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A B S T R A C T   

The volumetric energy density of magnesium exceeds that of lithium, making magnesium batteries particularly 
promising for next-generation energy storage. However, electrochemical cycling of magnesium electrodes in 
common battery electrolytes is coulombically inefficient and significant charging and discharging overpotentials 
are observed. Several additives and electrolyte formulations based on Mg(TFSI)2-glyme electrolytes have been 
proposed as solutions to these problems. However, the impact and value of these advances is often hard to 
discern due to a lack of knowledge of the composition and performance of the Mg electrode in the underlying Mg 
(TFSI)2-glyme electrolyte. In this paper, the chemical and structural changes that occur during electrochemical 
cycling of Mg in Mg(TFSI)2-glyme electrolyte solutions are described for the first time. Using focused ion beam- 
scanning electron microscopy, we show that the Mg deposited during cycling consists of a shell of degradation 
products, which in turn surrounds an active Mg core. These structures undergo expansion and contraction during 
cycling due to incorporation of Mg into the core, resulting in structural deformation and degradation of the 
deposits. Using this structural model, we discuss the complexities observed during electrochemical cycling of Mg 
electrodes and elucidate the origins of the overpotentials observed during charging. The new understanding and 
methodology presented here will allow the impact of electrolyte additives on the performance of the Mg elec-
trode to be resolved.   

1. Introduction 

The Mg battery is potentially a high-energy, sustainable successor to 
the lithium-ion battery (Li-ion); Mg has a highly negative standard 
reduction potential (0.6 V vs Li+/Li) and a volumetric capacity almost 
twice that of metallic Li (3833 mAh cm− 3 vs 2046 mAh cm− 3), making 
Mg batteries a particularly attractive prospect for the automotive in-
dustry [1–5]. Mg is abundant and less expensive than Li, alleviating 
some of supply concerns inherent to Li-ion technology [1,4,6]. More-
over, Mg metal is less susceptible to the growth of dendrites during 
electrochemical cycling than Li metal, mitigating a typical failure 
mechanism and safety challenge associated with Li batteries [7,8]. 

Despite these opportunities, two major challenges are hindering devel-
opment of the Mg battery: (1) intercalation-based positive electrodes for 
Mg batteries are limited by the low rates of Mg2+ insertion and diffusion 
in the solid state [9]; (2) conventional electrolyte solutions are not 
simultaneously compatible with Mg negative electrodes and 
intercalation-based positive electrodes [10–12]. The primary challenge 
at the negative electrode is the reactivity of metallic Mg, which reacts 
with most electrolyte solutions upon contact to form a passivating layer 
which is assumed to be impermeable to Mg2+ ions, inhibiting reversible 
cycling [8,13–16]. A series of innovations in Mg electrolyte develop-
ment have been reported over the past decades [2,17–32], many of 
which have increased cycling performance. These developments are 
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often ascribed to the fact that these electrolytes do not passivate the Mg 
surface. However, such novel electrolyte solutions have not proven 
sufficiently stable at the positive potentials experienced by high-voltage 
positive electrodes. More practical systems based on closo‑borane salts 
in glyme ethers were developed subsequently, but the synthesis of these 
systems is complex [33,34]. 

In recent years, the development of electrolytes for the Mg battery 
has focussed on the use of electrolytes based on simple salts, such as 
magnesium(II) bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2), mag-
nesium tetrakis(hexafluoro-isopropyloxy) borate (Mg[B(HFIP)4]2), and 
magnesium fluorinated alkoxyaluminate (Mg[Al(HFIP)4]2) dissolved in 
glyme ethers [15,35–43]. Mg(TFSI)2-glyme systems are now often used 
as base electrolytes into which additives are introduced to promote 
reversible electrochemical cycling of Mg [44,45]. In the absence of ad-
ditives, it is purported that cycling occurs at a low coulombic efficiency 
(CE) (≤80%) and at large overpotentials, phenomena that are often 
ascribed to passivation of the Mg surface [8,13–16]. However, it has 
been shown by us and others that the Mg electrode can be cycled in Mg 
(TFSI)2-glyme electrolytes at low overpotentials, even when it is covered 
with a passivating layer and without the need for electrolyte additives 
such as Cl– or BH4

– [46–53]. In order to critically assess the impact of 
additives in future studies it is essential that the true performance and 
structure of the additive-free standard is determined. 

Numerous groups have analysed the surface chemistry and structure 
of the Mg deposited during cycling in Mg(TFSI)2-glyme electrolytes [35, 
36,46,47,50,53,54,55]. Despite these advances in understanding of the 
performance and chemistry of the Mg electrode, very little is known 
about the growth and structure of the deposited Mg metal and, critically, 
how it affects the electrochemical behaviour of Mg. Understanding the 
electrochemical cycling of Mg in additive-free Mg(TFSI)2-glyme elec-
trolytes is a critical first step in understanding the challenges associated 
with the Mg electrode and is essential if we are to clearly understand the 
impact of additives on the battery chemistry. The importance of this 

understanding is exemplified by analogous research into the Li metal 
electrode [56], where careful analysis has shown that volume change 
during plating and stripping of Li results in mechanical instability of the 
solid electrolyte interphase (SEI) leading to consumption of the elec-
trolyte, accumulation of ’dead’ Li, and increased resistance. This un-
derstanding has led to the renaissance in the development of Li metal 
and solid-state batteries [57–62]. Focused ion beam-scanning electron 
microscopy (FIB-SEM) has proven a promising method of analysing 
alkali-metal electrodes and their surface structures, and has been used to 
study dendrite formation at the surface of lithium and to understand the 
formation of ’dead’ Li [56,63]. Without a similar understanding to that 
developed for the Li electrode, progress in development of Mg electrode 
will stall. 

In this contribution, we describe the use of electrochemical analysis 
in combination with state-of-the-art FIB-SEM to reveal new insights into 
the mechanism of electrochemical cycling of Mg electrodes in additive- 
free Mg(TFSI)2-glyme electrolyte solutions. Correlation of the electro-
chemical phenomena with microscopic insights into the dynamic 
structural changes that occur during cycling reveals that Mg deposits 
comprising discrete layers of active and inactive Mg form during elec-
trochemical cycling. Moreover, we show how Mg2+ ions permeate the 
deposits, where cycling of active Mg metal occurs with the structures, 
and how these effects result in structural deformation to accommodate 
growth of Mg. Finally, we use the insights obtained using these mea-
surements to rationalise the performance of Mg electrodes during use, 
including their overpotentials and poor coulombic efficiency. 

2. Results and discussion 

2.1. Chemical and structural analysis of the Mg electrode surface 

Mg deposits were formed by cycling a Cu electrode in a Mg(TFSI)2- 
tetraglyme (4G) solution between –0.7 and 0.8 V vs Mg2+/Mg for 100 

Fig. 1. Cyclic voltammetry and imaging of the Mg electrode after discharge showing the growth of the deposit structure. a) Cycling of a Cu electrode in 0.5 M Mg 
(TFSI)2–4 G for 100 cycles. SEM images of the Cu electrodes after b) 1 cycle, c) 30 cycles, and d) 100 cycles showing the growth of the particle. Images (b-e) were 
acquired using a standard secondary electron detector. Image e) was taken at a stage tilt of 54◦ and, f) high resolution image of the deposit using in-lens detector. g-j) 
EDX maps for Mg, O, F, and Cu for a Mg deposit after 30 cycles. Cyclic voltammograms were recorded with Mg reference and counter electrodes, between -0.7 V and 
0.8 V vs Mg2+/Mg at a scan rate of 100 mV s− 1. 
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cycles (Fig. 1a). The reduction of Mg2+ to Mg (charge reaction) began at 
–0.5 V during the negative-potential sweep and continued to the 
negative-potential limit. During the subsequent positive sweep, the 
reduction current was higher positive of ca. –0.55 V than during the 
prior negative sweep, which is indicative of a nucleation process (dis-
cussed below). Oxidation of metallic Mg (discharge reaction) began at 
–0.05 V and proceeded until about 0.5 V. The peak currents increased as 
the number of cycles increased (Fig. 1a), a phenomenon known as 
conditioning and which is due to purification of the electrolyte solution 
and the formation of an interphase between the metallic Mg and the 
electrolyte solution [64,53,54]. A similar response was obtained in other 
glyme ethers, suggesting that a general mechanism operated in these 
solvents (Figure S1). After 1, 30 and 100 cycles, discharged electrodes 
were transferred to an SEM chamber and the surface was examined 
using secondary-electron imaging (Fig. 1b-d). All data described in this 
work were obtained using a controlled atmosphere, in which exposure of 

the Mg to water and air was avoided. As previously reported, SEM im-
aging revealed the formation of discrete, dome-shaped deposits 
(Fig. 1c), which were not removed during the discharge process as 
would be expected during typical electrochemical cycling of metal 
electrodes. The SEM images shown in Figure S2 of deposits formed 
during galvanic cycling at low (0.5 mA cm− 2, 4 mAh cm− 2) and high (2 
mA cm− 2, 4 mAh cm− 2) current density showed that the morphology is 
similar when formed by voltammetry and galvanostatic cycling at 

Fig. 2. Chemical and structural 3D analysis of a Mg deposit cross-section after 
discharge. a-c) Secondary electron images of the exposed cross-section at 
different magnifications, d-e) TEM images and f) electron-beam diffraction of 
the Mg deposit. g) Image of a three-dimensional model of the deposit, con-
structed from SEM images of successive cross-sections and a) inset, an image of 
a single cross-section from the model showing the pores in white. See Supple-
mentary Note 2 for further discussion of the modelling process. The cycling 
conditions were as described in Fig. 1a, and cycling was stopped at 0.8 V vs 
Mg2+/Mg. 

Fig. 3. 3D Analysis of a Mg deposit cross-section demonstrating the presence of 
a layered structure. a) In-lens secondary electron image highlighting the 3 re-
gions of the particle: Mg-rich inner core, MgO-rich outer core, and the shell. 
Dashed lines indicate the separate shell structures and the Mg core. EDX 
mapping showing the elemental distribution of b) Mg, c) O, and d) a line scan of 
the cross section showing elemental intensity from point x to point y in b), e). 
Schematical representation of the deposit structure. 
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different rates. We previously demonstrated that Mg is stored in these 
deposits [53]. The mean diameters of the deposits increased from ~1 μm 
after the first cycle to 10–12 μm after 30 cycles and >20 μm after 100 
cycles. Intriguingly, the current and electrochemical profile did not 
change significantly as the size of the Mg deposits increased. The 
absence of a correlation between the apparent surface area and current 
indicates that the cycling mechanism is complex and differs from that of 
classical metal-cycling theory. Understanding this phenomenon requires 
nanoscale analysis of structural changes occurring during electro-
chemical cycling of Mg, as well as detailed chemical analysis of the Mg 
deposits. 

High-resolution SEM imaging of the Mg deposits after 30 cycles 
revealed that they had rough, highly textured surfaces, consisting of 
plate-like crystallites with dimensions of 200–700 nm by 50–100 nm 
that were loosely aggregated with ~100 nm gaps between the grains 
(Fig. 1e). Energy dispersive x-ray (EDX) mapping of the electrode sur-
faces confirmed that the Cu surface between the deposits remained free 
of Mg (that is, the Mg was localized to the deposits) (Fig. 1g-j and 
Figure S3). Low magnification images of electrode surfaces after depo-
sition suggest that the Mg preferentially deposited along defect sites 
(scratches from polishing) in an ordered fashion (Figure S4). Surface 
characterisation by X-ray photoelectron spectroscopy (XPS) is shown in 
Figure S5 and its analysis is discussed in Supplementary Note 1. XPS 
analysis of the electrode surface revealed peaks associated with TFSI– 

ions (C-F, S=O, O=S=O), which gave way to increased amounts of 
inorganic Mg salts (Mg-F, Mg-S) after extended cycling. C1s spectra 
recorded after 30 and 100 cycles revealed the presence of C-Ox, due to 
the presence of glyme ethers and their degradation products, but we 
cannot entirely rule out reaction with trace CO2. This is consistent with 
the formation of an interphase on the Mg surface that was initially rich 

in glyme ethers and TFSI– anions, but then reacted to form a predomi-
nantly inorganic interphase consisting of nanocrystalline MgO and small 
quantities of MgS and MgF2. Significantly, a small signal appeared at 49 
eV due to the presence of metallic Mg, indicating that Mg deposition was 
occurring close to the topmost layer of the deposit. We note that bulk 
MgO and MgF2 are poor conductors of Mg2+ ions, suggesting that the 
process of ion transport into the structure is unlikely to be limited to the 
solid-state pathway and must proceed via another route [65,66]. 

2.2. Chemical and structural analysis of the Mg electrode cross-section 

The fact that the electrochemical performance of Mg deposits cannot 
be explained by changes in surface area indicates that much of the 
charge-discharge chemistry, including changes in the interphase struc-
ture and distribution of active Mg, occurs within the deposits. The in-
ternal structure of the Mg deposits was studied in the discharged state 
(0.8 V vs Mg2+/Mg) by etching the deposits using a FIB. SEM images of 
the resulting cross-sections were recorded and typical examples are 
shown in Fig. 2a-c. The images demonstrate that the core was patterned 
by a tortuous 3D network of 1–250 nm wide pores. A three-dimensional 
reconstruction of successive cross-sections demonstrates that these pores 
contributed approximately 14 % to the particle volume in the discharged 
state and permeated the entire structure of the dome-shaped deposit 
(Figs. 2g and 2a inset), despite the apparent density of the deposit. 
Development of the 3D models is discussed in Supplementary Note 2, 
which contains a video showing the cross-sectioning process. Analysis of 
the internal structure by transmission electron microscopy (TEM) 
showed that the deposits consisted of aggregated crystallites within a 
network of tortuous meso‑channels (Fig. 2d and 2e). Electron-beam 
diffraction revealed that the main crystalline phases present were 

Fig. 4. High resolution TEM analysis of a Mg deposit cross-section showing the internal microstructure. The analysis was performed at a pore boundary in the outer 
core. a-d) Secondary electron images of the cross-section extraction and lift out process. e,f) TEM images of the cross-section at different magnifications. g) Line scan 
from point x to y on image e) showing elemental composition. h-j) EELS spectra of Mg, O and F, respectively. 
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MgO and metallic Mg (Fig. 2f). 
To explore the composition of the deposits further, we carried out 

contrast analysis during electron imaging using an in-lens secondary 
electron detector (Fig. 3a). These images reveal that the deposits had a 
complex, onion-like structure consisting of three layers; a ~1 μm thick 
outer shell of aggregated nano-crystallites (an area of mixed dark and 
bright contrast) surrounding a 5–6 μm thick porous inner shell (a 
concentric band of brighter contrast), which in turn surrounded a 2–3 
μm thick core (an area of dappled grey contrast). The shell chemistry 
was discussed above, and we define this as the area in which the ratio of 
Mg to O and F is approximately unity and thus no metallic Mg is present 
(Fig. 3d). EDX mapping indicates that the inner shell was rich in Mg and 
O, consistent with a large MgO component but also metallic Mg (Fig. 3b- 
d). The core was Mg-rich, consistent with metallic Mg. Based on this 
analysis, we propose that the Mg deposits had the overall structure 
shown in Fig. 3e, in which a MgO-rich shell surround a Mg-rich core. The 
entire structure is permeated by micro- and mesopores, which are 
flooded with electrolyte solution providing channels for Mg2+ transport 
within the electrode resulting in Mg growth within the internal struc-
ture, rather than Mg2+ crossing the interphase by solid-state diffusion, as 
would be typically expected. 

To obtain a deeper understanding of the pores within the Mg elec-
trode, deposits were coated with Pt, cut to <50 nm slices using the FIB, 
extracted by a micromanipulator, and transferred under controlled at-
mosphere for further TEM analysis (Fig. 4a-d). The resulting images 
revealed a crystalline-aggregate structure, as shown in Figs. 4e and 4f. 
Electron energy loss spectroscopy (EELS) of the internal pore structure 
revealed the presence of MgO and MgF2 (Fig. 4f-h) [67,68]. An EDX line 
scan across a pore shows that equal amounts of Mg and O were present at 
the pore surfaces, and the deviation is due to MgF2 (Fig. 4e). Further into 

the structure, the fraction of Mg increases indicating that Mg is plated 
from the pores. This indicates that an interphase surrounded the internal 
pores but it should be noted that the images were taken ex situ and that 
there is a slow reaction between active Mg and the electrolyte solution 
after deposition (Figure S6). This would account for the interphase seen 
within the pores. 

2.3. Structural fluctuation of the Mg electrode during cycling 

The performance of Li electrodes suffers from structural changes in 
the metal during electrochemical cycling [47–52]. Such processes 
almost certainly occur during electrochemical cycling of Mg but have 
not been described thus far. We used focussed ion beam-scanning elec-
tron microscopy to study the internal structure the Mg deposit in the 
charged and discharged states (− 0.7 V and 0.8 V vs Mg2+/Mg, respec-
tively) and elucidate the structural changes that accompany charging 
and discharging of the Mg electrode. Comparison of SEM images show 
that the average volume of the charged deposit is about 350 % higher 
than that of the discharged deposit, with mean diameters of ~15 and 10 
μm for the charged and discharged deposit, respectively (Fig. 5a,b,g). 
The SEM images also suggest that the porosity of the deposit increases 
during charging (Fig. 5h,i). This can be clearly seen in 3D models of the 
pore structure after discharge and charge, which have pore volumes of 
62 µm3 and 456 µm3, respectively (Fig. 5e,f). These data show that Mg 
does not simply fill the free volume available within the deposit when 
charged, but expands the deposit to accommodate the new volume, 
increasing the 3D network of pores. EDX imaging shows that the Mg 
distribution is more uniform after charging (Fig. 5j,k) confirming that 
Mg growth occurred throughout the deposit. Assuming that the increase 
in solid volume is attributable to deposition of metallic Mg, 7.08 × 10–6 

Fig. 5. Cross-sections of a Mg deposit showing the impact of charge and discharge on the structure and chemistry. a,c,e) SEM image, FIB-SEM cross-section and 3D 
pore structure of a Mg deposit after 30 cycles stopped at 0.8 V vs Mg2+/Mg (discharged state), and b,d,f) when stopped at − 0.7 V vs Mg2+/Mg (charged state). g) 
Histogram showing the deposit size distributions for the charged and discharged deposits. h and i) High magnification SEM images of the interphase of the deposits 
stopped at 0.8 V and − 0.7 V vs Mg2+/Mg respectively. j and k) EDX maps for Mg and O for the cross-section shown in Fig. 5d. 
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Fig. 6. Cycling profile of the Mg electrode showing the impact of conditioning on the coulombic efficiency and nucleation step. a,b) Galvanostatic cycling profile of 
the Mg electrode in Mg(TFSI)2–4 G a) with conditioning and b) without conditioning, charge/discharge rate was 1 mA cm− 2, conditioning process is shown in 
Figure S13. c) Coulombic efficiencies of both systems for different charge/discharge times. d) Galvanostatic cycling highlighting the overpotential needed to drive Mg 
nucleation at the start of cycling. Cycling was recorded by using a Cu working electrode, and Mg ribbons as both the counter and reference electrodes. 

Scheme 1. Schematic of a) the key chemical and structural transformations occurring during cycling of the Mg electrode and b) the growth of the MgO outer core 
due to accumulation of inactive Mg, as MgO over successive cycles. Expanded region shows the micro and macro pores that permeate the Mg deposit. 
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mAh of Mg is stored within the deposit, giving a theoretical areal ca-
pacity of 4.00 mAh cm–2. Upon discharge, the Mg is removed from the 
inner shell, the particles shrinks and the porosity decreases. These data 
confirm that the particle fluctuates in size during each cycle to accom-
modate the deposited Mg. This appears to introduce some mechanical 
stain as images of cross-sectioned deposits demonstrates delamination of 
the deposit from Cu current collector (Figure S7 and S8.) 

2.4. Mechanism of Mg cycling in practical glyme electrolytes 

Schematic 1a summarizes our proposed model for Mg electrode 
cycling in Mg(TFSI)2-glyme electrolyte solutions. On charging (reduc-
tion of Mg2+ to Mg), Mg2+ ions permeate the outer and inner shells 
through a 3D network of electrolyte filled meso and micro scale pores 
and plate as Mg on the core, which expands into the inner shell. This 
process deforms the particle due to the increase in Mg volume, which 
further increases the porosity. Upon discharge, Mg metal is oxidised and 
removed from the inner shell until all available Mg has been removed, 
which is always less than 100 % of that deposited. Formation of the 
interphase during early cycles limits electrolyte degradation at the 
surface, but electrolyte solution within the internal channels also un-
dergoes irreversible degradation and limits columbic efficiency. We 
suggest this will be exacerbated by volume fluctuation during cycling 
which would rupture any protective interphases and allow greater 
electrolyte solution ingress. The degradation process accumulates 
inactive Mg as MgO in the inner shell, which increases in volume with 
cycle number (Schematic 1b). The high O to F ratio detected by EDX 
analysis suggest that even relatively stable ethers will undergo 
degradation. 

Galvanostatic-cycling profiles of Mg at Cu in Mg(TFSI)2–4 G for 
conditioned and unconditioned electrodes at a practical (battery-rele-
vant) current density of 1 mA cm–2 (corresponding to 0.5 mAh cm− 2) are 
shown in Fig. 6a,b. The coulombic efficiency was typically 60 % at this 
current density, and unconditioned electrodes gave lower values. 
However, if cycling was performed rapidly (5 min charge and 
discharge), the coulombic efficiency increased to 70–80 %, confirming 
that the active Mg goes on to react with the electrolyte solution after 
charging (Fig. 6c). While this value is lower than found with some ad-
ditives, it is far higher than often reported in the field when considering 
the impact of additives. This can also be seen during cyclic voltammetry, 
during which the scan rate had a major impact on coulombic efficiency; 
at low scan rates (10 mV s− 1, long experimental times) most Mg could 
not be reversibly oxidised (Figure S9) whereas at high scan rates (200 
mV s− 1, short experimental times) much of the Mg could be oxidised. 
When galvanostatic cycling was performed with a high areal capacity (4 
mAh cm− 2) and thus cycle time, the coulombic efficiency was very low, 
<4 % (Figure S10). This is consistent with a slow degradation reaction 
between the Mg and the electrolyte solution across the internal pores 
resulting in the interphase shown in Fig. 4. 

The conditioned electrode underwent an overpotential spike of 
− 0.38 V vs Mg2+/Mg at the start of charging, followed by a plateau at 
–0.29 V vs Mg2+/Mg (Fig. 6d). A similar process was observed for the 
unconditioned electrode and this effect continued throughout charging 
(Fig. 6d). The overpotential during cycling has been ascribed to the poor 
solid-state conductivity of Mg2+ in solid interphases and this accounts 
for the plateau potential [8,13–16]. However the initial overpotential 
spike occurs at a similar potential regardless of cycle number despite 
growth of the interphase and its resistance (Fig. 1). To explore this, we 
partially discharged a Mg electrode such that some Mg remained within 
the structure (by limiting the upper cut-off voltage to 0.1 V vs Mg2+/Mg) 
and the overpotential during voltammetry on the subsequent charge 
decreased to 0.18 V as no nucleation step was needed (Figure S11 and 
S12). It is also important to note that the plateau overpotential does not 
increase as the inner shell thickened (as the number of cycles increased), 
consistent with mass transport through the inner shell predominately 
occurring in the electrolyte-filled pores (Fig. 6d), rather than in the 

solid-state. Following nucleation, charging invariably occurred at an 
overpotential of 0.3 V, which may be attributable to poor ionic con-
ductivity across the pore interphases, as previously proposed [69]. 
Importantly, this result suggests that Mg2+ reduction and Mg oxidation 
can proceed at high rates and low overpotentials and that there is no 
intrinsic electrochemical limitation to moderate rate performance if the 
challenge of degradation can be overcome (Scheme 1). 

3. Conclusion 

By combining electrochemical methods with imaging and analysis at 
the nanoscale by FIB-SEM, TEM, e-beam diffraction and surface spec-
troscopy, the chemical and structural changes that occur during cycling 
of the Mg electrode in additive-free Mg(TFSI)2-glyme electrolyte solu-
tions have been described in detail for first time. During charging, Mg 
forms dome-shaped particles with a nanocrystalline surface and porous 
volume. A cross-sectional analysis revealed a complex internal structure, 
consisting of a metallic Mg core wrapped in an insulating Mg/MgO inner 
shell, which was surrounded by an inorganic Mg salt-based (MgS/MgF2) 
outer shell. Deposited Mg is incorporated within the MgO inner shell, 
resulting in a ~400 % expansion in volume and contraction during 
cycling. The data suggests that even relatively stable ethers undergo 
degradation resulting in accumulation of inactive Mg as MgO and an 
ever-increasing electrode volume during cycling. Analysis of the cycling 
performance shows that both the charge and discharge can occur at an 
overpotential of just 0.3 V at 1 mA cm− 2. The coulombic efficiency de-
pends strongly on the cycling rates and times, demonstrating the 
importance of studies at various rates to determine the true performance 
metrics. These data demonstrate the challenges involved in bench-
marking the Mg electrode and provide a baseline to which the impact of 
new additives and salts on the structure and performance of Mg can be 
compared in future studies. 
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