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Batteries based on multivalent metals have the potential to meet the future needs of large-scale energy storage, due to the
relatively high abundance of elements such as magnesium, calcium, aluminium and zinc in the Earth’s crust. However, the complexity of multivalent metal-ion chemistries has led to rampant confusions, technical challenges, and eventually doubts and
uncertainties about the future of these technologies. In this Review, we clarify the key strengths as well as common misconceptions of multivalent metal-based batteries. We then examine the growth behaviour of metal anodes, which is crucial for their
safety promises but hitherto unestablished. We further discuss scrutiny of anode efficiency and cathode storage mechanism
pertaining to complications arising from electrolyte solutions. Finally, we critically review existing cathode materials and discuss design strategies to enable genuine multivalent metal-ion-based energy storage materials with competitive performance.

L

ithium-ion batteries are under widespread evaluation as an
energy storage solution for grid applications and as major
power sources for transportation. Nevertheless, the availability and potential price spike of lithium are under constant
debate1. Alternative battery technologies that use more abundant
elements and may offer higher energy density and better safety
features are therefore highly desirable. Among the top candidates
for this purpose are multivalent metal-ion batteries; magnesium,
calcium and aluminium are among the top ten most abundant
elements in the Earth’s crust. In these batteries, the charge carrier multivalent metal cations shuttle back and forth between the
cathode and anode during the discharging and charging parts
of a cycle without causing a drastic change in the electrolyte
solution composition. This working principle resembles that of
lithium-ion batteries in most ways, except for the replacement of
monovalent lithium with divalent magnesium, calcium, zinc and
trivalent aluminium. The similarity means much of the fundamental understandings and manufacturing experiences accumulated for lithium-ion batteries may be exploited for swift industry
adaptation of multivalent metal-ion batteries. The development
of multivalent metal-ion batteries also depends on whether the
multivalent metals bring enough benefits over lithium to be worthy of being considered as alternatives.
In this Review, we first examine the strengths and weaknesses
of multivalent metal-ion batteries in terms of energy density and
safety features. We note that the anticipated direct use of multivalent
metals as the anode materials is central to the safety promises and
potential advantage in energy density of the technologies, but both
aspects cannot be taken for granted and require thorough analyses
and further research. We then critically review the status of anode
materials, electrolyte solutions and cathode materials for the batteries with an emphasis on metal anode growth behaviour, coulombic
efficiency and cathode storage mechanism. We recommend characterization practices that could help overcome the rampant confusion
seen in the research of these aspects. Finally, we highlight material
design strategies that could eventually lead to high-performance
multivalent metal-ion batteries.

Conditional energy density advantages

The anticipated energy density of multivalent metal-ion batteries
is sometimes confusing and needs clarification. A common assessment simply looks at the anode, particularly the promise of using
pure metals, their high specific capacity, relatively high density and
thus high energy density. This assessment does not address the generally less negative redox potentials of multivalent metals compared
with lithium-based anodes (Fig. 1a) and could lead to an undue
expectation of higher volumetric energy densities for multivalent
metal-ion batteries than those of lithium-based ones, albeit somewhat lower gravimetric energy densities due to the higher atomic
weights of multivalent metals.
In truth, the energy density of batteries is governed by both the
anode and cathode. Thus, a proper evaluation of the impact that
different multivalent metals have on energy density demands using
identical cathode materials for each anode. At this stage, it is hard
to provide a fully realistic universal cathode material, because optimal cathode materials for multivalent metal-ion batteries are not
available yet. We can, however, provide a virtual comparison, using
important representative hypothetical cathode materials available
for practical lithium-ion batteries which have been also studied for
multivalent metal ions experimentally and/or theoretically.
Here we consider the theoretical energy content of metal-ion
batteries with two cathode materials—one with the high voltage,
moderate-capacity Mn2O4 spinel, the other with the low voltage,
ultrahigh-capacity sulfur (Fig. 1b)2. Mn2O4 represents well many
AO2 oxide-type hosts (A = transition metal) in that its high operating voltage may be compatible with the anodic stability of the most
relevant electrolyte solutions (ethereal solutions) for Mg and Ca
batteries. This cathode material has been theoretically studied in
detail3, even though reversible intercalation of all multivalent metal
ions has not been experimentally demonstrated. Sulfur has shown
encouraging performances when paired with several multivalent
metals4. Graphite (C6), the standard anode material for lithium-ion
batteries, is also included for comparison.
Assuming a hypothetical M1Mn2O4 (M = anode metal) composition of the discharge product of Mn2O4 (ref. 5), a hypothetical
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Fig. 1 | Electrochemical characteristics comparison. a, Redox potential and gravimetric and volumetric specific capacities of lithiated graphite (LiC6),
lithium and the multivalent metals magnesium, calcium, zinc and aluminium. b, Theoretical gravimetric and volumetric specific energies of batteries
with metal and LiC6 anodes (M) and spinel Mn2O4 or sulfur cathodes calculated based on the weight of the cathode and the anode active materials. The
theoretical specific capacities of Mn2O4 and sulfur are 154n (one intercalating ion per formula, n is the valence of the intercalating ion) and 1672 mAh g−1
(two electrons per S), respectively. Theoretically predicted voltage values are used for multivalent metal based battery systems: M−Mn2O4, 2.9 (Mg), 3.1
(Ca), 1.5 (Zn), 2.1 (Al)3,5. Typical experimental voltage values are used for Li systems: 4.0 (Li), 3.9 (LiC6). The voltage values of M−sulfur is derived as the
difference in standard reduction potentials between M (Mn+ + ne− ⇔ M(s)) and sulfur (−0.476 V versus SHE). The only exception is Zn−sulfur, for which
an alkaline cell104 is considered and the potential of the Zn anode is −1.26 V versus SHE (ZnO(s) + H2O + 2e− ⇔ Zn(s) + 2OH−). The densities of Mn2O4
and sulfur are 4.14 and 2.07 g cm−3, respectively.

divalent metal−Mn2O4 battery may have higher gravimetric and
volumetric energy densities than those of a LiC6−Mn2O4 battery.
The increased energy densities come in part from the relatively high
cathode specific capacity, the result of a two-electron redox reaction per Mn2O4 unit. However, a major contribution comes from
the possible option (maybe fully realistic) to use thin-film metal
anodes. The metal thickness required to realize an areal capacity
of 5 mAh cm−2 is 13 μm for magnesium, 24 μm for calcium, 8.5
μm for zinc and 6 μm for aluminium (~24 μm for lithium). With
a sulfur cathode that should show the same capacity when storing
different metal ions, most multivalent metals still beat LiC6 but fall
behind metallic lithium in gravimetric energy density and may only
match the latter in volumetric energy density. Zinc is the only anode
that does not bring notable improvements in energy density over
lithium-based systems, due to its 2.2-V higher redox potential than
that of lithium metal and thus particularly low cell voltages.
The analyses above show that any energy density advantage of
multivalent metal-ion batteries is highly conditional and greatly
differs from what the performance parameters of the metal anodes
alone suggest. Multivalent metal-ion batteries are better viewed
as alternative solutions for large-scale energy storage rather than
a direct competitor of lithium-based batteries in the race towards
ever-rising energy density targets.

Uncertainty about the growth behaviour of multivalent
metals

One of the biggest motivations of multivalent metal-ion batteries
is the possibility to use the highly capacity-dense metals as safe
anodes. The reputation was mainly earned by magnesium which has
long been reported to show dendrite-free plating, compared to the
almost ubiquitous dendritic/mossy morphologies of lithium. Metal
dendrites are not only safety concerns, but also deteriorate cycle life.
As more diverse electrolyte solutions are being experimented for
using magnesium, however, the dendrite-free behaviour of magnesium is being challenged (vide infra). Furthermore, research activi-

ties on calcium, zinc and aluminium have grown rapidly in recent
years, but the suitability of these metals as safe anodes has not been
scrutinized as much as magnesium. As discussed below, there are
reasons to believe that at least some of these metals could be safe
anodes, but research efforts are necessary to make that a reality.
The safety in using a metal anode is best reflected by its plating
morphology. Representative morphologies of multivalent metal
deposits are summarized in Fig. 2. The favourable morphology for
rechargeable battery applications is homogeneous, densely packed
(small) crystals with high conformity (Fig. 2a) because it is the least
likely to puncture separators or cause particles detachment upon
cycling. Also, such a morphology ensures low specific surface area,
thus minimum side reactions. Magnesium famously forms such morphologies in electrolyte solutions where the coulombic efficiency of
deposition−dissolution approaches unity under a wide variety of conditions6–8. This behaviour has been observed in the two main types of
magnesium electrolyte solutions: those that contain chlorides where
the solvation shell of Mg2+ includes both Cl− and solvent molecules,
and those that are chloride-free where Mg2+ is solvated only by the
solvent molecules. The deposition mechanism is distinctive in the two
solutions. The active cation species in the former undergo a two-step
chemical−electrochemical deposition, while the latter a one-step electrochemical one9. Possible explanations of such an apparently universal deposition morphology have been theorized over the years, such as
diffusion-controlled metal plating model, showing low self-diffusion
barriers on magnesium metal leading to smooth surface growth;10,11
strong bonding between magnesium atoms resulting from the large
free energy difference between high and low dimensional magnesium
phases;12 and suppression of local current hot spots caused by the high
magnesium deposition overpotential and forming no solid–electrolyte interphase (SEI) layers on the magnesium surface6. A consensus
is yet to be reached on which, if any, of the proposed mechanism(s) is/
are dominant.
Magnesium does deposit into detrimental morphologies such as
tree-like dendrites13,14 (Fig. 2b) and aggregates of random spheres15
Nature Energy | www.nature.com/natureenergy
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Fig. 2 | Typical plating morphologies of multivalent metal-ion metals. a–e, Compact crystals (a) are desirable and have established the reputation of
multivalent metals as safe anodes. Tree-like dendrites (b) are directional structures that infamously penetrate separators and cause shorts, thus are
actively avoided. Other morphologies such as connected platelets (c), random fibers (d) and connected spheres (e) do not cause shorts as quickly as
dendrites do, but the impact of their large volume and surface area on coulombic efficiency and long-term stability deserves monitoring.

(Fig. 2e) in some uncommon electrolyte solutions. We note, however, that magnesium typically shows poor or questionable reversibility in these solutions, and the deposits are characterized with
complicated surface chemical compositions instead of being pure
magnesium. The undesirable morphologies are apparently the result
of the magnesium surface being heavily modified by decomposition products of the electrolyte solutions. These studies nevertheless
pointed to an important truth that magnesium is not guaranteed
to plate universally in dendrite-free morphology, but only does so
in selected electrolyte solutions where there are no side reactions,
the active metallic surface is free of passivation, and the coulombic
efficiency of magnesium deposition−dissolution is close to unity.
These findings bring to the question of how magnesium deposition morphology is regulated by the deposition mechanism as
a function of the initial surface state (for example, the presence
of native surface films) and the nature of the electrolyte solution
(possible side reactions that form surface films). The answer is
highly relevant to the safety promise of magnesium anodes as surface species may be formed even in efficient electrolyte solutions,
leading to non-uniformity, uneven current distribution, and hence
non-uniform deposition morphology. Real-world applications
could also involve harsh operating conditions under which local
structural changes of the electrolyte solution near the electrode
surface lead to non-uniform electrochemical reactions, causing
non-uniform current densities that can promote dendrite formation. Understanding the factors dictating dendrite formation and
being able to manipulate them would be crucial for the realization
of magnesium-ion batteries.
Calcium plates into various morphologies including the preferable dense and thick bulk16,17 and the undesirable tree-like dendrites18 and aggregates of spherical structures19. Note that in all
electrolyte solutions where calcium deposits somewhat reversibly,
surface films composed of electrolyte and/or solvent decomposition
products were identified. Considering the studies on magnesium
deposition discussed earlier, these morphologies may not reflect the
intrinsic behaviour of calcium metal. Calcium metal could in fact be
non-dendritic and an attractive anode material.
Zinc notoriously plates into tree-like dendrites in alkaline aqueous solutions, which are partially responsible for the short cycle life
of alkaline rechargeable zinc batteries. Neutral solutions give rise
to interconnected platelets (Fig. 2c)20,21, a less detrimental morphology, but coulombic efficiency remains a major concern22. In
non-aqueous solutions, random fibre-like structures (Fig. 2d) are
formed23. Similar structures for lithium are referred to as ‘mossy
lithium’ or simply dendrites24. Lithium anodes with these structures
suffer from aggressive side reactions and ‘dead lithium’ formation,
leading to low coulombic efficiencies and severe safety problems.
Interestingly, zinc shows high coulombic efficiencies of >99%
despite such structures23, probably due to its much higher redox
potential and hence low tendency to react with electrolyte solutions.
Nature Energy | www.nature.com/natureenergy

Aluminium metal anodes cycle in Al2Cl7−-based ionic liquids
with high coulombic efficiency, but their morphologies seem to
be highly sensitive to the solution composition and plating condition. Morphologies of tree-like dendrites, interconnected platelets/spheres, random fibres and even dense crystals have all been
reported in largely similar electrolyte solutions25. The coulombic efficiency reported was generally high (>98%) regardless of
morphology.
The diverse plating morphologies of multivalent metals
calls for cautions when considering them as anode materials.
Dendrite-forming multivalent metals are just as detrimental to battery performance and safety as uncontrolled lithium anodes are.
Detailed characterization of the plating morphology under relevant
test conditions is therefore indispensable for verifying the viability
of suitable metal−electrolyte solution systems. High-resolution,
very reliable surface and interface morphology imaging is possible
today thanks to new microscopic techniques that enable operando
measurements26. Cross-sectional observation is equally important
because the real deposits could be hidden underneath the metal−
electrolyte solution interface, as was observed for aluminium dendrites covered by a smooth oxide top layer just 50 nanometres
thick27. Last but not least, characterizing the chemical nature of
metal−electrolyte solution interfaces can help to understand the
plating and stripping behaviour, since a major cause for dendritic
plating morphologies is possible side reactions at the active metal
surface. Formation of non-uniform surface films due to side reactions naturally promotes non-uniform metal deposition.

Vital but problematic non-passivating electrolyte solutions

The possible operation of multivalent metal anodes depends mostly
on electrolyte solutions that enable their reversible behaviour.
Magnesium, calcium and aluminium are all active metals which,
very similarly to lithium, react easily with atmospheric components,
any protic solvent, many polar aprotic solvents and salt anions to
form interfacial species that passivate the active metal. In the case
of lithium-based anodes, the surface films thus formed comprise
ionic lithium compounds that behave like solid electrolyte interphase (the famous SEI model)28, which avoid continuous side reactions but allow an easy migration of lithium ions through them. In
contrast, surface films formed on multivalent metal anodes tend to
block any possible transport of multivalent metal ions29–31. Only a
few reports have claimed multivalent metal-ion migration through
such interfacial layers, but the nature of the interface and the transport mechanism in these rare cases are unclear27,32–34. Protective
coating materials that allow migration of Mg2+ while separating
the magnesium anode and cathode active materials from the electrolyte solutions are theoretically predicted to be a viable solution
but are yet to be demonstrated experimentally35. Several types of
all-solid-state electrolytes have been developed for Mg2+ conduction, which may also serve as protective coating materials. Among
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Fig. 3 | Electrochemical characterization methods for metal−electrolyte solutions systems. a, A typical cyclic voltammogram performed in a
three-electrode cell (WE, working electrode; CE, counter electrode; RE, reference electrode) showing a cathodic loop and an anodic peak. Coulombic
efficiency (η) is defined by the ratio of charges passed during the stripping (Qstripping) and plating (Qplating) processes. Plating overpotential (vp) is measured
as the delay of the cathodic current in the voltammogram. The stripping overpotential is often negligible in efficient electrolyte solutions. b, Galvanostatic
measurements using two-electrode asymmetrical cells. A constant cathodic current is applied to the inert working electrode for a period of t1 before being
reversed for a completed stripping. The process is repeated as a substrate preconditioning measure. After a final plating, cycling is continued with a fixed
plating/stripping time t2 (t2 < t1) for n times before a final complete stripping that lasts for a period of t3. η is calculated using t1, t2, t3, and n as the inset
equation shows. c, Galvanostatic measurement of two-electrode symmetrical cells. Plating and stripping are repeated at varying current densities for given
time periods (I1, I2, and so on). The performance is gauged by the cell overpotential (vc) and the total charge passed during the measurements. Increasing
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them, NASICON-type phosphates show low ion conductivities of
≤10−6 S cm−1 even at 300 °C;36 Mg(BH4)2-derived complexes function at more practical temperatures but show narrow electrochemical stability windows and low coulombic efficiencies of ≤50% at the
magnesium anode37; spinel chalcogenides show promising Mg2+
conductivities of up to 10−4 S cm−1 at room temperature but also
notable electronic conductivities even though they are computationally predicted to have extremely low electronic conductivities38.
Therefore, it is preferable for multivalent metal-ion batteries to use
electrolyte solutions where the metal anodes are passivation-free
with no tolerance to any side reactions that may form ion-blocking
interfaces.
A variety of complex electrolyte solutions where multivalent
metal anodes behave reversibly have been developed during the last
two decades. They are composed of solvents and electrolytes that
have relatively low electrophilic tendency and thus high cathodic
stability, such as ethers. Some of them further contain chloride ions
which help to dissolve passivating species. All magnesium electrolyte solutions that show high coulombic efficiencies of >98% are
based on ethers such as tetrahydrofuran and glymes since they are
the only polar aprotic solvents in which magnesium metal is fully
stable39–46. Viable counter ions include weakly coordinating anions
such as carborane anions and bulky borates and aluminates8,47,48.
Simple anions, notably bis(trifluoromethane)sulfonimide (TFSI−),
may also be used provided that the electrolyte solutions contain
chloride anions49,50. All of them have complex structures that are
now reasonably well understood and the coulombic efficiency for
magnesium plating/stripping in them can approach 100%. Calcium
is also deposited/stripped in ethereal solutions of calcium salts with
those anions that enable the high coulombic efficiency of magnesium plating and stripping, but the much higher reactivity of
calcium than that of magnesium has led to notable cathodic decomposition of the anions17–19. As a result, surface films do form on
calcium, and the coulombic efficiencies are comparatively low (up
to ~95%) and constantly declining over cycles. Aluminium anodes
can behave highly reversibly in Al2Cl7−-containing ionic liquids
with apparently little dependence on solution composition51. Zinc
has the highest tolerance to electrolyte solution components, with

common polar organic solvents such as acetonitrile and carbonate
esters and common anions such as TFSI−, triflate and PF6− all being
viable23, probably a result of its high redox potential and low tendency of surface passivation.
While ethereal solvents and chloride anions are suitable for most
multivalent metal anodes, they have limitations that could preclude
many attractive high-voltage and high-capacity cathodes. Both ethereal solvents and chloride anions bind strongly to multivalent metal
ions, causing a large energy penalty upon dissociation (desolvation)
during intercalation reactions52,53. Ethereal solvents have limited
anodic stability, being oxidized as early as 3.4 V versus Mg2+/Mg on
planar current collectors8. More anodically stable and less solvating solvents such as sulfones and nitriles have been computationally found to undergo cation-mediated reductive decomposition54,
agreeing with experimental observations that electrolyte solutions
with these solvents give poor results31,55. Chloride anions are also
susceptible to oxidation, but their main limitation on the electrochemical window of electrolyte solutions is through corrosion of
most relevant current collectors at moderate to low potentials56.
Among the weakly coordinating anions being considered, carborane anions such as CB11H12− are probably the least coordinating
and most anodically and cathodically stable, but they can be challenging to synthesize8,57. Bulky fluorinated anions such as TFSI− and
perfluorinated alkoxyborates and aluminates are easier and cheaper
to synthesize, though ion pairs formation with cations and cathodic
stability remain areas of concern48,50,58. New electrolyte solutions are
therefore still under intensive development.
It is important to note that for rechargeable batteries, the cycling
efficiency of the electrodes must approach 100% (for example,
99.9%). Thereby, the development of new electrolyte solutions
must include rigorous studies of the electrode interfacial chemistry, full understanding of possible side reactions, and their complete
mitigation. The electrochemical characteristics of a multivalent
metal−electrolyte solution system can be assessed by established
methods. Cyclic voltammetry performed on inert substrates using a
three-electrode cell configuration provides rich information including coulombic efficiency, plating−stripping potentials and overpotentials, electrode kinetics and even clues of nucleation−growth
Nature Energy | www.nature.com/natureenergy
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mechanisms9 (Fig. 3a). This information would be essential for
validating novel systems, especially those where plating/stripping
of multivalent metals were not considered possible59. Galvanostatic
measurements using two-electrode asymmetrical (inert substrate
| electrolyte solution | multivalent metal) and symmetrical cell
configurations (multivalent metal | electrolyte solution | multivalent metal) are gaining popularity due to their widespread use in
lithium metal anodes studies. These methods have the advantage
of operating under conditions more akin to those for full cells tests.
Measurements in asymmetric cells accurately indicate the reversible metal plating coulombic efficiency, as well as evolution of
impedance in any relevant electrolyte solutions (Fig. 3b)60, while
measuring symmetrical cells can assess rate capability, evolution of
impedance, and cycle life (Fig. 3c).
Unlike the lithium electrochemistry which is relatively established in terms of the correlation between surface chemistry and
electrochemical performance, with multivalent metals interfacial
chemical aspects are not yet fully understood. Any possible side
Nature Energy | www.nature.com/natureenergy

reactions at the metal−electrolyte solution interface must be closely
monitored, as the interfacial species formed can obscure the electrochemical activity of the multivalent active metal electrodes.

Cautions in deducing cathode storage chemistry

Although the concept of replacing lithium ions with multivalent ones
in cathode hosts appears straightforward, the development of multivalent metal-ion cathode materials has been difficult. Multivalent
cations have such high charge densities that their strong interactions with electrolyte solution species and cathode materials make
dissociation and solid-state diffusion, the two essential events in an
intercalation reaction, kinetically unfavourable. Low current densities and elevated temperatures are therefore employed to facilitate
intercalation61,62, under which conditions parasitic side reactions
can contribute significantly to the observed capacities. The situation
is further complicated by the complex composition of electrolyte
solutions and in some cases corrosion of current collectors. Results
from different studies were often inconsistent, as noted in a recent
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Table 1 | The state-of-the-art of multivalent metal-ion batteries components
Metal Anodes

Electrolyte solutions

Cathode materials

Areas of attention

Plating morphology after prolonged
cycling. Both surface and cross-section
observations are important.

(Electro)chemical stability,
coulombic efficiency and
overpotential.

Whether the stored cations are
anion-bound, solvated, or, preferably,
naked; mechanisms via which cations
enter and diffuse in the materials.

Magnesium

Dendrite-free plating is widely
documented in efficient electrolyte
solutions.

Relatively established; some more
reversible ones may be expensive,
synthetically challenging, and of
limited anodic stability.

Chevrel phase Mo6M8 is finally
being challenged by more common
chalcogenides, sulfur and organic
carbonyl polymers, though most of the
newcomers need to improve on cycling
stability.

Calcium

Surface typically covered by electrolyte
decomposition products, but
non-dendritic deposition morphology
seems plausible.

Compositions mimicking magnesium Viable options not yet available.
ones have shown decent reversibility
albeit not as stable as their
magnesium counterparts.

Zinc

Dendritic in both non-aqueous
and aqueous electrolyte solutions;
suppression via electrode architecture
and surface film design being explored.

Common zinc salts in common
organic solvents show high
efficiency.

Reversible intercalation in
high-potential oxides in non-aqueous
electrolyte solutions; more options in
aqueous electrolyte solutions but need
stability improvement and scrutiny of
the mechanism.

Aluminium

Depending on electrolyte solution
composition and plating condition,
morphologies of all sorts have been
observed.

AlCl3-based ionic melts are the only
options so far; they are corrosive,
and the Al−Cl bonds are hard to
break.

Al3+-storing cathodes deliver low
energy, efficiency and cyclability.

Lithium

Dendritic/mossy in most electrolyte
solutions; improvement via surface
modifications being explored.

Ethereal electrolyte solutions with
fluorinated additives show high
efficiency.

Established.

Graphite

–

Established

Established

review article63. Characterizations were often not rigorous enough
for unambiguous conclusions. In this section, we highlight the latest
understandings of alternative reaction pathways and side reactions
in multivalent metal-ion cathodes, based on which we have recommended practices that could facilitate truthful cathode study.
The reaction at a multivalent metal-ion cathode is often more
complicated than a straightforward storage of multivalent cations.
Transition metal oxides constitute a considerable body of literature
on multivalent metal-ion cathodes, but recent studies revealed that
proton intercalation was the dominant/sole reaction in many of
these materials20,64–66. The presence of H2O in some electrolyte solutions and cathodes’ crystal structure is understandably responsible
for such reactions, but even in systems with anhydrous cathodes
and thoroughly dried solvents, protons can still be generated via
solvent decomposition65. For cells with chloride-containing electrolyte solutions, intercalation of Mn+ would require freeing the cation
from the strong Mn+−Cl− bonds. This step is sometimes bypassed
through direct storage of the complex ions (MgCl+, AlCl2+, AlCl4−,
and so on) instead of the bare Mn+ (refs. 67–69). Besides M−Cl bond
cleavage, desolvation in strongly coordinating solvents is also
energy-intensive52. Solvated ions are sometimes stored without
stripping off the solvent molecules given that the cathode host can
adapt to these large intercalants70.
Due to the large variety of ion-storage chemistries, proper
evaluation of cathodes requires unambiguous identification of the
reaction mechanisms. Quantification of the elemental composition of discharged products is of utmost importance. Inductively
coupled plasma spectroscopies, X-ray absorption spectroscopy,
solid-state nuclear magnetic resonance, and so on, all provide such
insights into the bulk composition of cathodes. Highly important
is the capability to distinguish between bulk and surface phenomena, which has been developed in recent years for Li and Na ions

insertion electrodes using solid-state nuclear magnetic resonance
(NMR) spectroscopy71. We may encounter situations in which the
electrochemical measurements reflect charge transfer processes
but multivalent metal ions form precipitates at the cathode surfaces instead of inserting into the bulk, thus making bulk analyses
inconclusive20,66. Therefore, quantitative compositional analyses
often need to be complemented by tools that can provide spatial
resolutions such as elemental mapping by energy-dispersive X-ray
spectroscopy and electron energy-loss spectroscopy in conjunction
with scanning electron microscopy, (scanning) transmission X-ray
microscopy, and transmission electron microscopy (TEM). Such
characterizations should also be quantitative, and the content of
all relevant elements, including those related to components of the
electrolyte solutions, should be reported, in order to provide conclusive data. Note that quantitative information from spatial characterizations does not replace dedicated compositional analyses
that are more accurate. Storage of complex ions and solvated ions
is usually accompanied by considerable change in the cathode lattice spacing, which can be qualitatively monitored by X-ray diffraction (XRD) and high-resolution TEM (HRTEM). In the cases where
both the charged and discharged products are highly crystalline,
structure refinement based on XRD, HRTEM and electron diffraction can provide additional valuable clues about the charge storage
mechanisms.
In addition to direct identification of discharged products, running control cells with no multivalent metal ions in the electrolyte
solutions was proposed to rule out proton reactions72–74. Caution
should be taken that accurately measuring and reproducing the pH
in such reference experiments with the relevant non-aqueous solutions could be a great challenge.
The possible storage of complex species complicates the cell configuration compared to lithium-ion batteries. In the latter systems,
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bare lithium ions move between the electrodes while the solution
concentration remains invariant, enabling the use of a very small
amount of electrolyte solution that serves solely as an ion-transfer
medium. In contrast, rechargeable batteries based on the storage of
complex species at the cathode but pure metal at the anode would
suffer from material imbalance during charging−discharging which
alters the concentration, pH value, ion species, and so on in the electrolyte solutions. In a practical cell where the amount of electrolyte
solution is limited, these changes could impact electrodes’ reaction
mechanisms, cell stability and energy density67,75. In fact, these batteries may not qualify as multivalent metal-ion batteries concerned
herein, even though they may still be referred to as multivalent
metal batteries as long as a multivalent metal anode is involved.
The characterization methodologies described above are important
for identifying cathode materials capable of genuine multivalent
metal-ion storage, based on which the energy density estimates provided herein were made.

Design strategies for cathode materials

The vast majority of cathode materials for metal-ion batteries
are based on intercalation chemistry. While the intercalation and
solid-state diffusion of lithium ions are quite established, these processes become progressively problematic as the charge number of
the migrating cations increases. Few materials that can intercalate
lithium ions reversibly have shown proper performance in multivalent metal-ions storage.
For magnesium-ion batteries, Chevrel phase Mo6S8 (1.15 V versus Mg2+/Mg, 129 mAh g−1) has been an iconic cathode material
since 200076. Recently emerged alternatives such as spinel Ti2S4
(1.2 V versus Mg2+/Mg, 192 mAh g−1), sulfur (1.1 V versus Mg2+/
Mg, 1247 mAh g−1), and poly(1,4-anthraquinone) (1.37 V versus
Mg2+/Mg, 193 mAh g−1) have shown higher energy densities than
that of Mo6S8 but still fall short of stability47,67,77. Higher-voltage
oxide-based materials have long been pursued, but more solid evidence of actual magnesium storage in these hosts has only emerged
recently, and their electrode kinetics and reversibility need significant improvement.
Cathode options for zinc-ion storage are relatively richer.
Zinc ions reversibly intercalate into high-potential spinel compounds ZnAlxCo2−xO4 (1.8 V versus Zn2+/Zn, 120 mAh g−1) and
ZnNixMnxCo2−2xO4 (~1.65 V versus Zn2+/Zn, 180 mAh g−1), representing a rare example of multivalent metal-ion storage in
close-packed oxide hosts with evidenced naked cation storage, relevant energy density and decent cycling stability78,79. There is not a
universal explanation as for why the intercalation of zinc ions into
inorganic hosts seems smoother than other multivalent metal ions,
especially considering that zinc ions share the same charge number
and ionic radius as those of magnesium ions. The chemical nature
of zinc ions, generally categorized as ‘borderline’ cations in the
hard–soft acid–base theory as opposed to the hard magnesium, calcium, and aluminium ions, could be responsible. Softer cations tend
to form more-covalent bonds with host anions, which interactions
in turn facilitate solid-state ion diffusion80.
Calcium and aluminium ions have the least cathode materials
options so far, and the relevant few cases typically show ill-shaped
voltage profiles and large polarization. While the difficulty with
aluminium ions is expected given their trivalent character, the case
with calcium ions seems uncalled-for as it supposedly induces the
weakest electrostatic interaction due to the large ionic radius. It has
become evident that a significant advancement of cathode design
strategies, different from the cathodes related to the lithium-ions era,
is necessary for accomplishing multivalent batteries technologies.
The first challenge is that multivalent metal ions in the electrolyte solutions need to be freed from the strongly bound anions
and solvent molecules before entering a host. The process is especially difficult for magnesium and aluminium ions where the
Nature Energy | www.nature.com/natureenergy
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cations often exist as complexes with chloride ions. The energy
cost to break Mg−Cl, for example, is calculated to be ~3 eV, which
is too high for any practical application conditions. It is therefore
intriguing that Chevrel phase Mo6S8 electrodes efficiently store bare
Mg2+ and Al3+ in chlorides-containing electrolyte solutions even at
room temperature81. Theoretical simulations found that the surface
atoms of Mo6S8 could catalyse dissociation. In the case of the MgCl+
complex, the electron-rich S anions coordinate to Mg ions and
the electron-deficient Mo clusters attract Cl anions (Fig. 4a–d)82.
These two interactions concertedly weaken the Mg−Cl bond and
reduce the cleavage energy from ~3 to 0.2−0.8 eV. Although such
catalytic dissociation has been so far demonstrated only for Mo6S8,
many other materials may share similar capability. For example,
two-dimensional transition metal disulfides are known to catalyse a
wide range of reactions initiated with surface adsorption on exposed
metal atoms. Many oxides also have active surface sites for anion
adsorption, even though surface O atoms may not be as strong
coordinating agents as S atoms to metal ions. Metal-free materials such as organic redox compounds can carry both electron-rich
and deficient moieties that would interact with multivalent metal
ions and complexing anions, respectively. Rational design of cathode materials with the necessary surface functions for complex-ion
dissociation could turn out to be essential for any intercalationbased system.
The second challenge, solid-state diffusion of multivalent metal
ions, is being approached from chemical and structural angles. The
main chemical factor is the chemical hardness of the migrating
cations and the host anions, to which the mobile cations coordinate to, in the diffusion path. Earlier in this section, the relatively
good mobility of zinc ions in transition metal oxides hosts compared to magnesium cations was tentatively attributed to the softness of zinc ions. A parallel terminology may explain the relatively
easy diffusion of Mg ions in Chevrel phases. The chalcogenide
anionic framework, based on S2−, is relatively soft compared to the
O2−-based frameworks in transition metal oxide hosts, thus allowing for good mobility of Mg2+. Replacing S by Se in Chevrel phases
increases the polarizability of their anionic framework (higher
‘softness’), thus enabling smoother Mg2+ diffusion and improving
intercalation kinetics83. The high polarizability of the chalcogenide
anions helps to stabilize the intermediate states during cation diffusion between coordination sites. Similar mechanisms are believed to
be partly responsible for the superionic conductivity of α-AgI and
lithium thiophosphates84,85. Figure 4e–h illustrate an example where
a migrating cation in a framework made of soft anions is always
partially coordinated by anions that are not immediately adjacent,
which contributes to many temporarily stabilized configurations.
Construction of frameworks with soft anions is reflected in several
successful cathode designs. Spinel and layered chalcogenides, for
instance, have polarizable/soft anionic frameworks similar to that of
Mo6S8 (ref. 38,77,86). Drawbacks for these chalcogenides-based frameworks include generally lower redox potentials than what is possible
with oxides as well as higher molecular weights. Organic compounds
with conjugated/delocalized building blocks may be also considered
soft and hence are viable cathode material candidates67,69.
Structural factors may be equally important for designing solid
hosts with improved solid-state ion diffusion capabilities. Multiple
structural features including crystal system, cavity size, framework
flexibility, and so on, come together to define the coordination environment of migrating ions, which, in turn, dictates the difficulty of
their migration. The relationship between migration energy barrier,
migrating ions’ preferred coordination number, and their coordination environment in hosts has been demonstrated mainly via computational modelling of hypothetical systems.
Taking the theoretically modelled migration of Mg2+, Ca2+ or
Zn2+ in spinel Mn2O4 (Fig. 4i) as an example5, the ions migrate from
a stable tetrahedral site (with energy Es) through a 3-O plane (with
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energy Ea) to an intermediate octahedral site (with energy Ei). The
coordination number of the migrating ion changes accordingly from
4 (Es) to 3 (Ea) to 6 (Ei). Among the three cations, Zn2+ which has
the smallest average observed coordination number (AOCN)87 of
4.98 in inorganic crystals is expected to prefer the less-coordinated
starting site over the more-coordinated intermediate site. By contrast, Ca2+ with the highest AOCN of 7.31 is expected to prefer the
intermediate site rather than the starting site. This difference in
coordination environment preference was used to explain why Zn2+
has the largest difference between Es and Ei and hence the highest
migration barrier, while Ca2+ has the smallest ones. The stable and
intermediate sites are predicted to be reversed for all three cations in
olivine FePO4 and layered NiO2 (Fig. 4j)5. The calculated migration
barrier in these latter hosts is therefore the lowest for Zn2+ while
high for both Ca2+ and Mg2+ (AOCN 5.98).
This analysis shows that two structural characteristics could
favour cation migration. First, structures with intercalation sites
where the intercalating ions have an unfavourable coordination
number (thus high Es) and intermediate sites where the migrating
ions have preferred coordination numbers (thus low Ea and Ei)
will likely provide low migration barriers (Fig. 4k). Indeed, the
migration barriers in several post-spinels for Mg2+ are even lower
than those for Na+, which was attributed to the much lower stability of the magnesiated compounds than that of the sodiated
ones88. A higher Es, however, means a smaller free energy change
upon intercalation and thereby a somewhat compromised working potential5. Second, structures that provide migration paths
where the coordination number of the migrating ions changes as
little as possible could have a small difference between Es and Ei,
thus possibly low migration barriers. This characteristic was
proposed to be responsible for the low energy barriers for Mg2+
migration in crystalline Mg3Bi2 (0.41 eV)89 and MgMo3(PO4)3O
(0.08 eV)90. Structures with a certain degree of flexibility, such
as rotating polyhedra in MgMo3(PO4)3O90, rippling layers in
δ-V2O55, and polarizable anions in Li3InBr6 (albeit a Li+ conductor)85, are especially good for enabling such a migration path.
An alternative way to tackle cation dissociation and solid-state
ion diffusion is to bypass them altogether. Conversion-type cathode materials such as sulfur, selenium, iodine and transition
metal chalcogenides undergo dissolution−precipitation reactions that do not involve solid-state ion transport (Fig. 4l–n)91–94.
The most notable example is magnesium−sulfur batteries. They
have delivered reversible specific capacities of up to 1200 mAh
gsulfur−1 at 1.1−1.4 V versus Mg2+/Mg with decent cycling stability (~100 cycles)47. Their capacity decay has been attributed to
the dissolution of polysulfides, but it remains unanswered why
they show inferior stability compared to lithium−sulfur despite
the relatively low solubility of magnesium polysulfides95. A plausible explanation, though, is associated with the susceptibility of
the Mg anode to passivation by dissolved polysulfides. Even trace
amounts of polysulfides in the electrolyte solutions leads to precipitation of insoluble Mg–S species that impact the reversibility
of magnesium anodes34,96. Such passivation may also explain the
low voltaic efficiency observed for all multivalent metal−sulfur
batteries97. Thereby, it seems that development of multivalent
metal−sulfur batteries should include means to avoid even the
slightest infiltration of polysulfides from the cathode to the solution phase. Interestingly, dissolved iodine was reported to reduce
the magnesium deposition−stripping overpotential via surface
film formation, although the coulombic efficiency of such modified anodes was not reported98. Validation of the practicality of
conversion cathodes for multivalent metal-ion batteries would
require detailed characterization of the metal anode in these
cathode-contaminated electrolyte solutions. The three types of
electrochemical measurements described in Fig. 3 allow effective
assessment for this purpose.
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Conclusions and outlook

Multivalent metal-ion batteries may share the successful reversible operating mechanism with lithium-based batteries while using
much more available elements as ionic charge carriers. Early evidence suggests plausibility to directly use at least some multivalent
metals as safe anodes due to their dendrite-free plating behaviour.
Calculations show that these batteries with metal anodes may
deliver competitive energy densities compared to lithium-ion batteries, thus suitable for large-scale energy storage and even for some
propulsion applications99. As the metals of interest quickly expand
from just magnesium to also calcium, zinc and aluminium, factors
that established magnesium-ion batteries as promising systems
will need to be validated for the new members using proven testing procedures. Cathodes development remains a major universal
challenge for all multivalent metal-ion battery systems. A considerable portion of reported cathodes store in fact complex ions and
protons instead of the desired naked cations. Cells based on these
unintended alternative storage chemistries deliver inferior energy
density and stability and may not qualify as multivalent metal-ion
batteries as defined herein. Researchers would have to go the extra
mile and make non-trivial characterization efforts to fully specify
the nature of the stored ion species in any cathode materials of
interest. Genuine multivalent metal-ion storage cathode materials, though still rare, do exist, from which useful design principles
have been learned. Creative use of these principles combined with
rigorous mechanistic studies would be essential to the search for
successful cathodes.
Realization of competitive multivalent metal-ion batteries requires fully reversible multivalent metal anodes in very
small-volume formats and high-voltage, high-capacity cathode
materials that store non-complexed multivalent metal ions. The
success of both electrodes is hinged on the electrolyte solution,
because the solution composition subtly influences the morphology and coulombic efficiency of metal anodes, and the electrolyte
anions and solvent species determine the electrochemical stability
window and the ion dissociation energy which in turn limit the
choice of cathode materials.
Table 1 summarizes the state-of-the-art of the three battery components. Efficient multivalent metal-ion electrolyte solutions by and
large feature ethereal solvents, chloride and borohydride anions that
are associated with sluggish dissociation and limited anodic stability. Therefore, the cathode material development is better directed
to moderate-potential high-capacity types with a strong capability
of dissociating complex ions. High-voltage materials such as V2O5
have been pursued as alternatives62,100, but their potential cannot be
fully unleashed until electrolyte solutions with compositions vastly
different from what we have today are invented without compromising the metallic anodes performance.
Some alternative batteries utilize multivalent chemistries without fully adopting the typical multivalent metal-ion battery configuration, thus opening many possibilities for cathode materials
and electrolyte solutions. There are attempts to replace multivalent
metal anodes with anode materials, particularly alloying materials,
for use of ‘conventional’ electrolyte solutions101,102. These materials
have higher redox potentials than those of pure multivalent metals,
so that many common polar solvents and electrolyte anions are stable and do not decompose into cation-blocking surface films. Since
these solvents and anions are relatively non-complexing, multivalent metal ions can intercalate reversibly into common hosts such
as V2O5 and MoO3 (refs. 52,62,103). Other attempts have been made to
keep the multivalent metal anode and pair with established cathode materials from lithium- and sodium-ion batteries to form ‘dual
ion’ batteries. The cathode reactions involve mainly monovalent
metal ions that intercalate and diffuse much faster than multivalent ions, thus eliminating one of the greatest hurdles for multivalent metal-ion batteries. However, these batteries induce drastic
Nature Energy | www.nature.com/natureenergy
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compositional changes in the electrolyte solutions and thus require
a high amount of electrolyte solutions, compared to single-ion batteries. We do not discuss these directions in-depth because they lose
some possible advantages of multivalent metal-ion batteries. The
cycle life of many alloy anodes is limited; some alloying elements
such as bismuth and lithium in the cathode of dual-ion batteries are
not the most readily available elements; a gain in energy density due
to the use of high-potential, high-capacity cathode materials may
be largely offset by the relatively low-capacity, high-potential anode
materials and the increased amount of electrolyte solutions.
Besides fundamental (electro)chemical questions, there are yet
unexplored engineering challenges on the way to fully practical
multivalent metal-ion batteries. These include electrode/cell design
topics such as electrodes with high mass loading and optimal composite structure, cathode−anode mass balance, and optimization
of the electrolyte solutions composition and content. Multivalent
metal-ion batteries are at an early stage of development and there
are many roadblocks to clear. Nevertheless, the increasing interests
from the energy community and the encouraging progress already
made are forging a clear path towards future success.
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