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Abstract: Magnesium batteries have long been pursued as potentially high-energy and safe 
alternatives to Li-ion batteries; however, fast chargedischarge capability, one of the most 
desired properties for advanced batteries, remains elusive for this technology. Here, we develop a
next generation Mg battery prototype, delivering a specific energy of up to 566 Wh kg1 and
an ultrahigh specific power of up to 30.4 kW kg1, which is close to two orders of magnitude 
higher than state-of-the-art Mg battery. This is achieved by coupling a kinetically fast 
organic cathode material, operating under bond cleavage-free solidliquid reaction, and an 
electrolyte capable of providing dendrite-free Mg depositionstripping at a record current
density of 20 mA cm2.

One Sentence Summary: Ultrahigh power, an unprecedented quality of Mg battery, is unveiled 
and demonstrated using a prototype combining a quinone-based cathode and a second to none 
Mg(CB11H12)2 electrolyte that enables ultrahigh rate cycling of dendrite-free Mg anode.

Main Text: 

The rapid growth and adoption of electrochemical energy storage in our society calls for 
developing next-generation batteries that combine high energy, high power, and low cost. 
Among many post-lithium-ion batteries (1-3), rechargeable magnesium batteries utilizing 
divalent Mg2+ as charge carriers are expected to offer significant improvements in volumetric 
energy density and affordability of batteries due to the use of earth-abundant, high-capacity, and 
dendrite-free (safe) Mg metal anode (1, 4, 5). However, power density has been the Achilles’ 
heel for this technology. The root cause of this challenge stems from the divalent Mg2+ ion: it 
holds twice the amount of charge of Li+, whilst having a similar ionic radius. This high charge 
density results in strong interactions with electrolyte solution species (i.e. solvent, anion) and 
lattice atoms of cathode materials. As a result, ion dissociation from electrolyte complexes and 
ionic solid-state diffusion, two essential processes in classical intercalation chemistry, are 
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sluggish at room temperature (6-8). Even the most efficient intercalation-type cathode materials 
such as Mo6S8 require elevated temperature to approach their theoretical capacity (1). Other 
insertion-type cathode materials that show fast kinetics at room temperature, notably organic 
polymers and layered compounds, have been found to actually store partially complex ions such 
as MgCl+ and solvated ions (9-11). While the storage of complex ions circumvents the 
dissociation and diffusion difficulties associated with Mg2+, it also brings new challenges: limited
cycle life caused by volume changes in the electrode (i.e. due to co-insertion of bulky solvent 
molecules) or reduced practical cell-level energy density caused by its function as a hybrid 
battery (9, 12). A strategy to overcome the challenges of ionic dissociation and solid-state 
diffusion, whilst solely storing Mg2+ (instead of its complex forms), is through solidliquid 
reactions. In this case, a solid cathode material is converted to partially soluble intermediates 
before precipitating into a solid product. Examples include conversion-type cathode materials 
such as sulfur: both sulfur and the corresponding discharged product MgS are insoluble while the
polysulfide intermediates are soluble (13-15). However, these materials still display slow kinetics
partially due to the electrochemically irreversible bond cleavage and re-formation involved in the
reactions (15-17). Cathode materials that can support fast Mg2+ storage would therefore require a 
new electrode reaction mechanism.

Electrolyte design also plays a crucial role in improving battery kinetics. Historically, Mg 
electrolyte solutions hinged on the presence of chloride to increase salt solubility and reversible 
Mg depositionstripping (18). While those remain in the mainstream, efficient chloride-free 
electrolyte solutions have recently been discovered arising for a need to overcome serious 
challenges associated with chlorides, such as corrosion of current collectors and high 
dissociation energy of MgCl bond (18-20). We contributed to this new direction with the 
development of the boron cluster-based Mg electrolyte, Mg(CB11H12)2 (MMC), which was later 
recognized as a breakthrough in Mg electrolytes (2, 19). MMC dissolves in oligomeric solvents 
such as triglyme (G3) and tetraglyme (G4) to form some of the best performing Mg electrolyte 
solutions in terms of reversibility of Mg deposition/stripping, electrochemical window, water 
stability, and non-corrosivity (19). Two important shortcomings of higher glyme solvents are 
their high viscosity and their strong coordinating ability, which are responsible for hindering 
ionic motion and slow kinetics at the electrolyte-electrode interface (21, 22). Lower-weight ether
solvents, on the other hand, struggle to dissolve MMC (19). A suitable solvent capable of fast ion
conduction without compromising salt solubility remains a critical missing piece towards a fast 
kinetic Mg battery.

Here we report a high-power Mg battery that can be chargeddischarged at up to 20 A g1 
and deliver a specific power of 30.4 kW kg1, close to two orders of magnitude higher than the 
second highest power Mg battery (0.44 kW kg1) (table S1). This prototype is made possible 
through coupling an organic cathode material, pyrene-4,5,9,10-tetraone (PTO), with a modified 
MMC electrolyte solution. PTO undergoes a solidliquid reaction that does not involve chemical 
bond cleavagere-formation, thus providing fast redox kinetics. A high specific capacity of 315 
mAh g1 is recorded for PTO at a respectable voltage of 2.1 V vs Mg2+/Mg. The modified MMC 
electrolyte solution utilizes a unique solvent blend, which simultaneously enables fast ion motion
and high MMC solubility. Unprecedented high-rate of Mg plating in a dendrite-free fashion at a 
current density of 20 mA cm2 and areal capacity of 3 mAh cm2 has been realized. Our results set
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a new precedent for ultrahigh rate cycling of energy-dense metals and offer a new thrust towards 
research on Mg metal batteries.

PTO was selected as cathode material owing to its high theoretical specific capacity (408 
mAh g-1) and storage of solvent-free Mg2+ (fig. S1). The electrochemical behavior of PTO was 
first evaluated in a two-electrode MgPTO Swagelok cell using an MMC/G4 electrolyte. Fig. 1A 
shows a typical voltage profile with two discharge plateaus corresponding to two 2-electron 
reductions, in agreement with the four carbonyl groups in a PTO molecule (C=O ↔ C–O-). 
Synchrotron-based soft X-ray absorption spectroscopy (sXAS) confirms the electrochemical 
reactions of carbonyl groups are indeed reversible (fig. S2A). The observed specific capacity of 
315 mAh g1 and average discharge voltage of 2.03 V represent one of the highest reported 
values for Mg batteries. X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurements of discharged PTO electrodes reveal 
low atomic ratios of B:Mg of 2.12 and 2.54, respectively (fig. S2B). The results indicate that 
Mg2+, rather than the anion-bound Mg(CB11H12)+ which has a ratio of 11:1, is the main stored 
species. This important evidence promoted us to further study this cathode-electrolyte 
combination.

The solidliquid reaction mechanism of PTO was validated by optical characterizations. 
PTO electrodes at different states of discharge were extracted from the Swagelok cells and 
submerged in 1,2-dimethoxyethane (DME) solvent for three minutes. A half-discharged (2.0 V) 
electrode gives a deep purple solution (inset of Fig. 1A), indicating a soluble reaction 
intermediate. A fully discharged (0.9 V) electrode gives a colorless solution, suggesting the final 
discharge product Mg2PTO is insoluble. The reduction of PTO can therefore be described as a 
solidliquid reaction: the solid PTO is reduced to a proposed soluble Mg1PTO intermediate (fig. 
S3A), then to the insoluble Mg2PTO as the final product. While the solidliquid reaction of PTO 
resembles that of sulfur, a key difference manifests in that no bond cleavagere-formation is 
involved in the enolization reduction (C=O ↔ C–O-) of PTO. To compare the intrinsic kinetic 
difference at molecular level, we probed the electrochemical properties of dissolved PTO 
molecules in a 0.1M tetra-n-butylammonium perchlorate solution in acetonitrile due to its 
solubility, low-viscosity and high-conductivity, and compared with that of sulfur (S8) molecules. 
In cyclic voltammetry (CV), peak potential separation (ΔE) between a pair of reduction and 
oxidation peaks is informative of the electrochemical reversibility and reaction kinetics (23). For 
a PTO molecule, four sequential one-electron reduction peaks, corresponding to reducing four 
C=O groups, take place (Fig. 1B). ΔE of these peaks range from 65 to 92 mV (table S3), 
confirming high reversibility and intrinsically fast kinetics (24, 25). In contrast, two 2-electron 
redox peaks for S8, attributed to S8 ↔ S8

2 and S8
2- → 2S4

2-, occur (Fig.1C) (26); ΔE of the first and 
second reduction peaks are 259 and 83 mV, respectively, reflecting much slower kinetics of S8 
than that of PTO. Further, the maximum reduction of S8 during solution CV measurements is 4 e-

/S8 (26), significantly lower than the 12-16 e-/S8 observed from a long-term galvanostatic 
discharge of a solid electrode, while PTO shows 4 e- /PTO in both cases. Notably, the kinetic 
advantage of PTO is also observed at the electrode level (Fig.1D), where the specific capacities 
of a PTO electrode in a battery cell at 0.2 C, 1 C, and 5 C are 315, 288, and 176 mAh g1, 
respectively. This translates to a power density of 3363 W kg-1 at 5 C, surpassing the previous 
state-of-art power performance of Mg-S (441 W kg-1) and Mg-Mo6S8 (270 W kg-1 at 50 °C).
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With a soluble reaction intermediate comes two concerns familiar with other solidliquid 
reaction-based batteries: cathode material loss caused by continued dissolution upon cycling and 
passivation of the metal anode by the dissolved cathode species. Both concerns were effectively 
placed under control in our system. Even though the PTO electrode does decay fast if the 
dissolution of PTO is left unattended (fig. S3B), the decay has been efficiently mitigated by 
insertion of a thin (~2 μm) and light-weight (0.48 mg cm2) graphene oxide (GO) membrane (fig. 
S4, A and B) between the cathode and the separator to trap the intermediate (Fig. 2A), an 
approach proven effective for LiS batteries (27). After including a GO membrane, the reversible
capacity reaches 315 mAh g1 following an initial activation step and stabilize for another 500 
cycles with a capacity retention of 84% (Fig. 2B). Note that the GO membrane (and the 
conductive carbon in the PTO electrode) has negligible contribution to the cathode capacity (Fig.
S6). On the other hand, the passivation of Mg anode does not seem to apply to MgPTO 
batteries, despite being a known issue for MgS batteries caused by the trace amounts of 
dissolved polysulfides in the electrolyte solution (28). We have investigated Mg plating behavior 
in MMC/G4 electrolyte solutions with and without dissolved Mg1PTO intermediate and found no
significant variation in the overpotentials for deposition-stripping (Fig. 2C and fig. S7A). XPS 
characterization of anode surface (fig. S7B) shows signature of Mg2PTO products, but its 
presence did not negatively affect the Mg deposition/stripping process (fig. S7D). This behavior 
contrasts with that in MMC/G4 electrolyte solutions containing soluble MgS8 intermediate, 
where the overpotential almost doubled (Fig. 2D and fig. S7C), in agreement with previous 
reports (28).

While the fast kinetics of PTO cathode are demonstrated in our MgPTO cell, the cell 
power is still limited by the slow mass transport in the MMC/G4 electrolyte solution. We sought 
to exploit the full power capabilities of PTO cathode by employing solvents that are less viscous 
and less coordinating than G4. Although many short-chain ethers meet these requirements, MMC
has been found to have poor solubility in these solvents (19). We have therefore explored solvent
blends, a common practice in Li-ion battery electrolyte development, but still very infrequent in 
Mg battery research. A screening of ethereal solvent combinations (see Methods) revealed a 
cooperative effect between a narrow group of candidates that enable solubilization of MMC (Fig.
3A). Optimization of ionic conductivity within the available solubility space yields 0.5 m MMC 
in 1,2-dimethoxyethane/diglyme (DME/G2) (1:1) [MMC/(DME-G2)] as a superior candidate to 
MMC/G4 (Fig. 3, B and C; fig. S8, A, B and C), with an improved ionic conductivity of 6.1 mS 
cm1 at 25°C. A mixed-solvent-shell of Mg2+ ions is observed in this electrolyte (see 
Supplementary Text) (29).

The modified electrolyte solution MMC/(DME-G2) significantly improves the kinetics of 
Mg anode without compromising its coulombic efficiency (CE). Following a method developed 
for Li metal (30) to accurately determine CE in a Mg|Cu asymmetric cell, we confirmed an 
exceptional CE of 99.9% for MMC/(DME-G2) (fig. S8D and Methods). Cyclic voltammetry of 
MMC/(DME-G2) in a three-electrode setup using Pt disk as the working electrode reveals a low 
overpotential (<250 mV) for Mg plating similar to that of MMC/G4. Of particular interest is that 
very high current densities are observed for Mg stripping, approaching 100 mA cm2, an order of 
magnitude higher than that for MMC/G4 and also higher than those for any reported Mg 
electrolytes (20, 31). The observed fast electrode kinetics is consistent with the improved overall 
bulk transport properties of the electrolyte solution. Galvanostatic cycling was conducted in Mg|
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Mg symmetric cells (100 cycles, 1 C cm2) at four different current density values (1, 5, 10, and 
50 mA cm2) (fig. S9). While both electrolytes are capable of cycling at an intermediate current 
density of 1 mA cm2, the overpotential for MMC/(DME-G2) (±39 mV) is significantly lower 
than that of MMC/G4 (±97 mV). At high (10 mA cm2) and ultrahigh (50 mA cm2) current 
densities, the cell with MMC/(DME-G2) (fig. S9C) continues to cycle stably while that with 
MMC/G4 is incapable of cycling even at 10 mA cm2 (fig. S9B). The excellent rate performance 
is confirmed in Mg|Cu asymmetric cells in Fig. 3E. Remarkably, even at 50 mA cm2, 
MMC/(DME-G2) enables Mg deposition/stripping with a CE of 99.7 %. The morphology of Mg 
deposited on Cu substrate at 20 mA cm2 with areal capacity of 3 mAh cm2 appears dense, 
smooth, and dendrite-free (Fig. 3F). A symmetric Mg|Mg cell cycling at the same condition 
remains stable after a cumulative capacity of 833 mAh cm2 (Fig.3G), far greater than those used 
in previously reported Mg|Mg symmetric cells (table S4). Our results consolidate Mg metal as a 
safe anode for advanced batteries even under demanding conditions.

Coupling PTO cathode with MMC/(DME-G2) yields an ultrahigh-power Mg battery 
prototype. At a current density of 408 mA g1 (1 C), two discharge plateaus become more 
obvious compared to cells with MMC/G4, and the average discharge voltage slightly increases to
2.1 V (Fig. 4A). Furthermore, the rate capability is improved significantly even at high current 
densities of 8.16 A g1 (20 C) and 20.4 A g1 (50 C), where specific capacities of 278 and 210 
mAh g1, respectively, can be retained. Stable cycling at 2.04 A g-1 (5 C) for over 200 cycles with
82% capacity retention (Fig. 4B) is achieved. This stability is enabled by a GO/graphene 
nanoparticles (GN) membrane (fig. S3, C and D) with the necessary modification to 
simultaneously allow faster Mg2+ diffusion and confinement of soluble PTO intermediate (32). 
Future work on tailoring the physical/chemical properties of the membrane could result in 
enhanced intermediate trapping and better cycling stability. Finally, Fig. 4C compares the 
Ragone plot of state-of-art Mg batteries that store Mg2+, therefore excluding batteries storing 
complex ions. Both intercalation-type cathodes (Mo6S8, Ti2S4) and conversion-type cathodes (S 
and I2) based on solid-liquid reactions involving bond cleavage and re-formation display slow 
kinetics (up to 2 C). In contrast, our cathode material based on bond cleavage-free solidliquid 
reactions demonstrate a record specific power of 30.4 kW kg1, a big stride from 0.44 kW kg1, 
the next highest power Mg battery (15), while still providing a high material-level specific 
energy of 313 Wh kg1.

In conclusion, we have developed an ultrafast Mg battery featuring an organic quinone 
cathode with a MMC/(DME-G2) electrolyte solution. The bond cleavage-free solidliquid 
reactions hold the key to fast Mg2+ storage, and the highly conducting MMC electrolyte enables 
high-rate Mg plating in a dendrite-free fashion. Our results set new directions for developing 
high-performance Mg cathode materials and electrolyte solutions, and unearth new possibilities 
of using energy-dense metals for fast energy storage.
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Fig. 1. A bond cleavage-free solidliquid reaction. (A) Galvanostatic voltage profile of an 
MgPTO cell with MMC/G4 at 0.2 C (1 C = 408 mA g1). Inset shows the schematic of a 
solidliquidsolid reaction during discharge. PTO electrodes at different states of discharge (open
circuit voltage, half-discharged, and full-discharged) were extracted from the Swagelok cells and
quickly submerged in DME solvents for three minutes to show solution color. (B and C) Cyclic 
voltammograms of 0.5 mM PTO (B) and S8 (C) in a three-electrode setup using 0.1M tetra-n-
butylammonium perchlorate acetonitrile solution. (D) Rate performance of MgPTO cells at 0.2, 
1 and 5 C. Cells were tested under constant current-constant voltage (CC-CV) charging and 
constant current (CC) discharging modes; CV terminates when current decays to 0.2 C.
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Fig. 2 Schematic of cell configuration with a thin graphene oxide (GO) membrane and Mg 
plating behavior in MMC/G4 electrolytes with and without trace amounts of soluble 
intermediates. (A) Schematic of a MgPTO cell with a thin (~2 m) and light-weight (0.48 mg 
cm2) GO membrane to mitigate the dissolution of Mg1PTO intermediate in electrolyte. (B) 
Cycling stability and coulombic efficiency of a GO-incorporated MgPTO cell cycled at the 
current density of 0.2 C (1 C = 408 mA g1). See fig. S5 for voltage profiles of the 1st, 2nd, 300th, 
500th, and 700th cycle. The average coulombic efficiency slightly above 100 % could be ascribed 
to the imperfect confinement of soluble PTO intermediate by the GO membrane. (C and D) 
Voltage profiles of Mg|Cu asymmetric cells in pristine MMC/G4 electrolytes and that containing 
Mg1PTO (C) or MgS8 (D), respectively.
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Fig. 3 Electrochemical performance of MMC/(DME-G2) electrolyte solutions. (A) Solubility
chart of MMC at 0.3 m level in 1:1 (v/v) ethereal solvent blends (dielectric constants in 
parenthesis). Color code stands for solubility of MMC: pink (insoluble) and green (soluble). 
DIOX: 1,4-dioxane; DMTHF: 2,5-dimethyltetrahydrofuran; THP: tetrahydropyran; MTHF: 
2-methyltetrahydrofuran; DME: 1,2-dimethoxyethane; DOL: 1,3-dioxolane; G2: diglyme; THF: 
tetrahydrofuran. (B) Solubility diagram of MMC in the mixture of DME/G2. (C) Ionic 
conductivity dependence on concentration of MMC solutions in G4 and DME/G2 mixture at 
25°C. (D) Selected cyclic voltammogram for MMC/(DME-G2) on a Pt electrode at a scan rate of
35 mV s1. (E) Polarizations of a Mg|Cu asymmetric cell at current densities from 0.5 to 50 mA 
cm2. (F) Cross-sectional SEM image of Mg plated on a Cu substrate. (G) Galvanostatic voltage 
profiles of an Mg|Mg symmetric cell cycled at a current density of 20 mA cm2 for plating (3 
mAh cm2) and stripping (3 mAh cm2) per cycle for 5000 minutes.
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Fig. 4 Electrochemical performances of MgPTO batteries with MMC/(DME-G2) 
electrolyte solutions. (A) Voltage profiles of MgPTO cells at 1 to 50 C (1 C = 408 mA g1) 
using constant current-constant voltage (CC-CV) charging and constant current (CC) discharging
modes. CC-CV terminated when current density decayed to 0.5 C. (B) Cycling stability and 
coulombic efficiency of a GO/GN-incorporated MgPTO cell cycled at 5 C. See fig. S10 for 
voltage profiles of the 1st, 2nd, 100th, and 200th cycle. The average coulombic efficiency slightly 
above 100 % could be ascribed to the imperfect confinement of soluble PTO intermediate by the 
GO/GN membrane. (C) Ragone plot of state-of-the-art Mg batteries that store pure Mg2+. 
Calculation is based on the mass of cathode and anode active materials. The detailed parameters 
are summarized in table S1.
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