
１．はじめに 

次世代蓄電池においては、高エネルギー密度化等の電池

としての基本性能はもちろん、価格破壊、超生産性、耐久

性、資源・環境・毒性・火災の４大リスクの絶対回避といった、

長期視点からの重要項目が議論されることが増えており、

これらに資する新材料の開発が望まれる。 

特に、自然界に豊富に存在する水を電解液に適用できれ

ば、原材料費の圧縮や高度な安全性の実現はもちろん、リ

チウムイオン電池では必須となっている、生産工程におけ

る厳密な禁水環境（ドライルーム）を撤廃することができるた

め、設備投資及びその維持費の観点からも理想的である 1。 

しかし、言うまでもなく水は有機溶媒と比べて電圧耐性が

極めて低く、低い電圧でも水素と酸素に電気分解されてしま

うことが最大の課題であった。 

２．濃厚塩電解液の科学と水和融体への展開 

塩高濃度化というシンプルな施策により、電解液中の溶媒

分子、カチオン、アニオンの配列と相互作用が大きく変調さ

れることで、LUMO の主構成電子軌道が溶媒からアニオン

に転換する。このことは、負極上に分解生成する保護皮膜

の主要構成化学成分に対しても、溶媒由来からアニオン由

来への転換を誘引する。特にイミドアニオン由来の保護皮

膜は素性が極めて良好なためエチレンカーボネートが必須

溶媒ではなくなり、これまで適用できなかった様々な塩と溶

媒の組み合わせ、ひいては多様な機能設計が可能となった。

この知見をきっかけに、ここ数年間間で多くの超機能が集

中的に見いだされ、現在も報告が相次いでいる 2。 

この設計戦略を水溶液系に適用した際の電位窓拡張効果

は著しく、Water in Saltおよびその高濃度極限系である水和

融体と称される材料群に対し、新たな研究領域が創成され

ている。我々は、水と特定のリチウム塩 2 種を一定の割合

で混合することで、一般的には固体となるリチウム塩二水

和物が常温で安定な液体、つまり水和融体として存在する

ことを、Li(TFSI)0.7(BETI)0.3·2H2O において初めて見出した 1。 

３．電位窓拡張効果 

最初に発見した上記水和融体は、通常 1.2 V の電圧で水

素と酸素に分解する水を使っているにも関わらず、3 V以上

の高い電圧をかけても分解しない 1。 

水分子クラスタが消滅し、リチウムイオンの強いルイス酸

性がすべての水分子とアニオン分子に作用することで、電

子状態が大幅に変調され、以下の各機構で電位窓が拡張

する 1。(1) HOMO準位低下により酸化（酸素発生）限界が熱

力学的に大幅に高電位シフトし、(2) LUMO のアニオン転換

により形成する超機能保護皮膜により還元（水素発生）限

界が速度論的に著しく低電位シフトする。 

４．多様性〜新材料“群”とその可能性 

リチウム水和融体の発見に続き、その多様性と超機能を

深耕する上で、非対称イミドアニオンの高い振動自由度に

よる液相安定化に注目した。独自に設計・合成した単水和

型リチウム水和融体においては、アルミニウム電極の可逆

的リチウム合金化・脱合金化反応（対リチウム 0.3 V）も確認

され、電位窓は 4V 超に拡大した。ナトリウム・カリウム系水

和融体も複数見いだしており、アルカリ金属水和融体が新

物質“群”として位置づけられる多様性を有し、機能開拓の

対象として大きな可能性を秘めていることが示された 3。 
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(ii) ultra high-rate reaction,39 (iii) high voltage operation over 5V,40

(iv) corrosion/dissolution prevention,41 (v) extreme safety,40 and
(vi) advanced high-voltage aqueous energy storage systems,42 none
of which were realized by the conventional electrolytes. Here, the
latest results on (vi) will be briefly introduced below.

6.1 Discovery of room-temperature Li salt hydrate melt
We discovered a room-temperature Li salt hydrate melt, by care-

fully selecting Li salt anions and exploring their eutectics.42 As a new
class of stable aqueous electrolyte, the reversible Li+ intercalation
reaction of Li4Ti5O12 was demonstrated for the first time in aqueous
systems. The use of the low-potential and high-capacity Li4Ti5O12

negative electrode significantly raises the energy density of aqueous
batteries, transcending the traditional energy-density gap between
aqueous (<100Whkg¹1) and non-aqueous (>150Whkg¹1) Li-ion
batteries. As a proof of concept, charge-discharge cycling of 2.4V
LiCoO2/Li4Ti5O12 and 3.1V LiNi0.5Mn1.5O4/Li4Ti5O12 batteries
was demonstrated in the hydrate melt electrolyte, which paves the
way for the highest energy density (>150Whkg¹1) aqueous Li-ion
batteries by far among all aqueous chemistries reported so far
(Fig. 15). As a new class of high-energy-density yet highly safe
rechargeable batteries, the hydrate melt-based Li-ion batteries will
potentially replace a part of currently used commercial non-aqueous
batteries (for example, a non-aqueous LiMn2O4/Li4Ti5O12 battery
with 160Whkg¹1 (in theory) adopted in electric vehicles).

6.2 Origin of the surprisingly wide voltage window over 3V
The reversible charge-discharge cycling was achieved by the

synergetic effect of the extension of the potential window and the
upshift of the electrode potentials (Fig. 16), both of which were the
consequence of the unusual aqueous liquid state unique to hydrate
melts, where all water molecules are coordinated with Li+ and
thus free (un-coordinated) water molecules disappear. Further
exploration of hydrate melts to optimize the synergetic effect, in
combination with engineering approaches (e.g., surface coating),
will enable us to suppress the residual water electrolysis even upon
prolonged cycling at low rates. Anyhow, these significant features
will open up a new field of hydrate melt electrochemistry, as well
as an expanded research avenue for safe and high energy density
aqueous batteries. Huge impact for the manufacturing is being
released from highly dry atmosphere, which will significantly
reduce the total cost including initial investment and daily electricity
for mass production.

7. Toward Sustainable Batteries

Seeking for an extremely high-energy density rechargeable
battery (based on an ideal desk calculations) far exceeding the
present lithium-ion batteries, several candidates are under inves-
tigation including multi-valence guest batteries, lithium/sodium
air battery, lithium sulfur battery, and all solid-state battery.
However, these are not new technology at all, but the original
concept had been proposed and explored several decades ago
and unfortunately completely defeated by the smart lithium-ion
technology. Thereby, we may call them “classical innovative
batteries”. Based on the conventional concepts with decades of
unsuccessful history, performances are tardily improved by applying
more and more complicated/specific materials and processes.
Naturally, none of these are truly recognized as a future realistic
solution.

On the other hand, for batteries required for the coming IoT
society, where the ownership of things will lose its value, the huge
energy density might not be of paramount importance anymore.
Technical priority would rather be put on price destruction, extreme
durability/lifetime, high throughput productivity, and absolute
avoiding of major social risks, i.e., natural resources, environmental
issues, toxicity, and explosion. From such bird’s-eye view based
on the authentic social requirements, materials exploration with
“abundant” elements introduced in this article has already led to
some commercial products or serious industrial development. Our
present ambition is to construct aqueous battery with higher energy
density than those of present non-aqueous lithium-ion battery; a
prototype in my laboratory has now reached the target with stable
operation over hundreds of cycles.

Figure 16. (Color online) Thermodynamic features of hydrate
melts. Synergetic contribution of the extension of the potential
window and the upshift of the electrode reaction potentials to the
reversible charge-discharge cycling of LiNi0.5Mn1.5O4/Li4Ti5O12
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Figure 15. (Color online) (a) Charge-discharge profile of the
prototype >3V aqueous lithium-ion battery with a hydrate melt
electrolyte. Capacity retention upon cycling is shown in the inset.
The cell capacity was based on the total weight of the positive and
negative electrodes. (b) Theoretical energy densities of various
aqueous and non-aqueous Li-ion chemistries based on the total
weight of positive and negative electrodes.
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(6) 各研究領域の産学連携事例紹介

アルカリ金属水和融体の多様性と高度電解液機能
Variety and superior electrolyte functions of alkali-metal-based hydrate melt 
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