
Science in char ge of char ging

Today?s rechargeable batteries are a 
wonder, but they?re st ill far from perfect. 
Eventually, they wear out and need 
recycling and (sometimes expensive) 
replacement. But what if batteries were 
indestruct ible? A new analyt ical approach 
to building better batteries could help 
speed the arrival of that day. 

Researchers from Stanford University 
and collaborators at Berkeley Lab, MIT, 
and other inst itut ions recent ly developed a 
machine-learning method to quant itat ively 
analyze high-resolut ion microscopy images 
from a battery cathode material. Their 
image-learning framework was able to 
extract the underlying physical relat ion- 
ship between strain and composit ion, a 
fundamental material property relevant to 

battery failure. Eventually, the researchers 
say, the revelat ions could lead to batteries 
that last much longer than today?s.

The nanofr actur e factor

A material?s performance is a funct ion 
of both its chemistry and the physical 
interact ions occurring at the atomic 
scale, what scient ists refer to as 
?chemo-mechanics.? What?s more, the 
smaller things get and the more diverse 
the atoms making up the material are, the 
harder it  is to predict how the material 
will behave. 

For example, the cathode in a 
rechargeable battery is the source of the 
lithium ions that flow back and forth during 
each charge?discharge cycle. The 
mechanical strain on the cathode material 

eventually results in nanofractures, leading 
to battery failure. 

Lithium iron phosphate (LixFePO4, or 
LFP) is a cathode material that?s gaining 
popularity with electric car makers and 
other battery-intensive businesses. 
However, key quest ions remain 
unanswered regarding the material?s 
elast icity and deformation, part icularly 
when lithium-rich and lithium-poor phases 
are present simultaneously.

Cor r elat ive image lear ning

In this work, the researchers combined 
two complementary, high-resolut ion 
microscopy techniques. First , a new kind of 
scanning transmission electron microscopy 
(4D-STEM), performed at Berkeley Lab?s 
Molecular Foundry, provided information 

Scient i f ic 
Achievement
Researchers extracted the relat ion- 
ship between strain and composit ion 
in a battery material by applying 
machine-learning methods to 
atomic-scale images obtained in part 
at the Advanced Light Source (ALS).

Signi f icance 
and Impact
The work could lead to more 
durable batteries and also highlights 
the potent ial of integrat ing 
microscopy techniques with 
machine learning to gain insights 
into complex materials.

Part icles of a promising rechargeable-bat tery cathode material (lithium iron phosphate) were 
imaged using elect ron- and x-ray-based microscopies, providing complementary st ructural and 
chemical informat ion, respect ively. The data from the images were correlated in a mult i-featured 
image stack that  was then used to t rain a machine-learning algorithm to ascertain the relat ionship 

between composit ion and st rain.

A Machine-Lear ning Appr oach t o 
Bet t er  Bat t er ies
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about localized strains in a given part icle 
by measuring lat t ice deformations. Second, 
x-ray spectro-ptychography, performed 
on the same part icles at ALS Beamline 
7.0.1.2 (COSMIC), provided nanoscale- 
resolut ion, element-specific maps of 
lithium composit ion. The images were 
aligned into stacks containing each 
part icle?s correlated composit ional and 
structural features. 

To extract the connect ion between 
composit ion and strain, the researchers 
applied a machine-learning algorithm 
that took into considerat ion the data, 
theoret ical models, and physical 
constraints. The results showed that 
the strain varies almost linearly with 
lithium composit ion? a direct, nanoscale 
validat ion of Vegard?s law for alloys, 
an empirically derived relat ionship 
between an alloy?s lat t ice constant and its 
elemental concentrat ion.

New dir ect ions for  t he futur e

The researchers note that, in addit ion 
to being relevant to improving battery 
lifet imes, their method is generalizable to 
most crystalline materials, part icularly 
those that are difficult  to characterize. 
They also ant icipate that the approach can 
be adapted to dynamic systems, where 
laws governing react ion kinet ics and 
transport can be learned. 

One pract ical outcome might be 
battery-control software that manages 
charging and discharging to improve 
battery life. Another is the development of 
more accurate computat ional models that 
allow engineers to explore alternat ive 
electrode materials on a computer.

In general, this image-learning 
framework provides both the means and 
motivat ion to develop a more fundamental 
understanding of the mechanics at play in 
funct ional materials, demonstrat ing the 
potent ial of merging correlat ive 
microscopy with physics-constrained 
image learning for scient ific discovery.
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Scanning t ransmission x-ray microscopy (STXM) images of LFP part icles used for x-ray 

spectro-ptychography, grouped according to Li content . Part icles were chemically delithiated to 
simplify the morphology of the biphasic group. The dot ted yellow line is a schemat ic representat ion 
of an applied voltage, indicat ing where each group would occur in the elect rochemical charging 
process. Part icles P2?P5 were selected for t raining, and P1 was used for test ing.
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