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Harnessing the power of water

Gravimetric Density (kWh/kg) T \V) K¢
0 5 10 15 20 25 30 35 | -
PR3 | L OER: 2H,0 — 0, + 4H* + 4e
_ : Diesel 410 y |
.y ® Gasoline S / ‘ \ + -
= B E-10 e N
> : =1
= Ethanol Propane (liq) 3
E 20} o % Methane (liq) 18 9 ® ,g ZHZO - 02 + ZHZ
3
.é’ e Methanol 14 g g g
%’ 10k Methane (250 bar E 2 © .
2 e 2(lQ)e ], 5 (3} 3
> H, (700 bar) ¢ = MO, EXP.
H, (350 bar)®
0 1 1 1
0 20 40 60 80 100 120 0 k

Gravimetric Density (MJ/kg)

E (V vs SHE)

<

RuO, Ir0,
$18,315/kg $155,727/kg £
- Ru: $24,113/kg Ir: $181,651/kg

ACS

Chemistry for Life®




Tran, R,, Lan, J., Shuaibi, M., Wood, B. M., Goyal, S., Das, A., Heras-Domingo,
Th e O en Catal S-t Pro . eCt 2022 J., Kolluru, A., Rizvi, A., Shoghi, N., Sriram, A., Therrien, F., Abed, J.,
p y J Voznyy, O., Sargent, E. H., Ulissi, Z., & Zitnick, C. L. (2022). ACS

Catalysis, 13,3066—3084. https://doi.org/10.1021/acscatal.2c05426

Open Catalyst 2022 (OC22) Dataset f='z\ The Materials

PR AR
Contains: o Applications:
e mo . vars wsiesan
il - K Ca S TV € o Co M G Go G s e 8 K0
e weterspiting R Sr ¥ 2N Mo T R P A 1 555 T 1 e
SHNE, I o Cosa HTa W RO i P Aubg T P i o Ak in
. ' o8 W N ..

o < (SERE saters e s o o T
— el e
polarization "¢~ - H,

production
Vacancy
defects

= Equilibrium
nanoparticle

Binary oxides - shape

Fundamental Al =
Research (FAIR) \

/ /
/
).l 5
(&

!
-
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All data available at UH
Datab ase SCOpe Dataverse Repository under:

¥ Texas Data Repository
# Predictions 6,068,572 https://doi.org/10.18738/T8/APJFTM

» cell: =]
# Materials 4,119
natoms: 121
’ ) tags: [
entry_id: “mp-753534" » fixed: [
slab_formula: “HCo24KH122074"
= # Slab predicti 191,902 o
!OH a p re I C IO n S ) bulk_reduced_formula: "HfCa03" database: e
slab_rid: "'5lab-odulellfSweT1qFKuMng" adsotbutes o
slab_rid: "5 lab-oduleH1fSwcT1gFKuMng”
M * liller_inde)( - L] rid: "ads lab-4MwSCzaanl L12gV39vh"
bulk_formula: "Hf4 Cod4 012" » miller_index: (]
Ave. # slabs per material 47
- bulk_formula: “Hf4 Cod 012"
bulk_chemsys: "Co-Hf-0" & BUlIC coRpoatesani oy
. . . bulk_energy: -185. 36058648 bulk_chemsys: “Co-Hf-0"
# Adsorption predictions 5,876,670 .. et
calc_type: “adsorbed_slab"
= slabs:
func: "GenNet-0C"
» adslab-NznPOzQDSzolCVz17Erg:  {.} fadss 1
. 4 i ye -972.009194423662
aX I e r I n eX » adslab-RrVAR1yBWESZMWCRTIC: .} unrelax_energy: -966.3862915039062
» adslab-wlloAyASwlar3fMeZykz:  {.} » pos_relaxed: [®]
» adslab-6JyuSuw3LUWbWXOBKEbA: L.} max_force: 0.03795161843299866
» site_properties: {.}
» adslab-BbE0Y9ACpEfi IRYmMVCIS:  {.} ¥ g dilit;g1u8 Pcaorisn L
» adslab-IM1YD6BcTcGGzx3450aD:  {.}
» adslab-M5]LD0BFmgz0QVFbIKT: {.}
» adslab-MUZXSNGMZIGUA]7dDWes:  {.} »eells L1
. » atomic_numbers: [-1
1,972,166 667,266 3,237,238 P el SRR LW
’ 4 ) ) ’ » adslab-DKFLZOKVZLWI1TOWRMN2:  {.} » tags: L1
» adslab-]ISFEYGMVPKFPTtyMed6: (.} b flxedz L1
lab_fs la: " f &
» adslab-SAKZ7CiRz42u2 IL3XFH: .} i P
O C 2 2 D FT d at a Set . . » adslab-61paQtINm7d4tApHKCF:  {.} database: ap
OC22 prediction dataset st Lsvoavonsior:
» miller_index: [.]
» adslab-sAUnyIKnXT2SEnWu3HTY {.} bulk_reduced_formula: —
» adslab-ns]hecFKyoZDeDEWNIAOL: {.} bulk_formula: “HT4 Cod 012"
» adslabzBnardWTMUGUELQXZ60s]:  {.} b bul_compasition: L
. 00 H * . » adslab-7T5FdeuwIBms@gINyztl: {.} :1:’::::::5 —:;H;;:ssma
We can su b St | t ut e A G Wi t h . adslab-R1d630wvqteGlalXdDc2: L.} cale_rype: “bare_slabt
.
adslab-4)MwSCzaanl112gV39Vh: func: “GemNet-0C"
* * - y: -961.257469919474
’_‘ OOH Q OH 2 » adslab-PBhT9BWCNWOACrSbZaY: L.} snrelax_eneray: 452, 5406850351562
I [ » adslab-z1riw5SIBFdLolb@1Prva: {.} » pos_relaxed: [ ]
Ab=0 - a a max_force: 8.834434086894803047
» site_properties: {.}
» pmg_init_slab_fcoords: (W]
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High throughput screening

Pourbaix stable /
Surface stable ,_f

Activity

Materials project information

Machine learning prediction
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OC22 dataset

Top 5 lowest E,

Max # of atoms in bulk: 150
1720 bulks with U-values
Unary bulks: 318

Binary bulks: 4,414

Total bulks: 4,732

Manq Flavorg of éhomi;'l'n,



. e Singh, A. K., Zhou, L., Shinde, A., Suram, S. K., Montoya, J. H.,
P O u r b al X S t ab I I I 'ty Winston, D., Gregoire, J. M., & Persson, K. A. (2017).
Electrochemical Stability of Metastable Materials.
Chemistry of Materials, 29(23), 10159-10167.
https://doi.org/10.1021/acs.chemmater.7b03980

1275 Solids '
< Solids tAqueous  g;
10+ x Aqueous

. GaP
Pourbaix stable (T, U, pH) 1,853 8t inp<
surface W GaAsx
. . — 6 e 4
paSSIVatlonllléull quZIlllllllgdlsli(lllllll [ ]
AGPBX < 05 ch\Ti 4
W FeVO,
L L
AGpgx(pH=1,U=1.8,T = 80°C) < 0.5 eV z Fevoj .
2V 418
Lf>>, 508 V—Cu3VZOB
— O
_ . = BiVO,
AGpgyx from Materials Project: 0.6/ d
Jain, A,, Ong, S. P., Hautier, G., Chen, W., Richards, W. D., Dacek, S., i Cuwo ® 0
Cholia, S., Gunter, D., Skinner, D., Ceder, G., & Persson, K. A. (2013). 047 o‘° < . - % N 8 T
. . . (N —~ o
APL Materials, 1(1), 011002 1. https://doi.org/10.1063/1.4812323 meta Stablllt¥ oo §N = X quf
EEEE l,iilla‘,!ﬁllll$ﬂ0llllliill1l
Mippx <02eV " T € " o'y o0 & o

0O 2 4 6 8 10 12 14
pH
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Surface stability

. O _
Pourbaix stable (T, U, pH) 1,853 2

Stable surfaces on 1,539 mats.
Wulff (T, U, pH) 11,918 surfs.

(0001)
(1011)
(1010)
(1120)
s‘as‘ows‘o's.o” ‘:.::.::.x >
Auy = —-2¢elV Apy = —1eV Ay = 0 eV ] Il

' ACS
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OER activity (overpotential)

Pourbaix stable (T, U, pH) 1,853

Man, I. C., Su, H.-Y., Calle-Vallejo, F., Hansen, H. A., Martinez, J. I., Inoglu, N. G.,
Kitchin, J., Jaramillo, T. F., Ngrskov, J. K., & Rossmeisl, J. (2011).
ChemCatChem, 3(7), 1159-1165. https://doi.org/10.1002/cctc.201000397

AG,
. 4
Stable surfaceson 1539 mats. | 77 0o T vctan o AGs | ]
Wulff (T, U, pH) 11,918 surfs. IAG a0
. >, 0 47 AT RDS OER
Active 101 mats. = . qﬁ_G_ll_]Q’i&_ AGy
<
n<0.75V 512 surfs. o v
” [ NoER
(0) (1 2 (3) (4)
H,0+H* +e” + OH* 3(H* +e‘b+ CBH*
AGrps = max(AGy, AG, — AGy, AG3 — AG,, AG, — AG3,) @ o @ o,
o
Overpotential: pgr = AGrps — Udgr L 4 °
UgER = 1.23V vs SHE 2H,0(y +x* H0)+2(H Y +e7) + 0° *+0,5) +4(H" +e7)
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Metastability

Pourbaix stable (T, U

Stable surfaces on
Wulff (T, U, pH)
Active
n<0.75V

Metastable
l;hllll <0.1eV

, PH)

1,853

1,539 mats.
11,918 surfs.

101 mats.
512 surfs.

Ey,i from Materials Project:

Jain, A., Ong, S. P., Hautier, G., Chen, W., Richards, W. D., Dacek, S.,
Cholia, S., Gunter, D., Skinner, D., Ceder, G., & Persson, K. A. (2013).
APL Materials, 1(1), 011002 1. https://doi.org/10.1063/1.4812323

1.0 1
Fy .
P . Z " Aykol, M. et al. (2018). Science
92 § " x i ® 9 Ad.vances, 4(4), 1—8..
%ie] I i %o = doi.org/10.1126/sciadv.aaq0148
é o . ;AQ i 4 o I
:5','0.4- = ‘ - ‘5. 8 i‘ ] r::T 4 5
g A% lof 8o B 2 TONE fole ’ HEH H H
IR 5 g1 o7ERy deR.e B o Metastability limits:
Zom A r’q.l 'I!II‘I.’ ‘ !i‘ i"'l__l‘l:llllll
rToe [ —_— ° 44
o Ad,at L4 td
0.0 ' :'0"“‘ "-0;‘ !‘t.f. :h" .‘ |‘°=‘ Ehu"< 0'2 ev
SC8E23°8¢8838258582859¢37 25868525 8888822¢
94 @@ OSGIvgBUBTENIESSL FOUGRETT FSZSS NN
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Material cost

Pourbaix stable (T, U, pH) 1,853 Cost < 518,315/ ke
Stable surfaces on 1,539 mats.
Wulff (T, U, pH) 11,918 surfs.
Active 101 mats.
n <075V 512 surfs.
Metastable - RUO, Iro,

Epun < 0.1eV
= $18,315/kg $155,727/kg

Ru: $24,113/kg Ir: $181,651/kg
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Final candidates

2,778 (w/ : , ,

nanoscale  Pourbaix stable (T, U, pH) 1,853 Space | # | 0 | Erox | Ena | Cost
stab|||ty) Formula Eroup facets | (V)| (eV) | (eV) | (% kg)
HgSel), Fmni, 2 0.8 0.00 | 000 | 6547

2,430 mats. Stable surfaces on 1,539 mats. Ni(BiO,), | Pdg/mnm | 4 | 036 0.00 | 0.00 | 2088
18,501 surfs. Wulff (T, U, pH) 11,918 surfs. Na,Se,0; | P1_ | 2 | 021 0.00 | 0.00 | 110.43

. Ag,0, P2, /e 4 033 0.00 | 0.00 | T14.77
159 mats. Active 101 mats. PbO, | Pdy/mam | 2 [0.33] 000 000 | 241

816 surfs. n < 0.75V 512 surfs. Mg(BiOy), | Pdo/mnm | 3 [0.52] 0.00 | 0.00 [ 20.41

ApO . Ceem | 2 049 0.00 | 0.00 | T45.4]

Metastable Ag0 | C2e 2 [051] 001 | 0.01 | 745.41

147 Enun <0.1eV 92 PbQ, Phben 2 | 0.56| 0.01 | 001 | 241

Co(BiOy), | Pdy/mnm | | 0.33) 0.02 | 0.02 | 24.34

2
Cost < Ag0 | Px/e |3 050 004 | 0.04 | 74541
$8,346 Bi, 0 | P'} | 2 ."'?E. 0.04 | 0.00 . 22.67
FeCoyOyy P 4 041 006 | 007 | 31.63

Acs s PRI N G 2024 Many Flavors & Chemistry e



Limitations of Pourbaix stability

Gunasooriya, G. T. K. K., & Ngrskov, J. K. (2020). Analysis
of Acid-Stable and Active Oxides for the Oxygen
Evolution Reaction. ACS Energy Letters, 5(12),3778—
3787. https://doi.org/10.1021/acsenergylett.0c02030

Fe(Sb0,), © FeSbO, [ Moo, © FesSbo, @ T(WO,),
Co(Sb0)), 4 Gasbo, & Ti(GeO)), @ Fe(Sb0), TiFesbo,
BiSbO, () FesbO, £3 MoWO, [ CoSbO, * o,
Ni(SbO,), @ FeAg(Mo0,), A TiSnO, @ Sn(WO),

Pourbaix stable (T, U, pH) 1,853

Li Be . . B C N 60
Yaterials 1 Acid-Stable Periodic Table
~Project = M 14
£ AGy, Na Mg Al Si P |50 N
~ N (6] 125
i 1 2 2 25
x * o«
2 , . 40 5 108
O K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As 0] =
> 2 1 1 16 4 11 2 1 2 1 11 <
Gy, <05 Potential (V) 30 08
eV(/g;;Jm (b) Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn
2 11 1 1 16 .
¥ £ 20
Small E, £ Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi 04
&Low E, S 1 1 8 2 1 1
(15) < r10 0.2
ﬁ 0.5 1.0 1.5 2.0 2.5 3.0
AGO* - AGoHt (EV)

68/47,814 stable candidates! —

17 candidates w/ Nogr < 0.8 eV

Wang, Z., Zheng, Y. R., Chorkendorff, I., & Ngrskov, J. K. (2020). Acid-
Stable Oxides for Oxygen Electrocatalysis. ACS Energy Letters,
5(9), 2905-2908. https://doi.org/10.1021/acsenergylett.0c01625
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Overpotential assessment

4[" 1.00
Rb

HEERI
B =S Au
= A 1“‘
30 3 Ly
5. Sc 0.80
Cr Mn Ni Cu Se o Ge
20 = Hf
; In
10 © y Ce 0.60 5
N Na =
IR BRCEREREE " A, - : :
< Se c
L 1 b 1 1 T | Co 3
T L :
| 10402

Are there other oxides with low

overpotential that are unstable? Is / o
there a way to synthetically access A /ZM” '

these candidates?

4'\"\'\ N '\'\H\'\'

| Ba SrMn Al ZnCa Cr Ti Ni Y W Mo Co Se Na Ce Be In Hf Ge Sc Lu Ru AuRb Ir

0.00

AGS SPRING 2024 Mo Pl < Chonictry [ S8



Pourbaix
formation

Nanoscale stabilization energy of bulk Weighted

surface energy

per unit cell @

Wulff shape
— —4.15eV (NP analog)

ESSN205 = —a.14 eV

CazTigog

EPBX

Q' " \r L/ Q' Q’ \'

0000
S

[ )7 - Z )/hk
200 400 600 800 1000 hkl

Particle radius (A) fi4., = fractional area of

plane (hkl) on Wulff shape




Revised screening mechanism

Space # n |Epex | Enur | Cost

Formula group facets | (V) | (eV) J(eV) | ($/kg)

Cr,WO, | P4y/mnm | 2 |0.25]) 0.52 §0.00 | 20.20
TICuO, R3m 2 043 052 [0.05 | 4091.65

i Y (FeO,), PI 2 053|054 Joo1 | 11.23
Pourbaix stable (T’ U’ pH) 1,853 Sr,TLO; | P2;/c 2 037055 J0.00 | 3694.92
ZrCo0, P1 3 046 055 [0.10 | 3283

Stable surfaces on 1,539 mats. Tvo, | P2 2 058|056 J002 | 120.33
HfFeO, | Pnma 2 | 053] 056 [0.06 | 569.53

Wulft (T, U, pH) 11,918 surfs. Mn,CuOq | C2/m 3 039|056 [0.07 | 351
i CoCu,0, | Pmmn 3 |042| 057 |0.07 | 1894

Active 101 mats. MnSe,0, | Pben 2 050 | 0.58 [0.00 | 79.03
n<0.75V 512 surfs. CrtMoO, | Cmmm | 2 | 042 | 059 |0.00 | 21.89
KMn,O0, P1 2 [ 047 | 0.60 |0.00 | 185.55
Metastable Ba,TLO, | Pnma 2 [034] 060 J0.00 | 3213.59
Ehull <01eV 92 LuMnO, Pnma 3 0.54 | 0.61 J0.05 | 4722.98
TiMnO, R3 2 [028 | 062 J0.00 | 5.36

< KBiO, C2/ec 2 027062 (000 | 15883
ggs; e Not bulk stable, —x, Re0, [ C2/m 2 1030 062 |0.00 | 1406.49

! but nanostable  CuTeO, | Cmmm 3 |054) 063 |-5.71| 177.66
ScCrO, Pnma 2 1046 | 063 §0.04 | 1077.47

Ta,CrO, | P4y /mnm 2 0.56 | 0.64 J0.01 | 109.26

MnSnO, R3 2 1043065 J0.00 | 1871

ACS
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Alternate screening mechanisms

Temperature (°C) 60 60 80 80
Applied Potential (V) 1.8 | 1.2t020 | 1.8 | 1.2t02.0
Bulk 1224 99¢ 120 99"
| Bulk/Wulff 83b 62/ 817 62" |
[ Bulk/Wulff/Nano 111° 83¢ 121F 84° ]
Buix/Nano 168 129 18T 129”7 Nanoparticle PD

Bulk Pourbaix

200 400 600 800 1000

=y P | 5 IA\
raliucic rauius ]

ACS

Chemistry for Life®



Validation

Gunasooriya, G. T. K. K., & Ngrskov, J. K. (2020). Analysis
of Acid-Stable and Active Oxides for the Oxygen
Evolution Reaction. ACS Energy Letters, 5(12),3778-
3787. https://doi.org/10.1021/acsenergylett.0c02030

i 777 7 N
51 --- MAE=0.42 [ ® . ] -=-- MAE=0.22 / 4 401 &1 @sn(woy), - MAE=040,-”
/7 7 1.4 V4 4 Q rd
@ OH @ /925¢Q¢ . @«sno g e \\"-’.: ) *;d:re;mﬂ' 1
e N2 pid 7 , 354 ] P d
1/ @ O ’ 1.2 - ] e L . I @ ,O* colered
. @ OOH NaySe,0 - T ,'ﬁSnO & OFi* cotered
—_ - s
% AgZSeO3. S 104 /// /// ; 3.0 | 4 ’,/ J,J ,"',
~—" N— 4 Ve I r e
7’ 7/ P— 1 # # #
%) o —_—r e _* * # #
g 8 0.8_ ] /// N 2-5 : , ri ,’J
I 7’ 1 s >
3 < | Q 20{ V! o
— = 0.6 : Cg- o, |
IE a : 1.5 4
0.4 1 I
|
1% 1.0
0.2 1 : Ie [
pr il
T T T T T T T =I T T != T T T ﬂ 5 1‘
0 1 2 3 4 5 02 04 06 08 10 12 1.4 05 1.0 15 20 25 30 35 4.0
ML AGgaqs (V) ML noer (V) n Gunasooriya & Ngrskov (V)
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[ . A .
O n C u S I O n | == v iideal) —_— =0 {LaMnds) ___A_r
== U=123V {Ideal) — =123 {LaMaly) . 3

 We have created a database of ML predicted TOTAL DFT
energies for bare and adsorbed surfaces of oxides for OER

« Doing so allows us to perform complex surface analysis that
typically requires enormous amounts of DFT calculations:

* Prediction of overpotential

2,778 ,
nano‘;“g”a/le Pourbaix stable (T, U, pH) 1,853
stability)

* Prediction of Wulff shapes e )
* Prediction of nanoscale stability tsomats.  ACHVe 101 mats

816surfs. 1 <0.75V 512 surfs.

 The available of such analysis without the need of DFT allows e etastable g,
us to construct complex screening frameworks for identifying o
oxides for OER 3
 Identified 81 viable candidates for OER, with 40 additional 3)
candidates when considering nanoscale stabilization -
™ ) Parté:ge radGi?Jos (A) e
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General Counsel Flint Lewis at
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