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All Solid-State Batteries (ASSBs)

• Motivation

• Liquid electrolytes are 
highly flammable, a 
significant safety concern 
in electric vehicles (EVs)

• SEs have potential for 
higher energy densities

• Challenges

• Ionic conductivity lower 
than those of LEs

• High interfacial resistance

• Narrow operating window

Y. –K. Sun. ACS Energy Lett. (2020) 3221-3223

https://pubs.acs.org/doi/10.1021/acsenergylett.0c01977


How a Solid Electrolyte Works

• Liquid electrolytes 
(LEs) are a Li salt 
dissolved in an 
organic solvent, 
relying on 
diffusion of 
solvated ions 

• Solid electrolytes 
(SEs) rely on 
hopping through 
Li vacancies

M. R. Busche, et al. Nature Chemistry. 8 (2016) 426-434 

https://www.nature.com/articles/nchem.2470


Li Alloys (Review)

• Alloy materials allow more lithium 
per amount of metal than 
intercalation (≤ 1)

• Alloying materials (-) alloy with 
lithium, causing massive volume 
expansions 

• Alloy materials expand our 
electrochemical tool kit: we expand 
from solely transition metal oxides (Ti, 
Mn, Fe, Co. Ni) and C to Mg, Al, Si, Zn, 
Ga, Sn, Sb, Pb, and Bi

• Lithiation/Delithiation: 
Insertion/removal of Li from your host 
structure



Li Alloys, Gravimetric (Specific) Capacity

• Gravimetric Capacity quantifies how much charge can theoretically be obtained per gram of 
material

• Qtheoretical = (nF) / (3.6*MW)   mAh g-1

• For Bi: QBi = ((3 mol * 96485 A s mol-1) / (208.98 g)) * (1000 mA/A) / (3600 s/h)

QBi= 385 mAh g-1

• For Bi: QSb = ((3 mol * 96485 A s mol-1) / (121.76 g)) * (1000 mA/A) / (3600 s/h)

QSb= 660 mAh g-1

• Values listed below do not account for the Li present and changes in density



Fracture in Li Alloys

• Lithiation causes compression on the larger-
specific-volume phase and tension in the 
other layer

• A simple 1D stress model predicts the critical 
fracture size to be below 10nm for Bi 
(consistent with literature)

• Fracture of lithium alloys happens both 
during lithiation and delithiation (seen later)

• Lithium alloying process forms two-phase 
reaction boundary

R.A. Huggins and W. D. Nix, Ionics 6 (2000) 57

https://scholar.google.com/scholar?hl=en&as_sdt=0%2C31&q=R.A.+Huggins+and+W.+D.+Nix%2C+Ionics+6+%282000%29+57&btnG=


Fracture in Li Alloys

• Analysis grows increasingly complex when 
accounting for: 

• changes in surface energies with lithiated 
phases

• plastic flow (inelastic strain)

• preferred lithiation orientation

• anisotropy

• spherical geometries and small dimensions 
comparable to lattice units

X. H. Liu, et al., ACS Nano. 6 (2012) 1522-1531

https://pubs.acs.org/doi/abs/10.1021/nn204476h


Fracture in Li Alloys

X. H. Liu, et al., ACS Nano. 6 (2012) 1522-1531

M. T. McDowell, et al., Nano Lett. 13 (2013) 758-764 

https://pubs.acs.org/doi/abs/10.1021/nn204476h
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C31&q=M.+T.+McDowell%2C+et+al.%2C+Nano+Lett.+13+%282013%29+758-764+&btnG=
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Questions

• What was the anode composition?

• What is the benchmark for the observed 
performance?

• Why did Sb perform better than Bi?

• What is reacting below the Bi’s lithium 
alloying voltage?

• Why does Sb not fully lithiate?

• Why is there diffusion of Bi with cycling?



Questions: What is the anode composition?

• A anode composition with 40% 
active material (Bi/Sb) is below 
par

• Such a composition has more leeway 
with Sb since it has a larger 
gravimetric capacity, but wouldn’t 
work for Bi



Questions: What is the benchmark for the observed performance?

• The observed performance is 
great, but what is contributing to 
that kind excellent cyclability?

• The pure powders were milled, which 
would have reduced the crystallite 
size and make the samples more 
resistant to fracture.

• Two hours of milling would definitely 
improve cycling

• Is the buffering not just a result of so 
much LiBH4 and C?



Questions: Why did Sb perform better than Bi?

• Authors claim the coulombic efficiency of Sb was worse and attributed that to its larger 
volume expansion but the alloying reaction of Sb is invariant after 50 cycles! The lost 
capacity comes from outside the alloying region below 0.6 V

• Conversely for Bi, the alloying reaction weaken with each cycle, with about 100 mAh g-1

being provided  outside that range, consistently



Questions: What is reacting below Bi’s lithium alloying voltage?

• Cyclic voltammetry can be used to ID reactions at different voltages, you force a potential 
difference across your cell and any reaction at that voltage generates a current response

• There appears to be Bi induced reaction at 0.4 V, so what are the products?



Questions: Why does Sb not fully lithiate?

• Typically, you achieve full lithiation of the metal on initial discharge but that wasn’t the 
case, why is that so?

• Why was the Sb only shown to 50 cycles? Presumably because it has a much larger capacity 
and took about twice as long for a single cycle, assuming both sets were run 
simultaneously



Questions: Why is there diffusion of the metals with cycling?

• Is the movement a result of plastic 
flow in the lithiated phases

• 120C seems too low a temperature 
for simple diffusion

Bi before cycling Bi after cycling

Sb before cycling Sb after cycling



Physics Questions

• Why is the ionic conductivity of 
Li3Bi so high? 

• How does the relativistic 
contraction of the Bi atom affect 
the behavior of the Li-Bi 
structures? Does it provide some 
explanation for its catalytic 
nature?

W. Weppner and R. A. Huggins. Journal of Solid State Chemistry. 22 (1977) 297-308

P. Pyykko. Annu. Rev. Phys. Chem 63 (2012) 45-64 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.018301
https://www.sciencedirect.com/science/article/pii/0022459677900068
https://www.annualreviews.org/doi/abs/10.1146/annurev-physchem-032511-143755
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