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Electrochemical ion-recovery:

* Faster, low energy consumption

e Can handle various brine compositions including seawater

* Similar to Li-ion battery
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Can we computationally identify (better) intercalation

electrodes for electrochemical ion recovery?
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Workflow

Candidates

Selective ion recovery

g

Non-selective
desalination

Step | Step 2

Query first- Determine aqueous
principles cathodes stability of the
data across ions cathodes

composition

L

The Materials Project
materialsproject.org
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Pourbaix diagrams and aqueous (meta)stability
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Potential-pH phase diagrams indicating stability of a solid phase against

an aqueous reservoir

* Define a Pourbaix potential, ¥, and identify potential-pH regions
where W¢ is minimum for a given a solid

* W'=G"—puoNy —up Ny — Eq”

Classic Pourbaix: reservoir is water with dilute concentrations
(< 10¢ M) of ions

-1.5 .
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Pourbaix diagrams and aqueous (meta)stability
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aqueous reservoir for
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| = + LT + HPO4 =
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Actually non-classical Pourbaix! [Li]=0.75 M Fe(s) + Li* + PHO?~
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A solid’s region of stability depends on the aqueous reservoir
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Seawater Pourbaix diagrams and
seawater stability window
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Seawater: reservoir for electrochemical ion capture Constructing high-throughput multi-component
* Mpyriad of salts present at non-dilute concentrations Pourbaix diagrams: non trivial!

e Similar to brines., recycling sources * Compromise: consider top four elements in
* Each salt added is at least 2 chemical components seawater (Cl, Na, Mg, S)

* If not already present in the solid

Also account for overpotentials with H, and O, evolution » Include Ca +/- K in seawater if present in solid

* Seawater is slightly basic
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Seawater Pourbaix diagrams and
seawater stability window
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Also account for overpotentials with H, and O, evolution Seawater Pourbaix diagrams + seawater stability window

«  Seawater is slightly basic Target region for solid (meta)stability
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Metastability and overlap

* What defines metastability of a solid under
seawater?

e Should form a non-elemental, non-electroactive-
ion containing solid as a decomposition product

* Within a certain threshold
* Decomposition energy < 0.3 eV/atom
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Metastability and overlap

1
Fe,03(s) + NaClOy(s) +

%\ 1.0 HZPO"_QSTJMQHJ’ Fe>03(s) + NaClOa(s) + HPOa2~ + Li* + Mg2* + SO
* What defines metastability of a solid under = ..f [
S eawate r'? § . Cl” + Na” + Mg** +S04*~ Fe20s(s) + HPO42~ + Li* + CI- + I:\la+ +Mg2* + 5042~
* Should form a non-elemental, non-electroactive- lgosj i \F\
ion containing solid as a decomposition product = E=Sme———— =
s 7 8 8I5 9
pH
* Within a certain threshold S
* Decomposition energy < 0.3 eV/atom g T ey
g 2 Sl
* Should be metastable over a significant’ fol ]
o o . 2 : Te o e e o A
region of the seawater stability window L N o .
* 80% area (vide sequentiay [T e S
pH
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Intercalation voltages and metastability intersection

Metastability
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Intercalation voltage should pass through region of metastability overlap
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Intercalation voltages and metastability intersection

De-intercalated phase Intercalated phase = CZ2

Metastability

overlap - \oltage
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Intercalation voltage should pass through region of metastability overlap
ECS Fall 2026 | Sai Gautam Gopalakrishnan

And voltage to be
valid across entire
seawater pH range

And intersecting
metastability area
should occupy >80%
of the seawater
stability window



CoSiOy4 and Li;CoSiO4 (minus Li) don’t match directly
* But belong to the same host!
* Use computational graphs to classify ‘host’ structures N
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Computational graphs and ionic (non-)selectivity

® L ® Mg @ Ca Na B K Multi-ion / none

Nodes: O Experimental O Theoretical

Not (meta)stable / Diff. ions (Meta)stable

Edges:
— = (Meta)stable across pH 7-8.5 - Area > 80% across pH 7-8.£

FePO4
mp-20361

axFe3(P04)3
mp-1195335

NaFePO,
mp-746030

Graphs also encode ionic (hon-)selectivity!

lon recovery screening ECS Fall 2026 | Sai Gautam Gopalakrishnan I5



s fasiret Fizenet

S0, what do we get with this!?

Need seawater metastable host structures with compatible (de)intercalation voltage, large intersecting area of
metastability, and ionic selectivity (or non-selectivity)
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3 4 Transition metals Anions

Li Be

Na Mg

1QK ZOCa 21SC 22Ti 2SV 24Cr 2;\/h’] 26Fe 27CO 28Ni 29Cu 3OZI’]
ai:ib 3BSr 39Y 40Zr 41Nb 4;\/Io “Tc MRu 4sRh 46Pd 4j°\g 48Cd
Cs Ba o M e w [he s it "t v g
" Ra == Bt Do So Bn e M Bs Rg Gn

: queried electroactive-ion-containing
structures

Metastable: individual intercalated structures
(not pairs)

Stable: too few, only over a small seawater
region
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Statistics (without selectivity)

2

He

c N ‘o "F Ne 5 electroactive ions: Li, Mg, Ca, I\, or K
4 15 16 17 18 +
Si P S Cl A

| " At most 3 out of 15
Ge As Se Br Kr +
Sn s Te 1 % Atmost3outof ll
Po Bi Po At Rn . ' .
.. 20,414 possible structures from Materials Project
Fl. Mc Lv Ts Og

[ ' ' ' B ' ' 12536
10131
6

3598
2437 -
4
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780 -
3
1783
1185 .
6 [ Total electrodes
1153 [ Metastable in seawater
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I 1 1 1 1 L
10° 10 102 10° 10*
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Statistics (without selectivity)

Metastable at intercalation voltage @ Metastable throughout pH 7-8.5

@ Metastability area = 80% @ =1 experimental (dis)charged electrode Ye”OW: SatISers meta’Stablllty (Overlap and area)’ and
voltage criteria

Green: at least one structure in the computational
graph is experimental

21
@ No selectivity data included
K

Na

[ ' — | ' — | . — | . — 12536'
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structures Mg —ﬁssgs |

1344
Metastable: individual intercalated structures Ca 3 i |

. 1783
(not pairs) Na —ﬁ ! -
6 [ Total electrodes

1153 [ Metastable in seawater
Stable: too few, only over a small seawater “ S R PSS [ Stable in seawater

No. of structures

10° 104
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Combining all criteria: 1 | ion-selective, 8
non-selective hosts are promising
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s
\—>a Fer(POal

CaFeMoOg

Possible kinetic, capacity, synthesis, R
and cost limitations: | | ion-selective

a “ ‘
,,(_T ‘ ' “ Several candidates with Fe and P:

solid decomposition product(s)
FePO4

mp-20361 a I
NaFe3(PO4)3 Na,FeSiCO7 TiO, K14P16PdgOs6
a mp-556692 Cc mp-772135 a mp-1400963 mp-1224722
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Take-aways

* Intercalation electrode discovery can improve electrochemical
ion capture, for ion-recovery and desalination

JULICH

Forschungszentrum

/.
* Seawater Pourbaix diagrams + stability windows, re-defining
metastability, requirement of overlap and maximizing (@SERB
intersection area, optimal intercalation voltage, computational 11 N DIA
graphs for ionic (non-)selectivity

* 20,414 structures in Materials Project = 11 promising ion-
selective, 8 non-selective (1 desalination) hosts

“Identifying intercalation electrodes for electrochemical ion recovery and desalination”, S. Purohit, A. Kuhlmann, M.

Huck, H-G. Steinruck, and G. Sai Gautam, under review [arXiv 2610.20834 (2026)].
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