
Chemical Engineering Journal 461 (2023) 141901

Available online 14 February 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.

Efficient boron-based electrolytes constructed by anionic and interfacial 
co-regulation for rechargeable magnesium batteries 

Juncai Long a, Yongkang An a, Zhongzhuo Yang a, Ge Zhang a, Jianyong Zhang a, 
Shuangshuang Tan b,*, Qinyou An a,* 

a State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China 
b College of Materials Science and Engineering, Chongqing University, Chongqing 400030, China   

A R T I C L E  I N F O   

Keywords: 
Rechargeable magnesium batteries 
Boron-based electrolytes 
Mg-electrolyte interface 
Anion regulation 

A B S T R A C T   

Rechargeable magnesium batteries (RMBs) based on two-electron transfer chemistry offer great opportunities for 
realizing high energy density storage technology. However, the lack of magnesium-compatible electrolytes is still 
the biggest research and development challenge. Boron-based electrolytes, as a viable solution, have always been 
plagued by complex synthesis processes and high costs. In this work, an efficient boron-based electrolyte was 
present by a facile one-step mixed reaction of MgCl2, triphenyl borate [B(OPh)3], and tris(pentafluorophenyl) 
boron (TPFPB) in tetrahydrofuran (THF). By adjusting the composition and ratio of boron-based salts in the 
electrolyte, a modified anion structure with lower HOMO states was obtained. Besides, the as-prepared elec
trolyte also contributes to the formation of MgF2-rich solid electrolyte interphase (SEI) layer, which significantly 
inhibits the electrolyte decomposition, enhance the cycling stability of Mg anodes. Eventually, the electrolyte 
exhibits a wide electrochemical window (>3 V vs Mg/Mg2+), low polarization voltage (150 mV) and an average 
Coulombic efficiency above 98 %. Finally, the successful assembly of the Mg/CuS and Mg/Mo6S8 full batteries 
confirms the practicability of this electrolyte in RMBs. More importantly, the dual regulation strategy of anions 
and interfaces offers a novel idea for designing efficient electrolytes in RMBs.   

1. Introduction 

The application of lithium-ion batteries (LIBs) in various fields has 
greatly improved the convenience of life. Nevertheless, increasingly 
tight world energy supply and rising environmental requirements call 
for next-generation energy storage technology, but LIBs cannot meet the 
ever-increasing demand [1–3]. Among many alternative post-lithium- 
ion batteries, rechargeable magnesium batteries (RMBs) based on two- 
electron transfer chemistry are gaining much attention caused by high 
theoretical capacity (3382 mAh cm− 3 and 2205 mAh g− 1), high earth- 
abundance, low cost, and high safe (homogeneous plating 
morphology) of Mg metal anode [4–8]. However, the development of 
RMBs is still in its infancy, the lack of suitable electrolytes remains the 
biggest obstacle [9–12]. 

In RMBs system, magnesium-compatible electrolytes as a bridge 
between Mg anode and cathode materials have been extensively studied 
in the past few decades [13–15]. Compared to monovalent Li+, Mg2+ has 
a similar ionic radius (0.66 Å to 0.68 Å). However, twice the amount of 

electric charge will produce more electrostatic interactions, leading to 
sluggish Mg2+ transport in the host material [16]. Besides, highly 
reactive Mg metal anode is passivated in the conventional electrolytes 
(e.g., Mg(ClO4)2, Mg(PF6)2 or Mg(TFSI)2 salts in carbonate or ether 
solvents), which hinders the transport of Mg2+, putting forward more 
stringent requirements for the electrolyte design [17,18]. Lewis acid- 
base reaction was usually used to prepare the widely accepted APC 
(All Phenyl Complex) [19], MACC (inorganic Magnesium Aluminum 
Chloride Complex) [20–22] and hexamethyldisilazide (HMDS) [23,24] 
based electrolytes for RMBs. However, in the above-mentioned elec
trolytes, the introduction of Al3+ (AlCl3 as Lewis acid) leads to irre
versible aluminum deposition during cycling [25], further reducing the 
Coulombic efficiency. Besides, low oxidative stability reduces their 
practicality. In contrast, boron-based electrolytes, such as Mg[B(hfip)4]2 
[26,27], Mg[B(Otfe)4]2 [28] and so forth [29], exhibited high oxidation 
stability owing to the stable boron-center anions. As early as 2012, 
Hirano et al. developed a boron-based electrolyte with wide electro
chemical windows through the Lewis acid-base reaction between tri(3,5- 
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dimethylphenyl)borane (Mes3B) and PhMgCl in tetrahydrofuran (THF) 
[30]. In recent years, Cui et al. proposed a series of effective boron-based 
electrolytes by a similar reaction between tris(hexafluoroisopropyl) 
borate (THFPB) and inorganic magnesium salts (MgF2, MgCl2, MgO, Mg 
(BH4)2) [31–33]. However, these electrolytes were limited by the rela
tively high cost of THFPB. Searching for cheap boron-based Lewis acids 
as substitutes is now the top priority. Triphenyl borate (B(OPh)3) with 
the stable tri-coordinated benzene group is a low-cost candidate due to 
its strong donor–acceptor effects. Previous studies have already reported 
its potential as an electrolyte salt for RMBs [34]. Unfortunately, the 
electrolyte made of MgCl2 and B(OPh)3 in dimethoxyethane (DME) 
demonstrated poor current density of magnesium stripping/plating and 
a narrow electrochemical stability window. Therefore, it is necessary to 
further regulate the solvent and anion structure of this electrolyte for 
enhancing the oxidation stability and improving the SEI components. 

Herein, we proposed an anion-regulated approach to introduce 
different boron salts as Lewis acid, and obtain an effective boron-based 
electrolyte (abbreviated as MFBP electrolyte) through proper salt ratio 
and solvent selection. Compared with pure B(OPh)3 (abbreviated as 
MBP electrolyte), the introduction of tris(pentafluorophenyl)boron 
(TPFPB) can control the anionic structure of the electrolyte, improve the 
oxidative stability and stripping/plating Coulombic efficiency (~98 %). 
Density functional theory (DFT) theoretical calculations provide guid
ance for optimizing anions structure through tuning the highest occu
pied molecular orbital (HOMO) energy level. Besides, the MgF2-rich SEI 
formed during cycling contributed to inhibiting side reactions, 
enhancing the reversibility of Mg anode. Also, the active species of the 
electrolyte solutions and the effect of TPFPB were characterized by 
nuclear magnetic resonance (NMR), electrospray ionization mass spec
trum (ESI-MS), X-ray photoelectron spectroscopy (XPS), X-ray diffrac
tion (XRD), etc. At last, we have conducted basic research on Mg/CuS 
and Mg/Mo6S8 full batteries to further illustrate the feasibility of the 
prepared electrolyte. 

2. Results and discussion 

MFBP electrolyte was synthesized through a facile one-step Lewis 
acid-base reaction of B(OPh)3, TPFPB, and MgCl2 in various solvents. 
Multidentate ligand solvent such as DME shows poor solubility for B 

(OPh)3, while monodentate ligand tetrahydrofuran (THF) can dissolve it 
well. Therefore, THF was eventually chosen as research solvent (Fig. S1). 
The main reaction equations are shown below. First, Lewis acid TPFPB 
with strong electron-withdrawing ability preferentially reacts with 
MgCl2 due to the substitution of -H on the benzene ring by -F. Active 
cation [MgCl]+ and tetra-coordinated boron-based anion [TPFPB⋅Cl]−

were generated (equilibrium (1)). Then, the rest of MgCl2 continues to 
react with B(OPh)3, another tetra-coordinated boron-based anion [B 
(OPh)3⋅Cl]− was formed (equilibrium (2)). And reaction (3) represents 
the equilibrium between cations and unreacted MgCl2 in the electrolyte. 

TPFPB+MgCl2⇒TPFPB⋅Cl− +MgCl+ (1)  

B(OPh)3 +MgCl2 ⇔ B(OPh)3⋅Cl− +MgCl+ (2)  

MgCl+ +MgCl2 ⇔ Mg2Cl3
+ (3) 

The electrostatic potential (ESP) iso-surface plots of different boron 
salts are associated with the electron-absorbing ability. As list in Fig. 1a, 
blue area represents the accumulation of negative charges, red area 
represents the accumulation of positive charges [35]. For B(OPh)3, the 
negative charge distribution is concentrated on the terminal benzene 
ring, when it comes to TPFPB, due to the substitution effect of -F on the 
benzene ring, its strong electron-withdrawing ability makes the distri
bution of negative charges more uniform. Therefore, TPFPB has a 
stronger Lewis acidity and reacts with MgCl2 in advance. Besides, DFT 
calculations were performed to obtain the molecular orbital energy 
levels of the electrolyte components (Fig. 1b), the results indicated that 
TFPPB has a lower HOMO energy level. Generally, HOMO states 
represent intrinsic thermodynamic stabilization of molecular, which 
defines oxidative stability, the lower HOMO orbital energy level, the 
more difficult it is for the molecular to lose electrons, so the oxidative 
stability is higher [36]. The lower HOMO level obtained for TPFPB 
suggested higher stability of this component. The stability exhibits not 
only on molecular, but also anion. [TPFPB⋅Cl]− anion exhibits a 
decreased HOMO energy level and an increased transition gap energy 
than [B(OPh)3⋅Cl]− anion, which suggests that the oxidative stability of 
the electrolyte will be correspondingly improved in the presence of 
[TPFPB⋅Cl]− . 

MgCl2 plays a decisive role in the balance of Lewis acid-base 

Fig. 1. Visualization of the DFT theoretical calculation. (a) ESP iso-surface of B(OPh)3 and TPFPB with different degrees; the negative charge is represented in blue 
and the positive is represented in red. (b) Visualized LUMO/HOMO orbitals and transition gap energy of B(OPh)3 and TPFPB molecules; [B(OPh)3⋅Cl]− and 
[TPFPB⋅Cl]− anions. 
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reactions and the reaction products [37]. To identify the suitable ratio in 
this electrolyte, the Mg stripping/platting curves of several electrolytes 
with different concentrations of MgCl2 were evaluated. When the con
tent of MgCl2 is one equivalent, this electrolyte demonstrated more 
pronounced peak current density and lower polarization (Fig. S2). Thus, 
subsequent testing and characterization were performed under this 
ratio. To evaluate the improved electrochemical performance of MFBP 
electrolyte, a series of solutions with different boron salt contents were 
prepared. Cyclic voltammetry curves show that the electrolyte with the 
addition of 20 % TPFPB has the strongest peak current density (Fig. 2a). 
However, when the amount of TPFPB continued to increase to 40 %, the 
peak current density decreased. In the case of only TPFPB as Lewis acid, 
the reversible stripping/platting behaviors of Mg metal could not be 
observed (Fig. S3). This phenomenon suggests that excess TPFPB may 
lead to increased surface passivation. Therefore, 20 % TPFPB was 
considered as the optimal ratio. Coulombic efficiency is another 
important parameter for assessing the practicality of electrolytes. As list 
in Fig. 2c, the modification of the anion structure also greatly improves 
the ability of the electrolyte in this aspect. The MBP electrolyte only has 
an average Coulombic efficiency of 85 %, and it fails quickly, while the 
Coulombic efficiency of the MFBP electrolyte reaches 98 % only after a 
few cycles of activation and stably cycled 150 times. The increased 
voltage hysteresis in the MBP electrolyte as shown more clearly in the 
capacity-voltage curves corresponding to the Coulomb efficiency, 
however, the voltage hysteresis of MFBP electrolyte is constantly smooth 
(Fig. S4). 

Linear sweep voltammetry (LSV) was taken to further investigate the 
electrochemical oxidation stability of the MFBP electrolyte on different 
current collectors (Fig. 2b). The electrolyte displayed relatively low 
oxidation onset potentials of 1.5, 1.7, 1.9, and 2.2 V (vs Mg RE) on non- 
noble metal electrodes, Al, Cu, SS and Ti, respectively. These results 
were similar to other chlorine-containing electrolytes in previous re
ports due to the corrosion of chloride ions for non-noble metals [38]. 
However, when noble metal Mo was used as the current collector, the 
oxidation onset potential of MFBP reached 3.0 V. In contrast, the MBP 

electrolyte exhibits lower anodic stability of 2.5 V on the Mo current 
collector (Fig. S5). This result shows that the oxidation resistance of the 
electrolyte was improved by the introduction of TPFPB, which is 
consistent with the DFT calculation results. 

Symmetric Mg//Mg cells were assembled to evaluate the polariza
tion characteristics of Mg plating/stripping in MFBP and MBP electro
lytes. With the increasing current densities, Mg stripping and plating 
times were maintained as 1 h per cycle. At a current density of 0.1 mA 
cm− 2, the overpotential of MFBP electrolyte was 150 mV. Then it 
slightly grows to 400 mV at 0.5 mA cm− 2 (Fig. S6). Compared with MBP 
electrolyte, MFBP electrolyte has a smaller initial discharge potential, 
which means that its nucleation overpotential is lower, more conducive 
to the deposition of magnesium (Fig. 2d). In subsequent long-cycle tests, 
no large polarization differences were found between the two electro
lytes for the first 80 h. However, as the cycle continues, the MBP elec
trolyte experienced rapidly increased overpotential (>700 mV). 
Moreover, the MFBP electrolyte maintained a stable overpotential of less 
than 150 mV even after 300 h. This significant improvement verifies that 
the TPFPB facilitates uniform Mg plating and stripping behaviors during 
the long-term cycles. It may be further affected by the anion structures 
and SEI components. 

Electrospray ionization-mass spectrometry (ESI-MS) and 11B NMR 
spectroscopy were employed to reveal the boron-based anion structures 
of electrolytes with different molar ratios. It is reported that the chem
ical shift in NMR spectroscopy is mainly affected by the coordination 
number and the electronegativity of the substituents [39]. As a list in 
Fig. 3a, when the B(OPh)3: MgCl2 was 1:1 and no TPFPB was added, 11B 
NMR spectrum shows the two peaks at δ = 19.6 ppm and δ = − 1.2 ppm, 
which are typically designated as tri-coordinated B(OPh)3 and tetra- 
coordinated boron anion [B(OPh)3⋅Cl]− . The peak with an m/z ratio of 
320.7 verifies the formation of this anion (Fig. S7a). Besides, the pres
ence of B(OPh)3 in electrolyte suggests that its weaker Lewis acidity 
leads to an incomplete coordinating reaction with MgCl2. After adding 
20 % TPFPB, a strong peak at δ = − 8.9 ppm appeared, which was 
ascribed to [TPFPB⋅Cl]− anion, formed by Lewis acid-base reaction 

Fig. 2. (a) Cyclic voltammograms for a Mo electrode in the MFBP electrolyte with different ratios TPFPB obtained at a scanning rate of 25 mV s− 1 in the potential 
range of − 1.0 V to 2.5 V vs Mg/Mg2+. (b) LSVs of MFBP electrolyte on different metal electrodes. (c) Coulombic efficiency of Mg plating and stripping in MFBP and 
MBP electrolyte. Inset showing Coulomb efficiency for the first 20 cycles. (d) Polarization properties of Mg//Mg symmetrical cells with MBP/MFBP electrolyte at 
current densities of 0.05 mA cm− 2 and 0.05 mAh cm− 2. The insets are the enlarged views of the first, 50th, and 100th cycles. 
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between TPFPB and MgCl2.The corresponding m/z ratio is 543.0 
(Fig. S7b). The absence of extra NMR peaks indicates that TPFPB pos
sesses a stronger Lewis acidity, so that it is fully coordinated with MgCl2. 
Continue to increase the content of TPFPB to 40 %, a new weak peak 
appears at δ = 13.2 ppm, which is caused by the incomplete reaction of 
excessive TPFPB. In addition to this, the peak of tetra-coordinated [B 
(OPh)3⋅Cl]− is shifted to − 4.3 ppm, we speculate that this is due to the 
formation of [TPFPB⋅Ph]− impurity. Therefore, 20 % of TPFPB is a 
suitable content in MFPB electrolytes. In addition, we also found no 
significant changes in the components of the electrolyte even after the 
electrochemical cycle (Fig. S8). In order to further explore the influence 
of Lewis acid-base ratio on electrolyte species, a series of electrolytes 
with different contents of MgCl2 were also analyzed (Fig. 3b). When the 
amount of Lewis acid is in excess, the appearance of impurity peaks (δ =
− 4.3 ppm) replaces the peaks of stable anion [TPFPB⋅Cl]− , which sug
gests that excess boron salts interfere with the reaction. Besides, when 
the content of MgCl2 is excessed, the content of the less stable anion [B 
(OPh)3⋅Cl]− rises. And the peak intensity of stable anion [TPFPB⋅Cl]− is 

not prominent, suggesting that the excessed MgCl2 will also reduce the 
stability of the electrolyte. Above all, the addition of TPFPB contributes 
to the formation of [TPFPB⋅Cl]− anion, which works synergistically with 
active ions [B(OPh)3⋅Cl]− to form an efficient and stable electrolyte. 

In previous reports, TPFPB may also induce the formation of stable 
SEI films with lower interfacial resistance [40–42]. Therefore, XPS was 
performed to investigate the SEI components on Mg metal in MFPB and 
MPB electrolytes after 50 cycles (Fig. 3c, d, e and f). It is worth 
mentioning that the disassembly of the battery and the preparation and 
characterization of the samples were all carried out in an argon-filled 
glove box to prevent the interference of moisture or oxygen. The C 1 s 
spectrum demonstrated no significant difference, the signal of C––O 
(289.7 eV), C–O (286.0 eV), C–C (284.8 eV) originates from the 
decomposition of the electrolyte. For F 1 s spectrum, a distinct peak of 
MgF2 (684.97 eV) can be detected when using MFBP electrolyte. Com
bined with the Mg 2p spectrum (50.4 eV), it can be inferred that there is 
a considerable amount of MgF2 on the surface of the Mg anode. As an 
ionically conductive but electronically insulating layer, metal fluoride 

Fig. 3. 11B NMR spectra of electrolyte components in THF: (a) spectrum of B(OPh)3: MgCl2 (1:1) and TPFPB with different molar ratios. (b) spectrum of B(OPh)3: 
MgCl2 (1:2, 1:1, 2:1) and TPFPB with 20% molar ratios. (c, d, e, f) XPS spectra of Mg foils cycled in MBP electrolytes and MFBP electrolytes for 50 times. Schematic 
illustration of proposed effect and morphology modulation by TPFPB modification, (g) without TPFPB, (h) with TPFPB. 
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can effectively prevent the decomposition of electrolyte and the occur
rence of side reactions, then enhancing the cycle stability of LIBs 
[43,44]. Meanwhile, the MgF2 coated layer has also been demonstrated 
to improve the cycling performance of Mg anode [45]. Therefore, we 
speculate that MgF2 generated by the reaction of TPFPB and Mg anode 
plays an indispensable role in forming stable SEI layers. This is also an 
important reason that TPFPB can make batteries maintain long-cycle 
stability. Besides, as an anion receptor, TPFPB can promote the disso
lution of metal oxides [46]. As the main component of Mg passivation 
layer, MgO always restricts the transmission of Mg2+. The O 1s spectrum 
shows a detectable peak of MgO (529.70 eV) in the SEI of MBP elec
trolyte. For MFBP electrolyte, only C–O (532.0 eV) and C––O (531.3 
eV) can be observed. The Mg 2p spectrum further confirmed the exis
tence of MgO (50.4 eV) in the SEI of MBP electrolyte. This result in
dicates that TPFPB can also promote the dissolution of inert MgO, so that 
the transmission of Mg2+ is faster. Besides, a broad signal at 48.5 eV is 
assigned to Mg dangling bonds [47]. In order to further confirm the 
formation of SEI layer, electrochemical impedance spectroscopy (EIS) 
was used to characterize the resistances of the interphases in Mg//Mg 
cell. Before galvanostatic cycle, the cell showed high interfacial resis
tance, which may be caused by some inactive species adsorb and accu
mulate on the Mg metal surface. After electrochemical cycle, the 
interfacial resistance markedly decreased, besides, the new semicircle 
region in high frequency region corresponds to the resistance of the SEI 
film (RSEI) (Fig. S9). More importantly, even in Mg(TFSI)2-based elec
trolytes which severe passivation of Mg metal, the MgF2-rich Mg metal 
anode can effectively suppress side reactions and the polarization of 
symmetric cells is significantly reduced (Fig. S10). Above all, the 
decomposition of electrolyte leads to proliferation of interface layer 
which will eventually cause high impedance of Mg2+ transmission, 
however, the formation of stable electronically insulating MgF2-rich SEI 
layer and dissolution of passive components MgO allows fast ion 
transmission, which verifying the multifunctionality of TPFPB as an 
additive. 

Based on the above experimental analysis, we compared the MFBP 
electrolyte with the reported boron-based electrolytes (Table S1) and 
summarized the specific mechanism of TPFPB on the surface of Mg 
anode, as illustrated in Fig. 3g and h. In MBP electrolyte, the stripping/ 
plating of Mg will be accompanied by the decomposition of the elec
trolyte and side reactions, which leads to the formation of an unstable 
SEI [48]. As a result, the overpotential of ions transport gradually in
creases and the Coulomb efficiency of the electrolyte dropped. However, 
when the electrolyte component contains TPFPB, the strong Lewis acid 
TPFPB will react with Mg anode to form the inorganic component MgF2. 
The exist of electronic insulation material MgF2 can prevent electronic 
leakage and obtain a stable organic–inorganic composite MgF2-rich SEI 
layer. Besides, the high ionic conductivity was not affected, allowing 
rapid transport of Mg ions. 

Homogeneous plating morphology ensures the safety of RMBs [49]. 
To confirm the Mg deposition morphology in MFBP electrolyte during 
the electrochemical deposition process, a Mo foil was selected as a 
conductive substrate for Mg deposition at 0.5 mA cm− 2 and 2 mAh cm− 2. 
XRD and scanning electron microscopy (SEM) were conducted to 
investigate the composition and morphology. XRD patterns (Fig. 4b) and 
energy dispersive spectroscopy (EDS) spectrum (Fig. 4a) confirm that 
sediment consists entirely of Mg polycrystals. As shown in Fig. 4c and d, 
the smooth and compact Mg crystals deposition morphology was 
determined. This result is similar to previously published results, further 
verifying the usability of this electrolyte. 

The electrode–electrolyte compatibility is also an important factor 
for the feasibility of the electrolyte. CuS is a well-studied cathode ma
terial for RMBs owing to the high specific capacity and suitable voltage 
window [50,51]. According to our previous work, porous CuS nano
flowers synthesized by a facile one-step liquid-phase reaction [52] was 
chosen for full batteries characterization (Fig. S11). The Mg/CuS full 
batteries comprising the MBP and MFPB electrolytes were assembled 
and tested at room temperature. Fig. 5a presents the typical capacity- 
voltage profiles. In the MFBP electrolyte, the CuS cathode exhibits a 

Fig. 4. (a) EDS analysis and (b) XRD result of the Mg deposits. (c and d) Typical SEM images of the Mg deposits at different magnifications.  

J. Long et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 461 (2023) 141901

6

more reversible two-platform magnesium storage reaction, corre
sponding to the conversion reaction between Mg2+ with CuS (1.10 V) 
and Cu2S (0.55 V), respectively. However, the MBP electrolyte deliv
ering a negligible discharge capacity in CuS cathode due to the absence 
of magnesium storage reaction. It is worth noting that the initial 
discharge capacity up to 350 mAh g− 1 was attributed to the irreversible 
transformation of CuS cathode and then a highest reversible capacity of 
287 mAh g− 1 at 100 mA g− 1 was achieved in MFBP electrolyte (Fig. 5b). 
In a chlorine-containing RMBs system, whether the shuttle cation is 
Mg2+ or MgCl+ has always been an unavoidable issue [53]. In order to 
further explore the magnesium storage mechanism of the full battery, 
we characterized the elemental distribution in CuS cathodes at different 
charge–discharge states by EDS spectrum. As shown in Fig. S12, in the 
discharge state, due to the intercalation of Mg2+, the Mg element is 
uniformly distributed in CuS, and in the subsequent charge state, a small 
part of the residual Mg element is detected. Table S2 summarizes the 
atomic content ratios of elements in the EDS test. Only a negligible 
presence of Cl element can be detected in both states, however, the 
content of Mg element varies with charge and discharge, so Mg2+ were 
the ions that mainly participate in the reaction. Besides, the ex-situ XPS 
spectra (Fig. 5c) was used to explore the change of Cu valence state 
during charging and discharging process [54]. In the initial state, both 
Cu2+ and Cu+ can be detected (stage a), after the first discharge to 0.01 V 
(stage b), Cu2+ was completely converted to Cu+ and a small amount of 
Cu0, then, due to the extraction of Mg2+, Cu0 and part of Cu+ were re- 

oxidized to Cu2+ (stage c). During the subsequent second discharge 
process, Cu2+ was reduced to Cu+ and Cu0 (stage d). Recharge to 1.9 V, 
the content of Cu2+ began to increase (stage e). Although the incomplete 
conversion of Cu2+ causes some capacity loss during the subsequent 
charging and discharging process. The repeated changes of Cu valence 
state confirm the reversible transformation of Mg2+. Combining the ex- 
situ XPS and EDS spectrum, we can infer that it is Mg2+ rather than 
MgCl+ provides capacity for the full battery. In addition, we also verified 
the compatibility of the electrolyte with the Mo6S8 material, Fig. 5e 
shows the typical CV curves of Mg/Mo6S8 batteries in different elec
trolytes. Compared with MBP electrolyte, MFBP electrolyte demon
strated a reduced overpotential. The same conclusion can also be drawn 
in the subsequent charge–discharge curves (Fig. 5f). Besides, in MFBP 
electrolyte, the Mg/Mo6S8 batteries exhibited an initial discharge ca
pacity of 120 mAh g− 1, and an approximately 65 mAh g− 1 capacity over 
50 cycles at 0.5C (Fig. 5g). It is worth mentioning that the rapid capacity 
decay in the early stage should come from a partially irreversible mag
nesium insertion process. However, the capacity in MBP electrolyte is 
only around 40 mAh g− 1.These experimental results further confirmed 
the effectiveness and practicality of the MFBP electrolyte. 

3. Conclusions 

In conclusion, a low-cost and effective organic boron-based electro
lyte for RMBs is successfully prepared via a facile one-step reaction of 

Fig. 5. (a) The representative charge/discharge curves of Mg/CuS batteries using MFPB electrolyte (orange) and MPB (blue). (b) Cycling performance and 
Coulombic efficiency at 100 mA g− 1. (c) The XPS spectra of CuS at different stages and (d) the corresponding voltage–time curves. (e) Cyclic voltammograms curves 
of Mg/Mo6S8 batteries in MFBP (orange) and MBP (blue) electrolyte at 0.1 mV s− 1. (f) The representative charge/discharge curves of Mg/Mo6S8 batteries using MFPB 
electrolyte (orange) and MPB (blue) at 0.5C (1C = 128.8 mAh g− 1). (g) Cycling performance and Coulombic efficiency at 0.5C. 
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MgCl2, B(OPh)3 and TPFPB in THF. Based on DFT calculations on the 
ESP and energy orbitals, the [TPFPB⋅Cl]− anion with lower HOMO en
ergy level was proposed to increase the oxidation stability of electrolyte. 
Electrochemical tests indicated that the electrolyte with TPFPB additive 
exhibited improved magnesium ions stripping/plating efficiency (~98 
%), broadening electrochemical stability windows (>3 V vs Mg/Mg2+) 
and low polarization. Demonstrated by NMR spectroscopy, ESI-MS, XPS 
etc, the major equilibrium species in electrolyte were identified as tetra- 
coordinated boron anion [B(OPh)3⋅Cl]− and [TPFPB⋅Cl]− . The intro
duction of TPFPB also induced the formation of a stable electronically 
insulating MgF2-rich SEI layer, which can effectively prevent the 
decomposition of electrolytes and elevate the cycle life of batteries. 
More importantly, the successful assembly and good performance of the 
Mg/CuS and Mg/Mo6S8 full batteries suggest the practicability of this 
electrolyte in RMBs. To sum up, the dual regulations for anions and SEI 
exhibit significant potential for designing high-efficiency RMBs elec
trolytes. Meanwhile, TPFPB as a multifunctional additive could find 
broader applications in various types of electrolytes for RMBs. 
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