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Firm scientific body of knowledge accumulated to date on very practical electrode material LiFePO4 will 

be reviewed, followed by introduction of “liquid Madelung potential” in electrolytes that can be an important 

rational concept in designing future battery systems.  
 

１．緒言 
 EV 用途を中心に、市場占有率 50%を超えるまでに成長しつつ、さらなる急速な実

用化が進むリン酸鉄リチウム正極の開発過程でカギとなった、イオン･ポーラロン伝

導機構やその影響因子としてのインターカレーション相図に焦点を当て、電子状態や

光学的性質、状態間遷移理論との相関を含めて高度に整備された材料科学的知識体系

を包括する。また、電池の構成要素である電極と電解液はともに凝集系であるが、固

体科学分野で凝集駆動力を記述する主要基本概念であるマーデルングエネルギーを

液体系に拡張して講演者が提唱した「液相マーデルングポテンシャル」が、次世代電

池設計において極めて重要な基盤的指針を与えることを指摘する。 
 

２．LFPの科学 
リチウムイオン電池用正極として最初に実用化

されたのは LiCoO2 で、僅かなリチウム引き抜きに

よって半導体-金属転移が誘引され、実質的に金属

状態（10 S/cm 以上）で機能する。一方、LiFePO4(LFP)
では鉄サイトに局在したスモールポーラロンによ

るホッピング伝導が僅かに起こるのみの絶縁体

(10-9-10-11 S/cm)であり、当初実用電極として機能し

ないと言われていた。これに対し講演者らは、低温

合成による粒成長抑制と炭素導電助剤との高度複

合化により、室温での理論容量動作に初めて成功

した 1。ナノ複合化による絶縁体への電極活性の付

与は、キャリア伝導パスの最短化を意図したもの

であったが、以下に記す通り、実際にはイオン伝導

機構やインターカレーション相図の変化も大きく

関わっていることが後の研究で解明された。 
構造中の多面体の連結様式からは、ｂ軸方向、

およびｃ軸方向への２種類の経路が予測される。
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Figure 1 Crystal structure of LiFePO4 and possible lithium pathways. a,b, The
crystal structure of LiFePO4 projected along the [010] (a) and [001] (b) directions.
c,d, Possible Li diffusion pathways are parallel to these directions. The structures
are drawn with the structural parameters obtained through this work and
summarized in Supplementary Information, Table S1. The structure can be
described as a distorted hexagonal close-packed oxygen sub-array, in which Li, Fe
and P atoms occupy interstitial sites to form (1) corner-sharing FeO6 octahedra that
are nearly coplanar to form a distorted two-dimensional square lattice perpendicular
to the a axis, (2) edge-sharing LiO6 octahedra aligned in parallel chains along the
b axis and (3) tetrahedral PO4 groups connecting neighbouring planes or arrays. The
green, brown, purple and red ellipsoids indicate Li, Fe, P and O atoms, respectively.
Intuition leads to two possible lithium migration paths: c, along the [010] direction
through face-shared vacant tetrahedral sites; and d, along the [001] direction
through face-shared octahedral sites. One-dimensional diffusion along the [010]
direction (c) was predicted by the computational method15,16.

on 4a sites–face-shared vacant octahedral sites–face-shared
second-nearest-neighbour octahedral 4a sites along the [001]
direction (Fig. 1b,d). The ab initio study of Morgan et al. using the
nudged elastic band method indicated that although Li+ mobility
is high in the tunnels along the [010] direction (case 1, Fig. 1c),
Li+ hopping between tunnels (case 2, Fig. 1d) is very unlikely15.
Similar conclusions were reached by Islam et al. using empirical
potential models16. However, no experimental evidence based
on direct observation of lithium motion in the atomic scale has
been reported.

Neutron diVraction profiles include useful information on
lithium, because the scattering ability of the lithium nucleus
(amplitude of coherent scattering length) is relatively large and
independent of scattering vector Q = 4⇡sin✓/l. This nature is
amenable for detailed analysis of the thermal motion of the
lithium nucleus, in contrast to the negligible X-ray scattering
ability of lithium or lithium ions with only two or three electrons.
To enhance this advantage, 7LiFePO4 was prepared using 7Li-
enriched Li2CO3 as the raw material. This greatly improved data
quality because the natural existence of 7.5% 6Li causes: (1) about
1.5 ⇥ 104 larger absorption; (2) about 15% decrease of coherent
scattering length; and (3) larger incoherent scattering. The quality
of the sample itself was also confirmed by the high-resolution
synchrotron X-ray diVraction profile, and subsequent analysis
by the maximum entropy method (MEM). No impurity phase
or amorphous hallow was observed and the fit was satisfactory
(see Supplementary Information, Fig. S1A). The electron density
distribution of LiFePO4 by the MEM is almost identical to that
obtained by ab initio calculation as shown in Supplementary
Information, Fig. S1B.
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Figure 2 Neutron diffraction patterns measured at two specific points in the

FePO4–LiFePO4 binary phase diagram. a,b, Rietveld refinement patterns for the
time-of-flight neutron diffraction profile measured for LiFePO4 at room temperature
(a) and the angle-dispersive neutron diffraction profile measured for Li0.6FePO4 at
620 K (b). Two different neutron diffractometers were used for different target
information for each measurement as explained in the Methods section. The data
points are plotted using the common scale Q= 4⇡sin✓/l and the common
Q range for VEGA and HERMES for comparison. Specific points of measured
composition and temperature are given in the inset phase diagram reported by
Delacourt et al.6 and Dodd et al.20. Observed intensity Yobs and calculated intensity
Ycalc are represented by red plus signs and the green solid line, respectively. The
blue curve at the bottom represents the residual difference, Yobs. � Ycalc. The refined
parameters are summarized in Supplementary Information, Tables S1,S2. No
impurity phase was identified, and the crystal structure was successfully refined
with the space group Pnma.

Figure 2a shows the Rietveld refinement pattern for
time-of-flight neutron diVraction data measured at room
temperature for 7LiFePO4. Fitting was satisfactory (Rwp = 2.66%,
RF = 0.46%, S = 1.34) with accurately refined atomic positions
as well as anisotropic atomic displacement parameters for all
atoms under the classical harmonic oscillation model. Successful
measurement and analysis were also carried out for isostructural
FePO4. The thermal ellipsoids for Fe, P and O atoms were
almost identical for 7LiFePO4 and FePO4 (Supplementary
Information, Fig. S2).

Important information is included in the anisotropic atomic
displacement parameters for lithium, which determine the overall
anisotropy of the thermal vibration by the shape of the ellipsoid.
Green ellipsoids shown in Figs 1 and 3 represent the refined lithium
vibration. The preferable direction of thermal displacement is
towards the face-shared vacant tetrahedra. The expected curved
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defects, thereby making sites inside the material inaccessible
to Li+ ions entering through either side of the tunnel opening
(shown in red in Figure 1b). The channel-blocking concept
allows us to illustrate the pathological nature of one-
dimensional diffusion. If the diffusing ion cannot circumvent
the defect, the macroscopic diffusion constant will become
zero considering that D ≈ <r2>/2t. If a channel is blocked,
the mean-square displacement <r2> of an ion in the channel
is capped, and at long times t the diffusivity goes to zero.

For one-dimensional diffusion to be sustainable in the
macroscopic limit, it is required that the diffusing species
can cross over between different 1D channels. While this is
unlikely in perfect materials, defects such as vacancies in
the atomic sites between the channels can make crossover
possible. For LiFePO4, we used ab initio density functional
theory in the GGA+U approximation with previously defined
parameters10 to perform an exhaustive search of formation
energies of possible point defects involving combinations of
Li+ vacancies and interstitials, Li+ on Fe2+ sites, Fe2+ on Li+

sites, Fe3+ on Fe2+sites, and Fe2+ vacancies (hereafter
referred to using Kroger-Vink notation as VLi

-, Lii•, LiFe
- , FeLi

• ,
FeFe

• , and VFe
2-, respectively). The detailed results of this search

will be reported elsewhere. We found that for all reasonable
conditions of the external chemical potential of each species,
the nearest neighbor antisite defect LiFe

--FeLi
• consistently has

the lowest formation energy of about 0.515-0.550 eV
(details are shown in the Supporting Information). Our
finding compares well with both existing theoretical and
experimental studies of defects in LiFePO4; using empirical
potentials, Islam et al.3,11 also determine that the formation
energy for the bound antisite defect is the lowest of all
considered defects (Eantisite ) 0.74 eV), and in studies by
Chung et al.12,13 using high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) antisite
defects are observed with concentration ∼1% at 600 °C. At
temperatures considered in this study, FeLi

• is expected to
be comparatively immobile with respect to the time scale
of Li+ migration within the 1D channels, which is in line with
the excellent cycling capability and capacity retention of this
material.

Li+ sites situated between FeLi
• defects cannot be reached

from the surface of a particle unless there is an alternative
transport path available (to be discussed later) and we refer
to these Li+ sites as part of the “blocked” capacity. While in
very large particles most sites will be blocked by defects, the
total channel length between surfaces in nanoparticles is
small, resulting in channels containing very few or even zero
defects. For instance, for particles smaller than 60 nm, 1%
FeLi

• population leads to on average fewer than two defects
residing in each channel, and therefore no blocked Li+ sites
(the distance between Li+ sites along the 1D channel in
LiFePO4 is ∼3 Å). A more rigorous probabilistic model of the
fraction of “unblocked” sites can be constructed assuming
that the creation of defects is a Poisson process, the location
of defects is spatially uniform, and the capacity situated

between two defects in the same Li+ ion channel (shown as
red in Figure 1b) is blocked. The details of this derivation
are described in the Supporting Information, but the mean
fraction of unblocked capacity, C, (reachable from the
surface without going through defects) is given by

where N is the number of Li+ sites along a 1D channel, and
pdef is the concentration of defects. The expected fraction of
unblocked capacity (eq 1) as a function of one-dimensional
channel length is plotted in Figure 2 for various defect
concentrations. Given the formation energy of the bound
antisite defect, the equilibrium defect concentration at typi-
cal solid-state synthesis temperatures (800-1100 K) is
∼0.1-0.5%, which can be considered as a theoretical
thermodynamic limit representing a lower bound on the
actual defect concentration in real materials, which are often
synthesized via nonequilibrium techniques using precursors
and contain trace quantities of impurities. Specifically, in
LiFePO4 single crystals grown by optical floating zone
method, Amin et al.14 observe ∼2.5 - 3% FeLi

• , and in
hydrothermally synthesized LiFePO4 Yang et al.15 observe
up to ∼7-8% FeLi

• .
The results in Figure 2 allow us to conceptualize how

effective Li+ mobility in LiFePO4 may depend on particle
size. For small particles, most of the channels will contain
one or zero defects, and all sites are available by rapid
diffusion through unblocked channels. For larger particles,
most Li+ sites will not directly be accessible from the surface.
In the latter situation, the effective Li+ diffusivity will be zero
unless Li+ ions can circumvent defects by migrating between
different channels.

The LiFe
--FeLi

· antisite defect offers such an opportunity
for Li+ to cross over between channels. To determine
activation energies for Li+ migration past FeLi

• , we used the
generalized gradient approximation (GGA) to density func-

FIGURE 2. Expected unblocked capacity vs channel length in LiFePO4
as determined by eq 1 for various defect concentrations.

C )
2 - (2 + Npdef)exp(-Npdef)

-Npdef
(1)
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Figure 1 One-dimensional lithium diffusion 
in LixFePO4

2 and fraction of unblocked 
capacity as a function of defect density and 
particle size4. 



しかし、ｃ軸拡散の中間状態である６配位サイトは

２つの PO4４面体と面共有しており、強いクーロン

反発力が働くため、リチウムは存在しにくく、実際

には、稜共有の LiO6八面体１次元鎖に面共有で隣

接する空の４配位サイトを経由したｂ軸方向が支

配的である。このことは、実験的には講演者らによ

るリチウムイオンのみを動的に活性化した環境下

での中性子回折による伝導経路可視化 2、理論的に

は Nudged Elastic Band法を用いた移動障壁の異

方性導出によって証明された 3。１次元のイオン伝

導経路は Li-Fe アンチサイト欠陥の生成により容

易にブロックされ、単一粒子内で 2 個以上の欠陥

が存在すると、挟まれた多くのリチウムサイトは電

荷貯蔵サイトとして機能しなくなる。有限温度で欠

陥の生成を完全に抑制するのは困難であるため、粒

成長を制御して伝導経路あたりの欠陥を 1 個以内

にすることが、現実的な施策のひとつとして指摘さ

れている 4。 
伝導キャリア･欠陥導入戦略がポーラロン･リチ

ウム伝導向上の双方に対し重要である。講演者ら

は、LixFePO4 は室温においてa<x<1-bの領域に溶解

度ギャップを有し、その外側に二つの固溶領域

0<x<a, 1-b<x<1 が存在する典型的な２元系相図に

より記述され、伝導キャリアや欠陥が充放電中に自

然注入されていることを提示した 5。粒子径の減少

とともに溶解度ギャップが縮小すると同時に両端

の固溶領域が拡大し、これに伴い注入キャリア･欠

陥密度も増加する 6。これは、２相分離界面が整合

界面であるとの前提の下、分離界面エネルギーの寄

与増大に伴い、系がより混合傾向に向かうことに起

因する。400˚C 以上の高温においては全組成領域に

おいて固溶体となるが、x=2/3 に共晶組成が存在す

る。Li2/3FePO4は急冷処理により準安定相として室

温で単離可能であり、Fe3+と Fe2+の電荷秩序配列に

よる超格子構造 7、可視光領域の吸収バンド出現 8、

約二桁の導電性向上 9 など多くの特徴的物性が抽出

された。準安定相としての固溶状態は、温度上昇に

よるエントロピー駆動のみならず、急速充放電時に

誘起される非平衡相としても Is-situ 測定により検

出され、その重要性が再認識された 10。 
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The solid solubility limits α and β in LiαFePO4 and Li1−βFePO4
at room temperature systematically increase with a reduction in
the particle size, as shown in Figure 1b.24

3.1.2. Test Samples with Different Proportions of Mixed
Fe3+/Fe2+ Valence State. Such an established phase diagram
and its size dependency indicate that various intermediate
LixFePO4 samples with different proportions of the mixed
Fe3+/Fe2+ valence state in solid−solution can be prepared by
controlling the particle size, sintering temperatures, and
quenching protocols and be rationalized according to their
optical properties. Thereby, we have set the lithium
composition to x = 0.6 for systematic studies and synthesized
five types of Li0.6FePO4: (A) mixture of LiFePO4:FePO4 = 3:2
with a mean particle size of 200 nm, (B−D) chemically Li-
inserted Li0.6FePO4 into FePO4 with mean particle sizes of 200,
100, and 50 nm, respectively, and (E) metastable solid−
solution Li0.6(Fe

3+
0.4Fe

2+
0.6)PO4 at room temperature obtained

by annealing sample A at 623 K for 6 h followed by quenching
to room temperature, as indicated by the red markers in Figure

1a and 1b. Powder X-ray diffraction (XRD) profiles of these
samples are summarized in Figure S1, Supporting Information.
A size-dependent miscibility gap and the solubility limits α and
β were confirmed from the XRD data measured for samples B−
D and are consistent with the previous report.24 XRD patterns
measured for LiFePO4 (200 nm), FePO4 (200 nm), and
samples A and E are given in Figure 2a. After annealing sample

A, a simple mixture of LiFePO4:FePO4 = 3:2 at 623 K and
quenching to room temperature the unique metastable
Li0.6(Fe

3+
0.4Fe

2+
0.6)PO4 solid−solution is formed, as confirmed

by the XRD profile shown in Figure 2a(E), which was fully
indexed in a monoclinic cell (a = 11.8646(7) Å, b = 4.7552(1)
Å, c = 15.6291(6) Å, α = γ = 90°, β = 100.373(2)°, and V =
867.35(6) Å3), which is a distorted modification of the original
Pnma unit cell, as shown in Figure 2b. This corresponds to a
supercell with a volume three times that of the unit cell of the
original olivine framework. The inset of Figure 2b shows a
selected area electron diffraction (SAED) pattern of the
[110]ortho zone axis. The extra spots in the single-crystalline
SAED pattern also confirm the existence of a supercell and are
consistent with the powder XRD results. The optimized
structure at the ground state for the monoclinic

Figure 1. Phase diagram and color of LixFePO4. (a) Lithium
composition vs temperature. (b) Room-temperature size-dependency
diagram. Prepared samples are denoted as A−E in the diagrams: (A)
simply mixed phase of LiFePO4 and FePO4 (particle size 200 nm)
with a molar ratio of 3:2, (B−D) Li-inserted FePO4 (Li0.6FePO4) with
particle sizes of 200, 100, and 50 nm, respectively, and (E) metastable
Li0.6(Fe

2+
0.6Fe

3+
0.4)PO4 solid solution. (c) Photoimages of Li0.6FePO4

samples A−E showing the color change, i.e., electrochromic response.

Figure 2. Formation and structure of metastable Li0.6(Fe
2+

0.6Fe
3+

0.4)-
PO4 solid−solution. (a) Powder XRD patterns showing formation of
metastable solid solution. From top to bottom, LiFePO4, FePO4,
mixture of LiFePO4 and FePO4 (molar ratio of 3: 2), and
Li0.6(Fe

2+
0.6Fe

3+
0.4)PO4 solid−solution obtained after quenching from

350 °C. (b) Whole pattern fitting for the metastable solid−solution
phase with monoclinic superlattice. (Inset) Corresponding SAED
pattern of the [110]ortho zone axis. (c) Optimized structure of
Li(Fe3+0.4Fe

2+
0.6)PO4, where every two Li vacancies are next to each

other, as observed from the b axis. Parallelogram frame in the center
indicates the unit cell of the monoclinic superlattice.
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Figure 2 Phase diagram of LixFePO4 and its 
dependence on particle size at room 
temperature with miscibility gap (white 
region) and solid solution domain (green 
region).8  

Figure 3 Superstructure of metastable 
Li2/3FePO4 with charge ordering.7 

Figure 4 Arrhenius plots of conductivity of 
LiFePO4, FePO4, and metastable Li2/3FePO4, 
with electrochromic coloration induced by 
intervalence charge transfer transition.8,9  



３．液相マーデルングポテンシャルと電極電位 
講演者らは蓄電池電解液の設計におい

て、濃度を積極的に制御因子として扱う
13 ことや、有機合成化学者との協働によ

る新規溶媒の合成 14などを通じて、構造・

機能双方における多様性を大きく拡大す

ると共に、その材料科学のフロンティア

を開拓してきた 11-14。多様性を一気に拡

大する中で見いだされた重要な現象の

一つが「電極電位が電解液に依存して大

きくシフトしその振幅は 0.7 Vを超える」

ことである 15。当然、この巨大な電位シフトは電極特性に大きな影響を与える。例え

ば Fig. 5 は、内部電位標準にフェロセンを採用し、74種類の電解液に対するリチウム

析出溶解反応電位の変化とクーロン効率を整理したものであるが、反応の高電位化

（還元力の低下）にともない電解液との副反応が抑制され、クーロン効率が系統的に

向上している 15。  
 この巨大な電位シフトの原因を探るた

め、分子動力学計算や量子化学計算など

を網羅的に適用することで電解液のさま

ざまな特徴量を抽出した上で、実験的に

得られる電極電位に対する影響度を機械

学習により評価した。その結果、電解液中

のリチウム間距離、リチウム-アニオン間

距離に関わる構造要因の影響度が極めて

高い一方で、リチウム-溶媒間距離に関わ

る構造要因や、組成、電子状態、分子物性

などに関わる要因は影響度が低いことが解った 15。イオン間相互作用の突出した影響

度の高さと、電極電位が電解液中のリチウムイオンの安定性と熱力学的に直接対応す

ることを鑑み、講演者は固体化学におけるマーデルングポテンシャルの概念を電解液

系のエナジェティクスに拡張可能と考察した 16。 

Nature Energy

Article https://doi.org/10.1038/s41560-022-01144-0

The improved Li plating /stripping CEs obtained with 
state-of-the-art electrolytes (weakly solvating electrolytes, concen-
trated electrolytes and locally concentrated electrolytes with non-polar 
solvents) can be reasonably and consistently explained based on their 
coordination states and ELi (Figs. 2 and 4). First, weakly solvating elec-
trolytes promote the formation of CIPs and AGGs, thereby upshifting ELi 
and increasing the CE. This trend is clearly observed in our model elec-
trolytes, namely 1.5 M LiFSI/G2, 1.5 M LiFSI/DME and 1.5 M LiFSI/DMM. 
The solvation energies were in the following order: G2 > DME > DMM 
(Supplementary Fig. 8). Notably, G2 is more strongly coordinated to Li+ 
than DME owing to the substantial chelating effect of the three oxygen 
atoms26. Further, DMM shows the anomeric effect (Supplementary Fig. 
8a), which thermodynamically favours a gauche–gauche conformation 
that cannot chelate Li+; therefore, DMM is more weakly coordinated 
to Li+ than DME27,28. The Raman peak of FSI− was located at 718 cm−1, 

720 cm−1 and 740 cm−1 for 1.5 M LiFSI/G2, 1.5 M LiFSI/DME and 1.5 M 
LiFSI/DMM, respectively; moreover, the extent of ion pairing was in the 
order of G2 < DME < DMM (Fig. 3). Importantly, such ion-pairing states 
are reflected by ELi and the CE; the AGG-dominated 1.5 M LiFSI/DMM 
showed a 0.29 V higher ELi (−3.16 V versus Fc/Fc+, which is 0.24 V versus 
Li/Li+ in 1 M LiFSI/DME) and higher CE than those of the SSIP-dominated 
1.5 M LiFSI/G2 (−3.45 V versus Fc/Fc+, which is −0.05 V versus Li/Li+ in 
1 M LiFSI/DME) (Figs. 2 and 3 and Supplementary Figs. 1–4).

Finally, the concept of electrolyte-driven potential upshift can 
be extended to concentrated electrolytes and locally concentrated 
electrolytes with non-polar solvents (for example, highly fluorinated 
ethers and toluene, which are inert towards Li+ solvation), both of which 
have an effect similar to that of weakly solvating electrolytes. With an 
increasing salt concentration or upon introducing a non-polar solvent, 
the Raman peak of FSI− gradually shifted from the lower-wavenumber 
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Fig. 4 | Statistical and vibrational correlation between coordination states 
and ELi. a, Normalized prediction function coefficients (relative importance 
of descriptors) obtained from machine learning-based PLS regression analysis 
for ELi. The correlation between the predicted and observed true values of ELi is 
shown as an inset figure along with the root mean squared error (RMSE). Blue 
and black circles represent the predicted values based on validation and test 
data, respectively. The details of the descriptors (dn) and prediction function 
coefficients are provided in Methods. The descriptors related to the coordination 
of FSI− to Li+ (red colour) are highly correlated with ELi. b, Raman spectra of 

various electrolytes plotted in the order of their inherent ELi values. The peak 
position of the FSI− anion in the range of 700–760 cm−1 (S–N–S stretching 
vibrational mode, vs(S–N–S)) represents the ion-pairing state of Li+–FSI−. c, ELi of 
various electrolytes plotted against the Raman peak positions of the FSI− anion. 
The Raman spectra of electrolytes composed of sulfolane, EC, PC or FEC, which 
involve solvent-derived peaks at around 700–760 cm−1, are demonstrated 
separately in Supplementary Fig. 10. Data for each electrolyte are shown in 
Supplementary Figs. 1, 9 and 10 and Supplementary Table 1.

Figure 5 Coulombic efficiencies (CEs) of Li 
plating/stripping depending on the electrode potentials of Li 

Figure 6 Normalised prediction function coefficients 
(relative importance of descriptors) obtained from 
machine-learning-based PLS regression analysis for 
lithium electrode potential15. 

Figure 6 (Left) Mechanism of potential upshift: Coulombic energy penalty caused by a change in the dominant local 
coordination from electron-localized EC to electron-delocalized FSI–. (Right) The experimental electrode potential upshift 
(ΔELi/Li+) and the calculated values from liquid Madelung potential (ΔELM/F; F: Faraday constant), designated as the shift 
from the lowest concentrations16. 
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components/moieties (LiF, S–N–S, Li–N, S = O and sulfides) were 
observed for all three ether electrolytes24. Specifically, sulfides, which 
are reduced forms of LiFSI, were more abundantly observed for 1.5 M 
LiFSI/G2, which, in turn, showed poor CE24. Hence, SEI chemistries 
alone cannot account for the varied CEs in the three ether electrolytes. 
Because SEI can only kinetically suppress the reductive decomposition 
of the electrolyte, a considerably low ELi (that is, high reducing ability 
of Li) accelerates the decomposition reaction, leading to a low CE even 
in the presence of a similar SEI.

Another possible factor that influences CEs is the shape of the 
deposited Li. Generally, less dendritic deposition decreases the active 
surface area in contact with the electrolyte, leading to higher CEs. 
Scanning electron microscopy images show that the morphologies 
of the deposited Li were similar in the three ether electrolytes (Sup-
plementary Fig. 7). This suggests that the improved CE was not derived 
from the deposition morphology. On the basis of these observations, 
we concluded that ELi influences the CE of Li-metal anodes.

With a general theoretical background, we now discuss the 
dependence of ELi on electrolytes. The ELi was measured as an electro-
motive force of the cell consisting of six phases (I, II, III, IV, V and VI). 
T(I)|Pt(II)|Fc, Fc+, Li+(III)|Li+, SEI(IV)|Li(V)|T(VI), where T(I) and T(VI) 
denote both metal terminals of the cell. On this basis, the ELi is derived 
as follows:
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where φ, µ and F denote the inner potential of each phase (I, II, III, IV, V, 
VI), the chemical potential of each species in each phase and Faraday 
constant, respectively. For details on the derivation of the equation, 
see Supplementary Note 1. According to IUPAC, the redox potential of 
Fc/Fc+, ϕI

− ϕ
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= − (μ
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e

I

) /F , is assumed to be constant 

independent of electrolyte compositions. Besides, μ
e

VI and μ
Li

V are also 
independent of the electrolyte used. On this basis, the ELi is shown as 
follows.

E
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=

μ
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+

III

F
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Notably, ELi is independent of the chemical potential of Li+ in the 
SEI (μ

Li

+

IV). The observed variations in ELi were derived from the differ-
ent chemical potential of Li+ in the electrolytes (μ

Li

+

III).

Machine learning regression analysis of major 
descriptor for ELi
By definition, μ

Li

+

III represents the molar Gibbs free energy change 
when an infinitesimal amount of Li+ is added to an electrolyte solution. 
Because Li+ bound to solvent molecule or counter anion, its coordina-
tion environment should influence μ

Li

+, and hence, ELi. To confirm this, 
machine learning regression analysis of descriptors was conducted 
using partial least squares (PLS) regression and a computation-derived 
descriptor set, such as radial distribution function (RDF), composition, 
density, dipole moment and highest occupied molecular orbital 
(HOMO)/lowest unoccupied molecular orbital (LUMO) values. The 
inset of Fig. 4a displays diagnostic plots of regression results, showing 
good agreement between the experimental and PLS-predicted ELi for 
both validation and test data (root mean squared error, ~0.05 V). Figure 
4a presents the normalized prediction function coefficients (relative 
importance of descriptors) in descending order, indicating that the 
coordination environment around Li+ (especially the coordination to 
the FSI− anion) is highly relevant for ELi.

In this context, we analysed the coordination states of Li+–FSI− in 
various electrolytes using Raman spectroscopy. Figure 4b,c show the 
Raman spectra and their peak positions of the FSI− anion, which repre-
sent Li+–FSI− ion-pairing states25. Notably, the Raman peak position is 
strongly correlated with ELi in various electrolytes. ELi increases as FSI− is 
more extensively ion paired with Li+ from solvent-separated ion pairs 
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Fig. 2 | CEs of Li plating/stripping depending on ELi. High CEs were, in 
general, observed in electrolytes with high ELi. Li|Cu cells were used for plating/
stripping tests under identical conditions. The average CE was calculated from 
the second to the 20th cycle with three cells. The electrolytes with an identical 
solvent but different salt concentrations are represented as points with the 
same colours. Data for each electrolyte are shown in Supplementary Figs. 1–4 

and Supplementary Table 1. Inset: cyclic voltammograms of ferrocene in the 
given electrolytes. We added x-axis breaks of 2.4 V to highlight both ELi (0 V) and 
the redox potentials of ferrocene in the two electrolytes. The shift of ELi (over 
0.6 V), which influences the CEs of Li-metal anodes, strongly depends on the 
electrolytes. HFE, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether.



電解液中で Li+イオンが感じる静電ポテンシャル「液相マーデルングポテンシャル」

は、古典分子動力学（MD）計算を用いて、すべての構成原子に割り当てられた点電

荷についての時間平均および空間平均により容易に求めることができる 16。液相マー

デルングポテンシャルの変化分を電位シフトに換算した結果、実験結果をよく再現し

た（Fig. 6）17。電位シフトの物理的本質は、Li+イオンの配位子が、電子が酸素原子に

局在化した溶媒から、分子全体に非局在化したアニオンに置換されることによる静電

エネルギー損失である（Fig. 6）。これは、Li+イオン活量の上昇を意味し、電池システ

ムの中で負極･正極のレドックス電位は同量アップシフトするため、通常の実験系で

観測される起電力は減少しないことに留意する必要がある 11,17。 
 上記、正極・負極電位の平行シフト（電解液構造制御）と電位窓シフト（電解液電

子状態制御）の双方を巧妙に繰りこんだ電池全体の俯瞰設計を行うことで、高電圧･

高容量･コバルトフリーを同時実現する理想的元素戦略電池（SiOx負極/LiNi0.5Mn1.5O4

正極）の超安定動作が達成された 17。 
 

４．総括 
 LFP は既に教科書にも載っている実用材料であり、今後の爆発的な市場拡大も確実

視されている状況であるが、その機能の背後には高度に体系化されたイオニクスとエ

ナジェティクスについての知見が蓄積されている。その黎明期から最前線で基礎研究

に携わることのできた講演者は大変幸運であった一方、これだけ有望な技術の大規模

実用化開発がほぼ海外でのみ展開されてきた原因については、一考の余地がある。 
電解液中のイオン間相互作用による電極電位の定量解釈については、希薄系におい

て Debye-Hückel 理論が確立しているのに対して、高濃度領域では適切なモデルが存

在しない。ここに、講演者がイオン凝集系としての固液共通性に着目して導入した「液

相マーデルングポテンシャル」は、従来の電気化学理論で説明困難な巨大な電極電位

シフトに明確な定量性を与えた。この現象に留意して電池システム全体のポテンシャ

ルダイアグラムを最適化することが、次世代電池設計において極めて有効である。 
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