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Abstract:  

Owing to its high volumetric capacity and natural abundance, magnesium (Mg) metal has attracted 

tremendous attention as an ideal anode material for rechargeable Mg batteries. Despite Mg 

deposition playing an integral role in determining the cycling lifespan, its exact behavior is not 

clearly understood yet. Herein, for the first time, we introduce a facile approach to build 

magnesiophilic In/MgIn sites in-situ on Mg metal surface using InCl3 electrolyte additive for 

rechargeable Mg batteries. These magnesiophilic sites can regulate Mg deposition behaviors by 

homogenizing the distributions of Mg-ion flux and electric field at the electrode-electrolyte 

interphase, allowing flat and compact Mg deposition to inhibit short-circuiting. The as-designed 

Mg metal batteries achieve a stable cycling lifespan of 340 h at 1.0 mA cm−2 and 1.0 mAh cm−2 

using Celgard separators, while the full cell coupled with Mo6S8 cathode maintains a high capacity 

retention of 95.5% over 800 cycles at 1 C. 
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Although lithium-ion batteries (LIBs) have prevailed as the dominant technology for energy 

storage, rising energy demands arising from impending climate change and soaring global 

population have prompted the search for alternative battery technologies with higher energy 

densities, enhanced safety and lower costs.1-4 Moreover, given the relative scarcity of lithium 

resources, phasing out lithium for more abundant elements has also garnered increasing attention 

in recent years.5, 6 Among various post-LIBs technologies, rechargeable magnesium batteries 

(RMBs) stand out owing to magnesium’s (Mg) relative high abundance and high theoretical 

volumetric capacity of 3833 mAh cm−3.7, 8 Nevertheless, a myriad of problems still plague Mg 

anodes and hinder their practical adoption, including surface passivation and non-uniform Mg 

deposition.8-11 

Tremendous efforts have since been devoted to address the passivation issue of Mg anodes, such 

as designing novel electrolytes12-14 or introducing various anions/chelants to regulate the 

coordination structure.15, 16 However, problems surrounding Mg deposition behaviors are often 

neglected, despite playing a key role in the performance of Mg anodes.17, 18 Since the first Mg 

battery prototype in 2000,19 Mg metal anodes were initially thought to be non-dendritic due to 

homogeneous diffusion of Mg2+ under moderate working conditions.20, 21 However, with gradually 

deepened understanding of the anode-electrolyte interphase, it was found that Mg deposition 

behaviors depend on the interplay between deposition rate, surface diffusion rate and diffusion 

barrier.18, 22 Uneven or dendritic Mg deposition occurs when the rate of electrochemical reaction 



surpasses the self-diffusion rate, which is commonly observed under high current densities and 

poor surface properties.22-24 In addition, concentration gradients as well as electric fields at the 

electrode-electrolyte interphase are also critical factors dictating the deposition morphology.17  

In this study, we demonstrate a facile approach to build magnesiophilic sites in-situ on the Mg 

metal surface using InCl3 electrolyte additive in RMBs for the first time. Such magnesiophilic sites 

serve to regulate the deposition behaviors with flat and uniform Mg deposition morphology, while 

also enabling fast electrochemical reaction kinetics. As revealed by COMSOL simulations, owing 

to the uniquely compact deposition morphology, the Mg2+ flux is homogenized and the local current 

density is reduced at the anode-electrolyte interphase, resulting in stable Mg metal anodes.  

Results and Discussion 

Indium (In) presents relatively inert and nonreactive properties with most solvents or electrolyte 

salts,25, 26 as well as good affinity to Mg.27 Additionally, due to the difference in electronegativity, 

In3+ can also react with Mg metal via ion exchange reaction to form In metal and Mg ions.28, 29 

Owing to the mutually enhanced solubility of magnesium triflate (Mg(OTf)2) and metal chlorides 

combination in 1,2-dimethoxyethane (DME) solvent,30 InCl3 salt was selected as the additive for 

electrolyte modification and electrolytes with varying ratios of Mg(OTf)2 and InCl3 were prepared 

in DME. Interestingly, clear and stable electrolyte solutions are obtained when the molar ratio of 

Mg(OTf)2 to InCl3 is greater than 1 (Figure S1a-b). Subsequently, Mg//Al asymmetric cells were 

assembled to evaluate the reversibility of Mg plating/stripping with the as-prepared electrolytes. 

Due to serious surface passivation, the Mg//Al cell using pure Mg(OTf)2 electrolyte is only lasted 



for 60 cycles, with a low average Coulombic efficiency (CE) of 71.6% and a high voltage 

polarization at 0.05 mA cm−2 and 0.05 mAh cm−2 (Figure S2). In contrast, the modified electrolytes 

with different Mg(OTf)2-InCl3 combinations demonstrate significantly enhanced reversibility for 

Mg plating/stripping. As depicted in Figure S3, the 0.4 M Mg(OTf)2 + 0.2 M InCl3 electrolyte 

achieves a long cycling lifespan of 250 cycles, with a high average CE of 98.7% and a low voltage 

polarization of ~0.15 V, which is the best amongst all fully soluble electrolytes with InCl3 additive. 

Hereafter, all the characterizations are based on the 0.4 M Mg(OTf)2 + 0.2 M InCl3 electrolyte 

(abbreviated as Mg(OTf)2 + InCl3), unless stated otherwise. 

The optical images (insets in Figure 1a-1b) reveal that the color of Mg anode changes from silver 

to grey after resting in the coin cell for 3 h with Mg(OTf)2 + InCl3 electrolyte. The corresponding 

scanning electron microscopy (SEM) images (Figure 1a-1b; Figure S4a-S4c) show that the surface 

of Mg metal with In modification is covered by a large number of granular-like nanoparticles. 

Energy-dispersive X-ray spectroscopy (EDS) mapping images in Figure S4d verify the uniform 

distribution of In across the entire surface of modified Mg metal. To further investigate the detailed 

composition of the in-situ formed granules on Mg metal, X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS) measurements were employed. As shown in Figure 1c, the 

characteristic peaks of In metal are detected from the modified Mg metal. Intriguingly, in addition 

to metallic In and its oxide (In2O3), the Mg-In alloy peak (~441.7 eV) is also observed from the In 

3d spectrum (Figure S5),31, 32 and the relative ratio of the Mg-In alloy to In and In2O3 increases 

after 5 min of Ar etching (Figure S5b). To confirm the detailed structure of Mg-In alloy in modified 

Mg metal, the bare Mg metal was immersed in Mg(OTf)2 + InCl3 electrolyte for a longer duration 



to allow for greater degree of reaction.33 The corresponding XRD pattern (Figure S6) further 

verifies the existence of Mg-In alloy as evidenced by its characteristic peak at around 27.8°, 

corresponding to the (101) plane of MgIn phase. To reveal greater insights on Mg affinity, density 

functional theory (DFT) calculation was utilized to compare the adsorption energy (Ead) of Mg 

atoms onto different crystal planes (obtained from the XRD patterns in Figure S6). Impressively, 

the Ead of Mg atoms on In (101), MgIn (001) and MgIn (101) are −1.36 eV, −1.56 eV and −0.81 

eV, respectively, which are more negative than that of Mg (002) (−0.75 eV; Figure 1d). This 

highlights the magnesiophilic nature of the In/MgIn sites with lower energy barriers of Mg 

nucleation to promote uniform Mg deposition at different growth stages (Figure 1e).34 In fact, at 

0.5 mA cm–2 and 0.5 mAh cm–2, Mg(OTf)2 + InCl3 electrolyte showed flat and compact Mg 

deposits, while pure Mg(OTf)2 produced nonuniform Mg spheres and rods (Figure 1f-h and Figure 

S7-S10). 



 

Figure 1. Optical images and corresponding SEM images of a) bare Mg and b) Mg electrode 

reacted with Mg(OTf)2 + InCl3 electrolyte. c) XRD patterns of Mg electrodes before and after 

reacting with Mg(OTf)2 + InCl3 electrolyte. d) Calculated adsorption energies of Mg atoms onto 

different crystal facets. e) SEM images of Mg deposit evolution at different growth stages at a 

current density of 0.5 mA cm–2. f) Schematic illustration of Mg deposition morphology evolution 

on the Mg anode in pure Mg(OTf)2 and Mg(OTf)2 + InCl3 electrolytes during the plating process. 

Cross-sectional SEM images of Mg deposits in different electrolytes of g) pure Mg(OTf)2 and h) 

Mg(OTf)2 + InCl3 at 0.5 mA cm–2 and 0.5 mAh cm–2. 

To explore the evolution of Mg deposition morphology with varied current densities, a series of 

Mg plating experiments are conducted. According to the measurement of critical current density in 

Figure S11,35 the symmetric cell with pure Mg(OTf)2 electrolyte is only viable under current 



densities below 0.5 mA cm–2. Therefore, the evolution of deposition morphology in pure Mg(OTf)2 

was conducted from 0.05 to 0.5 mA cm–2. As displayed in Figure 2a, Mg deposits form with 

particulate morphology at a low current density of 0.05 mA cm–2. As the current densities increase 

to 0.1 and 0.25 mA cm–2, the Mg deposits gradually coalesce into stacked spheres with non-uniform 

distribution. When the current density increases to 0.5 mA cm–2, the stacked spheres further grow 

and merge together, finally forming Mg rods (Figure 2a4 and Figure S12). If such Mg deposits 

continuously grow vertically (marked with red circles in Figure S9), they will rapidly perforate 

through the separator, resulting in short-circuiting failure.17 This is consistent with the critical-

current-density result in Figure S11, indicating that pure Mg(OTf)2 electrolyte is not feasible under 

high current densities due to the short circuit event. On the other hand, Mg deposition morphology 

in Mg(OTf)2 + InCl3 electrolyte exhibits a consistently flat and uniform appearance under different 

working conditions (from 0.5 to 3.0 mA cm–2), which is credited to the regulative effects of the in-

situ formed magnesiophilic In/MgIn sites on Mg deposition behaviors (Figure 2b). 

From literature reports, MgCl2 is the most common additive for conventional electrolytes in RMBs, 

which may alleviate passivation issues of Mg electrodes and alter the deposition morphology.30, 36-

38 In order emphasize the effects of in-situ formed In/MgIn magnesiophilic sites, InCl3 was replaced 

by MgCl2 in the electrolyte and the relevant Mg deposition morphology was investigated under the 

same working condition. As shown in Figure 2c, at a current density of 0.5 mA cm–2, the deposited 

Mg displays block-shaped morphology with some voids across the deposition layer, indicative of 

rough deposition in Mg(OTf)2 + MgCl2 electrolyte. When the current density is increased to 1.0 

mA cm–2, flake-like Mg deposits start to appear. As the current density is further increased, flake-



like Mg deposits become thinner and sharper, before finally covering the whole electrode surface 

with sharp deposits when the current density reaches 3.0 mA cm–2. With the continuous growth of 

these sharp Mg dendrites during cycling, the risk of internal short-circuiting may be aggravated 

(Figure S13).30  

 

Figure 2. The morphology evolution of Mg deposition under different current densities and areal 

capacities in different electrolytes of a) pure Mg(OTf)2, b) Mg(OTf)2 + InCl3 and c) Mg(OTf)2 + 

MgCl2. 

In addition, we also probe the influence of the InCl3 additive on the electrochemical reaction 

kinetics. Generally, in the voltage-time curve of Mg plating, the initial peak voltage represents the 

nucleation overpotential (μn), which is related to the energy barrier of the heterogeneous nucleation 

process.39, 40 As reflected in Figure 3a, at a current density of 0.5 mA cm−2, a low μn of 0.23 V is 



achieved in Mg(OTf)2 + InCl3 electrolyte. This value is much smaller than that of Mg(OTf)2 + 

MgCl2 (0.98 V) and pure Mg(OTf)2 (1.60 V), verifying the reduced energy barrier for Mg 

nucleation with In/MgIn sites, which are consistent with the DFT calculation results. As Mg 

deposition continues, the overpotential would decrease and reach a stable plateau value (μp). 

Strikingly, the μp in Mg(OTf)2 + InCl3 is a mere 0.18 V, while that in Mg(OTf)2 + MgCl2 and pure 

Mg(OTf)2 are 0.42 V and 1.47 V, respectively. In general, a lower overpotential is indicative of 

faster charge and mass transfer processes.41 This enhanced kinetics is confirmed by electrochemical 

impedance spectroscopy (EIS) results in Figure S14 and Table S1, where the charge transfer 

resistance (Rct) values of Mg//Mg symmetric cells are extracted by fitting the EIS spectra with the 

equivalent circuit (inset in Figure S14a). The Rct values of the cells with Mg(OTf)2 + MgCl2 and 

pure Mg(OTf)2 are 281.5 kΩ and 160.9 kΩ, respectively. In contrast, a significantly decreased Rct 

of 2.223 kΩ is observed with Mg(OTf)2 + InCl3 electrolyte, indicating more efficient charge 

transfer processes which allows for faster deposition kinetics.42 The kinetics of Mg deposition 

could also be quantitatively evaluated from the activation energy (Ea) derived through the 

Arrhenius equation.43 Figure S15 displays Nyquist plots of Mg//Mg symmetric cells at different 

temperatures, from which the Rct values (Table S2) are similarly obtained. The Ea values are then 

determined from slopes of the linear fits of ln(1/Rct) against 1000/T, where Mg(OTf)2 + InCl3 

exhibits the lowest Ea of 21.07 kJ mol−1 (Figure 3b). Additionally, the exchange current densities 

(jex), derived from the Tafel plots, are compared to reflect the Mg plating/stripping kinetics.44 As 

shown in Figure S16, the jex in Mg(OTf)2 + InCl3 (1.04×10−2 mA cm−2) is substantially higher than 

that of pure Mg(OTf)2 (6.03×10−5 mA cm−2) and Mg(OTf)2 + MgCl2 (2.12×10−4 mA cm−2), 



reinforcing the role of the InCl3 additive in facilitating charge transfer and boosting electrochemical 

reaction kinetics.43 

To further validate the regulation effects on deposition behaviors and reaction kinetics, the 

electrochemical performance in different electrolytes is evaluated using Mg//Mg symmetric cells 

at 0.5 mA cm−2 and 0.5 mAh cm−2. As expected, owing to severe passivation effects and uneven 

Mg deposition, the symmetric cell with pure Mg(OTf)2 is short-circuited after only 1 cycle (Figure 

3c and inset). Even under the mild working condition of 0.05 mA cm−2 and 0.05 mAh cm−2, the 

pure Mg(OTf)2 still displays poor cycling performance with large overpotentials (Figure S17). With 

the addition of MgCl2, although the cycling lifespan is extended to ~400 h, a sudden short circuit 

occurs at the 200th cycle as reflected by the inset in Figure 3c. In contrast, the cell with Mg(OTf)2 

+ InCl3 electrolyte achieves a stable cycling for 600 h and maintains a small polarization voltage 

of ~0.15 V over 300 cycles. When the working condition is increased to 1.0 mA cm−2 and 1.0 mAh 

cm−2 (Figure 3d), the lifespan of the cell using Mg(OTf)2 + MgCl2 is shortened to 130 h (suffering 

from short circuit at the 65th cycle), with a large overpotential of ~0.30 V. In comparison, a much 

longer cycling lifespan of 340 h, with a much lower overpotential of ~0.20 V is delivered by the 

cell with Mg(OTf)2 + InCl3 electrolyte. With future industrial application in mind, Celgard 

separators (25 μm thick, 2 layers) were primarily used in this work, as opposed to thicker glass 

fiber separators (~300 μm). Even with Celgard separators, the performance with the Mg(OTf)2 + 

InCl3 electrolyte is comparable with some reported results using glass fiber separators (Table S3 

and Figure S18).  



The rate capabilities of symmetric cells were further compared between the different electrolytes 

at a fixed capacity of 0.5 mAh cm–2. As shown in Figure 3e, when the current density is increased 

from 0.5 to 4 mA cm−2, Mg(OTf)2 + InCl3 consistently presents substantially lower voltage 

hysteresis than Mg(OTf)2 + MgCl2. Moreover, the overpotential can be recovered to ~0.15 V when 

the current density is decreased from 4 to 0.5 mA cm−2, suggesting a stellar reversibility with the 

Mg(OTf)2 + InCl3 electrolyte. For Mg(OTf)2 + MgCl2, however, a sudden voltage plunge is 

observed when the current density reaches 3 mA cm−2 (inset in Figure 3e). This phenomenon may 

be related to the deposition morphology as previously observed in Figure 2c, which displays a 

significant change in the shape of Mg deposits to a sharp flake-like structure at 3 mA cm−2. Thus, 

the above electrochemical performance in different electrolytes emphasizes the importance of 

understanding deposition behaviors in Mg metal batteries, especially under high current densities. 

Furthermore, the (elelctro)chemical stability of as-designed metallic sites during the cycling is also 

reflected by the SEM images and corresponding EDS mappings of the Mg anode reacted with InCl3 

additive (Figure S19), which shows that the morphology and structure of the in-situ formed 

In/MgIn sites are maintained after cycling. 



   



Figure 3. a) Initial discharging voltage profiles of Mg deposition at a current density of 0.5 mA 

cm−2 and b) calculated Ea using Arrhenius equation in different electrolyte of pure Mg(OTf)2, 

Mg(OTf)2 + MgCl2 and Mg(OTf)2 + InCl3. Galvanostatic cycling performance of Mg//Mg 

symmetric cells at c) 0.5 mA cm−2 and 0.5 mAh cm−2; d) 1.0 mA cm−2 and 1.0 mAh cm−2. The 

inserts in Figure 3c and Figure 3d are expanded voltage profiles of Mg//Mg symmetric cells at 

different stages during cycling. e) The rate capability of Mg//Mg symmetric cells at various current 

densities from 0.5 mA cm−2 to 4 mA cm−2 with a fixed capacity of 0.5 mAh cm−2. 

To understand the dynamic behavior of Mg electrode during deposition in different electrolytes, 

finite element method (FEM) was conducted to investigate the Mg2+ concentration and electrical 

field distributions at the electrode-electrolyte interphase by COMSOL simulation (Figure S20-

S21).40 2D geometric models (Figure S22 and Figure S24) were built based on the SEM results in 

Figure 2. As depicted in Figure 4a and Figure S23a, at a current density of 0.5 mA cm−2, due to the 

protruding Mg deposits in pure Mg(OTf)2, the Mg-ion flux and electric field tend to concentrate 

around the sharp edges,34 indicating that further Mg deposition will preferentially occur on the 

protuberance sites, ultimately leading to short circuiting with the continuous growth of Mg 

protrusions (consistent with the cycling performance of pure Mg(OTf)2 in Figure 3c). Owing to the 

relatively flat deposition morphology in Mg(OTf)2 + MgCl2 and Mg(OTf)2 + InCl3, the ion 

concentration and electric field distributions are relatively homogenized (Figure 4b-4c; Figure 

S23b-S23c), which likely enabled the cells with these two electrolytes to cycle normally at 0.5 mA 

cm−2 (Figure 3c). When the current density is increased to 3.0 mA cm−2, the Mg deposits in 

Mg(OTf)2 + MgCl2 would transform to sharp flake-like morphology (Figure 2c4). Such flake-like 



morphology possesses the similar geometric effects as observed with the dendritic structure.30 

Consequently, serious tip effects can be found with distorted distributions of ion concentration and 

formation of “hot spots” for local electric field (Figure S25a; Figure 4d),45 leading to the fast short-

circuiting failure at 3.0 mA cm−2 (Figure 3e). In contrast, due to the consistently flat deposition 

morphology in Mg(OTf)2 + InCl3, uniform distributions of Mg2+ flux and electric field are found 

across the whole electrode-electrolyte interphase (Figure S25b; Figure 4e), thus minimizing the 

short-circuiting risk under high current densities and resulting in excellent rate capability. 



 

Figure 4. COMSOL simulation regarding the influence of different deposition morphology on the 

electrical field distribution: Simulated results in different electrolytes of a) pure Mg(OTf)2, b) 

Mg(OTf)2 + MgCl2 and c) Mg(OTf)2 + InCl3 under a low current density of 0.5 mA cm−2. The 

gradual evolution of electrical field distribution with selected simulation time from 0 s to 600 s in 

different electrolytes of d) Mg(OTf)2 + MgCl2 and e) Mg(OTf)2 + InCl3 under a high current density 



of 3.0 mA cm−2. 

To evaluate potential application of the modified electrolyte in RMBs, full cells were assembled 

using Mg metal as anode and Mo6S8 with a Chevrel phase (Figure S26) as cathode. Due to severe 

passivation effects between Mg electrode and pure Mg(OTf)2 electrolyte, the insertion/extraction 

reactions for Mg ions are unable to occur in the Mg//Mo6S8 full cell with pure Mg(OTf)2, as 

indicated by cyclic voltammetry (CV) and charging/discharging curves in Figure S27. In contrast, 

the CV curves of Mg(OTf)2 + MgCl2 and Mg(OTf)2 + InCl3 both display similar redox peaks 

(Figure 5a), corresponding to reversible insertion/extraction behaviors of Mg ions from Mo6S8 

cathodes.12 A smaller voltage polarization of Mg(OTf)2 + InCl3, compared with Mg(OTf)2 + MgCl2, 

is evident in Figure 5a, indicating fast reaction kinetics enabled by InCl3 additives.46 Figure 5b-5c 

illustrate the cycling performance of Mg//Mo6S8 cells with Mg(OTf)2 + InCl3 electrolyte and 

corresponding charging/discharging curves between 0.2 and 2.2 V from 1st to 100th cycle at 0.1 C, 

respectively. The cell maintains a considerable capacity of 80.2 mAh g−1 with a capacity retention 

of 96.0% over 100 cycles, signifying excellent stability and high compatibility with the Mo6S8 

cathode. In addition, the rate performance of full cells with different electrolytes is compared in 

Figure 5d, in which the cell with Mg(OTf)2 + InCl3 electrolyte achieves much higher capacities at 

various current densities. Specifically, the Mg//Mo6S8 cells present stable discharging capacities of 

37.1 mAh g−1 at the corresponding current density of 5 C with the presence of InCl3 additive, while 

a low capacity of 23.3 mAh g−1 is delivered for Mg(OTf)2 + MgCl2. Additionally, Mg(OTf)2 + InCl3 

showed enhanced capacity retention upon reverting back from 5 C to 0.1 C (Figure 5d), as well as 

smaller voltage polarization with increasing current densities (Figure S28). Long-term cycling 



performance of the two full cells was further compared at 1 C (Figure 5e). Impressively, the 

Mg//Mo6S8 cell with Mg(OTf)2 + InCl3 delivers a reversible capacity of 51.1 mA h g−1 after 800 

cycles (with an excellent capacity retention of 95.5%), while the control cell with MgCl2 additive 

only retains a scant capacity of 29.8 mA h g−1 (with a low capacity retention of 76.8%). Moreover, 

the corresponding charging/discharging curves demonstrate significantly reduced voltage 

polarization with the InCl3 additives (Figure S29), congruent with the CV results. The novel 

findings in this work provide insights on the importance of regulating Mg deposition behaviors for 

high-performance RMBs, which may be applied to other metal anode batteries in the future. 

 

Figure 5. Electrochemical performance of Mg//Mo6S8 full cells in different electrolytes. a) Cyclic 

voltammograms with a scan rate of 0.1 mV s–1. b) Cycling performance at 0.1 C over 100 cycles 

and c) corresponding charging/discharging curves with a voltage range of 0.2-2.2 V (vs. Mg/Mg2+) 

in Mg(OTf)2 + InCl3. d) Rate performance at various current densities from 0.1 C to 5 C (1 C = 129 

mA g−1). e) Long-term cycling performance at 1 C for 800 cycles. 
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