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1960’s-1980’s
Prof. Bob Huggins

Stanford’s History on Energy Storage Research

Michel ArmandStanley Whittingham



"Energy storage is critical to sustainability of the world, 
enabling consumer electronics, electric vehicles and 

grid-scale storage. I am very glad that Stanford is kicking 
off a major initiative in this area. Congratulations!"

M. Stanley Whittingham, 
co-recipient of the 2019 
Nobel Prize in Chemistry



Energy Storage Industry to Grow by 10-20x to $1Trillion Over Next 20 Years
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1) Build strong partnerships between university, industry and government.

2) Recruit the best students to Stanford.

3) Enhance Stanford-internal collaboration to identify and tackle grand challenges.

4) Build multi-PI facilities, including translational capabilities.

We Need a Highly Visible Initiative at Stanford: StorageX
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Brought to you by Stanford StorageX Initiative 
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Grand Challenges for Energy Storage

2) Identify pathway to energy dense, high power, safe and long lasting batteries

3) Solve scientific challenges in scale up & manufacturing 

4) Enable circular economy through re-use, recycling and regeneration

5) Leverage informatics and artificial intelligence to accelerate the pace of R&D

1) Sustain the cost learning curve of batteries



Students, 
postdocs, 

staff & 
faculty

Academic research

Fundamental understanding

Materials design/synthesis

“Big science” facilities

New directions (e.g., ML)

Industrial development

Prototyping & scale up

Exhaustive optimization

System integration

Cost, life cycle, business modelPre-competitive R&D

De-risk technology for 
commercialization

StorageX Initiative: From Fundamental to Translational Energy Research
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W. Chueh, Science 353, 566, 2016

Selected Research Highlights: Fundamental Understanding

Y. Cui Science 358, 506, 2017
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Materials design and new chemistries
Silicon anodes

Y. Cui Nature Nanotech 3, 31 (2008).
Y. Cui Nature Nanotech 9, 187 (2014).

Self-healing polymer

Thin and flexible solid electrolyte

Li metal anodes: host and interface
Y. Cui Nature Nanotech, 11, 626 (2016).
S. Chu, Y. Cui Nature Nanotech 9, 618 (2014).

ARTICLES NATURE NANOTECHNOLOGY

it would potentially lead to high-ionic-conductivity, high-energy-
density and safe all-solid-state LIBs.

Here, we propose the design of an ultrathin, high-performance 
polymer–polymer composite solid electrolyte for all-solid-state Li 
batteries. (Fig. 1a) The composite SSE is made of a robust, non-
flammable host with vertically aligned nanochannels and Li-ion 
conductive SPE fillers. The high modulus host prevents potential 
dendrite penetration while the aligned channels enhance the ionic 
conductivity of SPE fillers. The ultrathin and polymer–polymer 
nature of the composite electrolyte enables great flexibility, low elec-
trolyte resistance and potential high energy density of a full battery.

High modulus, nanoporous polyimide (PI) hosts and PEO/lith-
ium bis(trifluoromethanesulfonyl)imide (LiTFSI) polymer electro-
lytes are utilized as a proof-of-concept polymer–polymer SSE for 
our design (see also Supplementary Fig. 1). Cross-sectional scan-
ning electron microscopy (SEM) images of the ultrathin, porous 
PI matrix are shown in Fig. 1b, where the thickness is identified 
to be 8.6 μm (Fig. 1b, bottom). The vertical nanoporous morphol-
ogy of PI is zoomed in and shown in Fig. 1b (top). A photo image 
of a large-scale, nanoporous and flexible PI film on a white paper 
is shown in Fig. 1c, demonstrating the scalability of such a com-
posite system. We compare the energy densities of state-of-the-art 
commercial LIBs with both standard liquid electrolyte and various 
solid electrolytes in Fig. 1d, to illustrate the advantage of our poly-
mer–polymer SPE. Although the theoretical energy density of the 
commercial LIB approaches 480 Wh kg− 1, it decreases by about half 
when the metal casing, cathode current collector (Al) and anode 
current collector (Cu) are considered in the calculation (column A). 
The energy density further decreases when separators and liquid 
electrolyte are taken into consideration (column B). However, the 
energy densities of all-solid-state cells are comparable to those of 

liquid electrolyte cells when our PI/PEO/LiTFSI electrolyte is uti-
lized (246 Wh kg− 1), and much higher than other state-of-the-art 
all-solid-state batteries (more details in Supplementary Table 1 and 
Supplementary Fig. 2). The thin, ultralight PI/PEO/LiTFSI obtains 
a similar area density (1.12 mg cm− 2) to separator/liquid electro-
lyte (1 mg cm− 2), ensuring its advantage over other solid electrolyte 
systems (see also Supplementary Fig. 2). Energy densities of solid 
polymer–polymer composite LIBs could potentially reach the pink 
area in column A, as cell casing for all-solid-state LIBs could be sim-
pler than LIBs with liquid electrolytes. Even higher energy densities 
could potentially be realized through high-capacity Li chemistries, 
such as sulfur and metallic lithium.

Characterizations of PEO/LiTFSI in porous PI
SEM images before and after the infiltration of PEO/LiTFSI poly-
mer electrolyte into the PI film are presented in Fig. 2a–d. Figure 2a 
shows a top-view image of the porous PI film in which the pores are 
uniformly distributed (zoomed-out image in Supplementary Fig. 3) 
with diameters of around 200 nm. These images show that the pores 
occupy about 11% of the area on the PI surface. After PEO/LiTFSI 
infiltration, the pores are completely filled with PEO/LiTFSI and 
serve as the Li-ion conductive medium (Fig. 2b). Cross-sectional 
SEM images of the porous PI film (Fig. 2c) and filled PI/PEO/LiTFSI 
film (Fig. 2d) also demonstrate the complete infiltration of PEO/
LiTFSI in the vertical pores. The ionic conductivities of the SSEs 
were measured using blocking cells from − 20 to 100 °C. The PEO/
LiTFSI in the PI vertical channels is measured to have enhanced 
ionic conductivity compared with that of PEO/LiTFSI thin film 
across all measurement temperatures (Fig. 2e and Supplementary 
Figs. 4–6). Specifically, the PEO/LiTFSI in aligned channels shows 
ionic conductivity of 2.3 × 10− 4 S cm− 1 at 30 °C, whereas the PEO/
LiTFSI thin film only shows conductivity of 5.4 × 10− 5 S cm− 1 
(30 °C). The electrochemical impedance spectroscopy curves of PI/
PEO/LiTFSI at different temperatures are plotted in Fig. 2f.

To investigate the effect that the vertical channels may have on 
PEO/LiTFSI, we conducted a two-dimensional X-ray diffraction 
characterization of the PEO/LiTFSI electrolyte and PEO/LiTFSI 
filled in vertically aligned 200 nm channels. In Fig. 2g,h, the ring 
diffraction patterns (indicated with blue and green arrows) that 
appear in the composites are attributed to the (120) and (112) planes 
of the PEO crystallites, respectively. The PEO/LiTFSI thin-film 
sample shows an isotropic ring pattern (Fig. 2g), revealing an iso-
tropic distribution of the crystallites. In contrast, Fig. 2h shows the 
PEO/LiTFSI in the vertical channels with a concentrated intensity 
on the y axis, which represents a textured distribution of crystallites 
along the out-of-plane direction. This indicates that the channels 
inside the matrix help align the PEO crystallites along them (for 
more details see Supplementary Fig. 7). Recent reports also show 
that similar alignment effects on polymers leads to thermal or ionic 
transport enhancement in the aligned direction, both of which are 
related to vibration of polymer chains38,39.

We then carried out molecular dynamics simulations to explore 
the reason for enhanced ionic conductivity. In our simulations, 
PEO/LiTFSI with random and aligned polymer chains are com-
pared to show the difference in Li ionic conductivity. The simula-
tion snapshots of the two systems are shown in Fig. 2i (PEO with 
randomly oriented chains and Li salts) and Fig. 2j (PEO with aligned 
chains and Li salts). Mean squared displacements (MSDs) of Li ions 
in both aligned and random PEO matrices at 350 K are calculated 
and displayed in Fig. 2k. The MSDs in different directions for the 
random-chain PEO system show little difference and the values are 
comparable to literature results40,41. In contrast, we found a clear 
increase in Li+ diffusion along the aligned direction (z) compared 
with all directions from the randomly oriented PEO/LiTFSI sam-
ple. The ionic diffusion along the aligned direction shows an even 
bigger difference to those in the other two directions (x and y) in 
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Fig. 1 | Design of polymer–polymer composite SSE. a, Schematic showing 
the design principles of our polymer–polymer composite SSE. b, Cross-
sectional SEM images of an ultrathin nanoporous PI film (bottom) with 
zoomed-in image of the aligned nanopores (top). c, Photo image of a large-
scale porous PI film. d, Energy density chart of batteries where different 
electrolytes, battery casings, separators and liquid/solid electrolytes are 
all taken into account. D1–D3 denote polymer/ceramic composite SSEs, 
where D1 and D2 are Li7La3Zr2O12 (LLZO)/PEO/LiTFSI composite and D3 is 
SiO2/PEO/LiClO4 composite; E1–E3 denote ceramic-type SSEs, where E1 is 
ultrathin LLZO, E2 is regular Li10GeP2S12(LGPS)-type SSE and E3 is regular 
LLZO. See Supplementary Table 1 and Supplementary Fig. 2 for details.
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related to vibration of polymer chains38,39.

We then carried out molecular dynamics simulations to explore 
the reason for enhanced ionic conductivity. In our simulations, 
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Fig. 1 | Design of polymer–polymer composite SSE. a, Schematic showing 
the design principles of our polymer–polymer composite SSE. b, Cross-
sectional SEM images of an ultrathin nanoporous PI film (bottom) with 
zoomed-in image of the aligned nanopores (top). c, Photo image of a large-
scale porous PI film. d, Energy density chart of batteries where different 
electrolytes, battery casings, separators and liquid/solid electrolytes are 
all taken into account. D1–D3 denote polymer/ceramic composite SSEs, 
where D1 and D2 are Li7La3Zr2O12 (LLZO)/PEO/LiTFSI composite and D3 is 
SiO2/PEO/LiClO4 composite; E1–E3 denote ceramic-type SSEs, where E1 is 
ultrathin LLZO, E2 is regular Li10GeP2S12(LGPS)-type SSE and E3 is regular 
LLZO. See Supplementary Table 1 and Supplementary Fig. 2 for details.
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J. Qin, Y. Cui Nature Nanotech. 2019

Y. Cui, Z. Bao Nature Chemistry 5, 1042 (2013)
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W. Chueh, R. Braatz Nature Energy 4, 383 (2019)

Data-driven prediction of battery 
cycle life

Y. Cui, E. Reed Chem. Mater. 31, 342 (2019) 

Machine Learning-Assisted Discovery of Solid Li-Ion Conducting
Materials
Austin D. Sendek,† Ekin D. Cubuk,‡,§ Evan R. Antoniuk,∥ Gowoon Cheon,† Yi Cui,‡

and Evan J. Reed*,‡

†Department of Applied Physics, Stanford University, Stanford, California 94305, United States
‡Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, United States
§Google Brain, Mountain View, California 94043, United States
∥Department of Chemistry, Stanford University, Stanford, California 94305, United States

*S Supporting Information

ABSTRACT: We discover many new crystalline solid
materials with fast single crystal Li ion conductivity at room
temperature, discovered through density functional theory
simulations guided by machine learning-based methods. The
discovery of new solid Li superionic conductors is of critical
importance to the development of safe all-solid-state Li-ion
batteries. With a predictive universal structure− property
relationship for fast ion conduction not well understood, the
search for new solid Li ion conductors has relied largely on
trial-and-error computational and experimental searches over
the last several decades. In this work, we perform a guided
search of materials space with a machine learning (ML)-based
prediction model for material selection and density functional
theory molecular dynamics (DFT-MD) simulations for calculating ionic conductivity. These materials are screened from over
12 000 experimentally synthesized and characterized candidates with very diverse structures and compositions. When compared
to a random search of materials space, we find that the ML-guided search is 2.7 times more likely to identify fast Li ion
conductors, with at least a 44 times improvement in the log-average of room temperature Li ion conductivity. The F1 score of
the ML-based model is 0.50, 3.5 times better than the F1 score expected from completely random guesswork. In a head-to-head
competition against six Ph.D. students working in the field, we find that the ML-based model doubles the F1 score of human
experts in its ability to identify fast Li-ion conductors from atomistic structure with a 1000-fold increase in speed, clearly
demonstrating the utility of this model for the research community. In addition to having high predicted Li-ion conductivity, all
materials reported here lack transition metals to enhance stability against reduction by the Li metal anode and are predicted to
exhibit low electronic conduction, high stability against oxidation, and high thermodynamic stability, making them promising
candidates for solid-state electrolyte applications on these several essential metrics.

I. INTRODUCTION
All-solid-state Li-ion batteries (SSLIBs) hold promise as safer,
longer lasting, and more energy dense alternatives to today’s
commercialized LIBs with liquid electrolytes. However, the
design of SSLIBs remains a challenge, with the principal
technological bottleneck in realizing these devices being the
solid electrolyte. A high performance solid electrolyte material
must satisfy several criteria simultaneously: it must possess fast
Li-ion conduction, negligible electronic conduction, a wide
electrochemical window, robust chemical stability against side
reactions with the electrodes, and high mechanical rigidity to
suppress dendritic growth on the anode. The material should
also be cheap and easy to manufacture. Given these many
constraints, searching for promising new materials that satisfy
all requirements through the trial-and-error searches has
yielded slow progress.

The earliest efforts to discover fast Li-ion conducting solids
began in the 1970s1 and have continued to present. More
recently, density functional theory (DFT) simulation has
enabled high-throughput computational searches, essentially
automating the process of guess-and-check.2,3 Across these
four decades, only several solids with liquid-level Li conduction
(>10− 2 S/cm) at room temperature (RT) have been identified,
including notably Li10GeP2S12 (17 mS/cm)4 and Li7P3S11 (25
mS/cm).5 This slow progress suggests that continuing in the
guess-and-check paradigm of decades past is unlikely to quickly
yield the material innovations we need to unlock the high

Received: August 2, 2018
Revised: November 13, 2018
Published: November 21, 2018

Article

pubs.acs.org/cmCite This: Chem. Mater. 2019, 31, 342−352

© 2018 American Chemical Society 342 DOI: 10.1021/acs.chemmater.8b03272
Chem. Mater. 2019, 31, 342− 352
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Extreme Fast Charging: Passenger, Freight & Aviation

Charging 
Station Vehicle Pack Cell Material

Grid 
management 

Charging 
electronics

100 kWh pack in 5 mins = 1.2 MW

System engineering:
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sensors Device engineering

electrode morphology, 
electrolyte formulation
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Battery Reuse, Recycling, & Regeneration

First Life Use
Second and 

Later Life Use

Reuse/
Regeneration

Recycling

Reuse or Recycle?

Data Science
• Performance/degradation beyond 

first life
• Uncertainty in prediction

Materials & Processing
• Lower the cost of recycling 
• Rejuvenation strategies to recover 

performance

Systems Engineering
• Pack and cell designs to 

lower cost of recycling
• Pack-level rejuvenation

Life Cycle Valuation & Cost Model
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Bits and Watts
INNOVATION FOR THE 21ST CENTURY ELECTRIC GRID
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