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Energy sector contributes 76% of global GHG emissions
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Data source: Climate watch, World GHG Emissions by Sector 2021



Electrochemical technologies have a key role to play...
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...but getting enough in the right places is hard.



The ‘electrochemical’ (r)evolution?
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Adapted from: J. Castro-Gutiérrez, A. Celzard and V. Fierro, Front. Mater., 7 (2020) 217, DOI:
10.3389/fmats.2020.00217

We can tune the materials properties of the electrochemical technology to the target application.



Change the materials and change the technology
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Change the materials and change the technology

Li-ion:

Zn-air:

Fuel cell:

Electrolyser:

Negative electrode ELECTROLYTE Positive electrode

Adapted from: T. Heenan, C. Tan, J. Hack et al., Materials Today, 2019, 31, 69-85



Same materials challenges for different technologies
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Two key challenges for characterisation with imaging...



1. They are ‘multiscale’, spanning length and time scales

Fractions of seconds
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R. Ziesche, J. Hack et al., Nal. Comms., 13 (2022),
https://doi.org/10.1038/s41467-022-29313-5

J. Hack et al., Electrochim. Acta, 352 (2020) 136464,
https://doi.org/10.1016/j.electacta.2020.136464
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Multiscale imaging can help us access different features
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‘Seeing inside’ devices with 3D (and 4D) imaging
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Choosing whether to do ex-situ, in-situ or operando

Potentiostat

Ideally, we can study the
same location/ feature/
material over the course of

Sample Detector
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360°
rotation
Imaging Imaging
dataset; .. dataset;
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Imaging
dataset;
t=0+y

Etc...

the degradation test,
cycling lifetime - but this
depends on the source,
the instrument, the cell
design.

ex situ in situ operando

N. Schliiter, P. Novak, D. Schréder, Adv. Energ. Mater., 12
(2022) 2200708, https://doi.org/10.1002/aenm.202200708




X-rays and neutrons are complementary
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Multi-modal correlative imaging is the ideal
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2. They all have failure modes across length scales (at hidden interfaces)
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Fuel cells as an example - deep dive into inhomogeneity
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Fuel cell catalyst layers (CLs) are very inhomogeneous from the start.

- Some fluctuation in volume of each phase across the MEA. Universidad
ucdm | Carloslll
J.Hack et al., J. Electrochem. Soc., 167 (2020) 013545, 10.1149/1945-7111/ab6983 de Madrid



Multiscale inhomogeneity is present from the start

(Cooper et al., SoftwareX (2016))
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The way water is produced is also non-uniform...
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Plus quantification of water volume
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High-speed for neutrons = 36 s per scan!

R.F. Ziesche, J. Hack et al., Nat. Comms., 13 (2022) 1616. https://doi.org/10.1038/s41467-022-29313-5
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And the flow field design greatly influences water distribution
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We can also understand how individual droplets evolve

Results of operando neutron CT (after 3600s @ 400 mA cm2) Understanding droplet type and evolution
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Inhomogeneous start leads to an inhomogeneous end

Accelerated stress tests (ASTs) allow
us to degrade cells on a reasonable time
scale - i.e. hours to days (not 10 years!)
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Extent of electrochemical-induced cracking varies along

the flow channel
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This leads to a collapse of the CL structure and degradation
on the nanoscale
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Using X-rays to go really fast — studying Li-ion battery safety

Internal short-circuiting (ISC) device used
to mimic the effect of a defect.

a Top: 6 layersin  Middle: 6 layers in Middle: 3 layersin Bottom: 6 layers in

Custom-built calorimeter allowed for correlation
of high-speed imaging to thermal behaviour of
cells.
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D. Finegan et al., 417 (2019) 29-41, https://doi.org/10.1016/j.jpowsour.2019.01.077

Example: Placing ISC device near the top of the cell.
Visualised by high-speed
radiography (>2000 fps).

Thermalimaging\(50 fps)
shows breachof casing.
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Or much slower to study alternative cell chemistries

Whereas Li-ion batteries can discharge in less than 1 h, zinc-air batteries take several days. Time (h) E-CHEM
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Average mass utilisation (%)

Zn0 passivation and poor conductivity are a key barrier
for realizing rechargeable zinc-air batteries
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Where do we need to go next with imaging?

Synchrotron sources and lab-based X-ray CT instruments have been continuously improving.
Now we can...

Go faster Scan more samples Achieve higher resolutions Generate more data!

-

Images courtesy of Google Gemini 27



This means it’s possible to achieve ‘super-resolution’

. Enabling correlative
One super-resolved image

. . Comprising: low-res, large FOV multiscale model generation
obtained with lab-based CT! high-res, narrow FOV, t :
Gas channel (millimeter) USing Al

Gas diffusion layer (micrometer)

a)

b) Flood

o a) Full field of view low-resolution image
Catalyst layer (nanometer) il

I 0.2 mm
Channel Land

b)

Low-res scans collected in ~2 hours, whereas high-res scan took ~11 hours!

Could multi-modal be a solution instead... or as well? )8



And we can start moving towards multimodal imaging
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We should start using more data and repeating things (which is a big challenge
for inhomogeneous materials found in electrochemical devices)

= HOW Can We Condense >5 TB Of bea mtime data Comment | Opén \ccess \ Published: 11 November 2022

: : i la? Error, reproducibility and uncertainty in experiments
Into one journa Larticle for electrochemical energy technologies

- How can we rigorously analyse all this data,

Grahamsmith™ & Edfund J. F. Dickinson

CO nSid e r n O tWO eleCtrOC h e m i Ca l d eVices Nature Communications 13, Article number: 6832 (2022) ‘ Cite this article
perform the same? | | |

Laboratory 1, repeat 1 —e—
Laboratory 1, repeat 2 —e—
Laboratory 1, repeat 3 —e—

Laboratory 2, repeat 1

Journal article Laboratory 2, repeat 2
with 5-8 figures

Laboratory 2, repeat 3

-10 -5 0 5 10
x/ units

Smith and Dickinson., Nat. Comms., 13 (2022) 6832
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And we should . .
be tI'YiIl.g tO dO UK's Al ambitions could
this
sustainably...
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Critical materials: a critical time for electrochemical technologies?
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Critical minerals list: (even more?) critical for electrochemical
technologies?
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And not forgetting the environmental challenges too...
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