, Mg

2+
│Mg cells. The 

electrolyte is 0.4 mol L
-1

 (PhMgCl)2-AlCl3+1.5 mol L
-1 

LiBH4/THF.  

 

 It is known that the morphology variation of electrode in 

cycling shows close relationship with the electrochemical 

performance. For further understanding the cause of the better 

performance of LTO/G than LTO, the morphology of the electrodes 

after rate cycles was compared. As shown in Fig. S6a, some cracks 

are present in the LTO electrode. The cracks would result in 

electrical isolation of active material particles and be responsible 

for the performance degradation of the testing cells. In comparison, 

LTO/G electrode does not exhibit such cracks, as seen in Fig. S6b. 

This is most likely due to the mechanical strength and resilience of 

the graphene helping to connect the active particles as well as 
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maintain good electronic contact of particles during cycling. The 

enhanced rate performance is more obvious in Mg(BH4)2-based 

mixed electrolyte with lower electronic conductivity (Fig. S7). 

  In summary, we investigated the effect of electrolytes on 

the electrochemical performance of a hybrid battery with 

commercial LTO cathode, Mg anode, and Mg(BH4)2-based or 

APC-based mixed electrolytes. By properly tuning electrolyte, 
commercial LTO shows good cycle stability. In addition, in this 

Li
+
 insertion material, graphene emerges as an effective 

parameter in enhancing the capacities and rate performance. 

This work can be expected to have impact on the study of 

compatibility of cathode with electrolyte in hybrid Mg
2+

-Li
+
 

batteries, which is of practical relevance for the development 

of batteries with metal Mg anode. 
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Effect of Mg
2+
/Li

+
 mixed electrolytes on a rechargeable hybrid battery with Li4Ti5O12 cathode 

and Mg anode 
 

 

 

The electrolytes affect the electrochemical performance of a hybrid battery with commercial LTO 

cathode, Mg anode, and Mg(BH4)2-based or APC-based mixed Mg
2+
/Li

+ 
electrolytes. LTO shows 

better cycle stability in Mg(BH4)2-based mixed electrolyte, demonstrating the importance of 

compatibility of the cathode materials and electrolytes in rechargeable hybrid batteries. In addition, 

graphene emerges as an effective parameter in enhancing the capacities and rate performance of 

LTO.  
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