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simulation of 1 KOH 4 KOH 10 KOH
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¢(KOH) [mol L] 0.56 2.32 6.26
w(KOH) [%)] 3 12 28
box size:

x [A] 14.41 14.21 13.85

y [A] 14.41 14.21 13.85

z [A] 14.41 14.21 13.85
angle [°] a =90 B =90 v =90
number of atoms 297 288 270
duration of time step [fs] 0.5 0.5 0.5
temperature [K] 333 333 333
simulation time [ps] 200 200 200
energy drift [Ha/fs] 4.7-107° 9.8-107% 1.6-1077
simulation of 14 KOH 18 KOH 25 KOH

in 72 H,O in 64 H,O in 50 H,O

¢(KOH) [mol L] 9.18 12.25 17.89
w(KOH) [%)] 37 48 61
box size:

z [A] 13.64 13.46 13.24

y [A] 13.64 13.46 13.24

z [A] 13.64 13.46 13.24
angle [°] a =90 B =90 ~ =90
number of atoms 258 246 225
duration of time step [fs] 0.5 0.5 0.5
temperature [K] 333 333 333
simulation time [ps] 250 250 350
energy drift [Ha/fs] 57-107%  1.1-1007  1.1-1078

X LEETERAHT AT LTI . AR CP2KPT20 TR MBSy ey, Fmd i T

FEHRIE N 333 K F A
HL T i

TR KT Jr T B A . Bl e 200 ps,

5 0.51s HH—HTEEE,

X BB A AT AR % s PEe (DFT) 647 7 881, 1042 Bk Quickstep®® Al

T R B RS 3 YR 4 s R DASE BRGNS . B T BLYP 12 BRifE R XC 12 8
T #2835 DZVP-MOLOPT-SR-GTH*", GTH-BLYP JE&#+48-50 F| Grimme [1)523F @ Bk 1IF TE =
TR I BRI SR ELSERER

(])3)51,52a %

LERLY TR
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AIMD FER R R BT AT A (E AT P -

# 3: FFMD Bl 54075

simulation of 256 H,O 256 H,O 256 H,O 256 H,O 256 H,O 256 H,O
emulating w(KOH) [%] 3 12 28 37 48 61
temperature [K] 288 278 268 253 243 228
box size:

z [A] 1971 1971 19.71 1971 19.71 19.71

Y [A} 19.71 19.71 19.71 19.71 19.71 19.71

z [A] 19.71 19.71 19.71 19.71 19.71 19.71
angle [°] a = 90; 8 =90; v =90
number of atoms 768 768 768 768 768 768
duration of time step [fs] 0.5 0.5 0.5 0.5 0.5 0.5
simulation time [ps] 2500 2500 2500 2500 2500 2500

o ]

KOH Wit it il 5 B Hl i b E AL (Zahner®Zennium Pro) #E47HL L2 AL IG
(EIS) M5, A MAEREAT o (00 T PHO AR B (Ni 2.4060) @ VE il . AR
BRI RE RN 18.2cm?, B2 AIREE BN 3.17 cm. HLEWGE M KOH ik (> 85.0 %) 1 Millipore
K (18.2MQem, 1 25°C F) FBERCHIAT. A~ 100mV F DAMEZE AT, fRIE
10mV, FERJEEA 1 £ 300000 Hz, £ 66 Hz AN e 7 AE+4F 4 22H1 4 AN JFI, #E 66 Hz DAL
Vet TAETAF 10 1 20 AR WEEPRIE S — R0 (ULIE 10), A il — 4 R
s PN LA —MERE DG (CPE) 41

O—"LC l ! ! \—O—O—iﬁc |—G—9—0—9—9—|m |—G—9—'—O
:m” I]

# 10: T A EIS A SRR, t— A . N B A — MBI oo (CPE) 4.

Ry T3 KOH ¥ o i 3, M A3, A SRR, m i gmfz

15



[ Y P

A
0 = R’y (3)

Supporting Information Available

SCRHERATHE Wiley R4k BB AEE L3RS .

Acknowledgement

AT L TAB BRSUNIL “KapMemLyse” Hyved 3. BT RIHIVR A T A5
LT A B, HFHIE Henning Schwanbeck ik, W A1HIBIHRIL T s BAOBIITERS

FIERnh5E
{5 WA Flgnh 2.
B nl JHPE S

SCRFASBIFSE K BB TR A B KT ACE IR b 3RA5

Kt

PR TRE BB AL, BT, SEEIRES a5, el sl 2 RER

References

(1) Hren, M.; Bozi¢, M.; Fakin, D.; Kleinschek, K. S.; Gorgieva, S. Alkaline membrane fuel cells:

anion exchange membranes and fuels. Sustainable Energy Fuels 2021, 5, 604-637.

(2) Mukerjee, S.; Yan, Y.; Xu, H. Hydrogen at Scale Using Low-Temperature Anion Exchange Mem-
brane Electrolyzers. ECS Interface Magazine 2021, 30, 73-77.

16



3)

(10)

(11)

(12)

Henkensmeier, D.; Najibah, M.; Harms, C.; Zitka, J.; Hnét, J.; Bouzek, K. Overview: State-of-
the Art Commercial Membranes for Anion Exchange Membrane Water Electrolysis. Journal of

Electrochemical Energy Conversion and Storage 2020, 18, 024001.

Park, J. E.; Kang, S. Y.; Oh, S.-H.; Kim, J. K.; Lim, M. S.; Ahn, C.-Y.; Cho, Y.-H.; Sung, Y.-E.
High-performance anion-exchange membrane water electrolysis. Electrochimica Acta 2019, 295,

99-106.

Leng, Y.; Chen, G.; Mendoza, A. J.; Tighe, T. B.; Hickner, M. A.; Wang, C.-Y. Solid-State Water
Electrolysis with an Alkaline Membrane. Journal of the American Chemical Society 2012, 184,
9054-9057.

Dekel, D. R. Review of cell performance in anion exchange membrane fuel cells. Journal of Power

Sources 2018, 375, 158-169.

Alia, S.; Ding, D.; McDaniel, A.; Toma, F.; Dinh, H. Chalkboard 2 - How to Make Clean Hydrogen.

Interface Magazine 2021, 30.

Zou, X.; Zhang, Y. Noble metal-free hydrogen evolution catalysts for water splitting. Chemical
Society Reviews 2015, 44, 5148-5180.

Schalenbach, M.; Zeradjanin, A. R.; Kasian, O.; Cherevko, S.; Mayrhofer, K. J. J. A Perspec-
tive on Low-Temperature Water Electrolysis — Challenges in Alkaline and Acidic Technology.
International Journal of Electrochemical Science 2018, 13, 1173-1226.

Wijaya, G. H. A.; Im, K. S.; Nam, S. Y. Advancements in commercial anion exchange mem-
branes: A review of membrane properties in water electrolysis applications. Desalination and

Water Treatment 2024, 320, 100605.

Park, C. H.; Kim, T.-H.; Kim, D. J.; Nam, S. Y. Molecular dynamics simulation of the functional
group effect in hydrocarbon anionic exchange membranes. International Journal of Hydrogen

Energy 2017, 42, 20895-20903.

Takaba, H.; Hisabe, T.; Shimizu, T.; Alam, M. K. Molecular modeling of OH transport in
poly(arylene ether sulfone ketone)s containing quaternized ammonio-substituted fluorenyl groups

as anion exchange membranes. Journal of Membrane Science 2017, 522, 237-244.

17



(13)

(14)

(20)

(21)

(22)

Zelovich, T.; Dekel, D.; Tuckerman, M. Electrostatic Potential of Functional Cations as a Predictor
of Hydroxide Diffusion Pathways in Nanoconfined Environments of Anion Exchange Membranes.

The Journal of Physical Chemistry Letters 2024, 15, 408-415.

Zelovich, T.; Long, Z.; Hickner, M.; Paddison, S. J.; Bae, C.; Tuckerman, M. E. Ab Initio Molec-
ular Dynamics Study of Hydroxide Diffusion Mechanisms in Nanoconfined Structural Mimics of

Anion Exchange Membranes. The Journal of Physical Chemistry C 2019, 123, 4638-4653.

Zelovich, T.; Vogt-Maranto, L.; Hickner, M. A.; Paddison, S. J.; Bae, C.; Dekel, D. R.; Tucker-
man, M. E. Hydroxide Ion Diffusion in Anion-Exchange Membranes at Low Hydration: Insights

from Ab Initio Molecular Dynamics. Chemistry of Materials 2019, 31, 5778-5787.

Zelovich, T.; Tuckerman, M. E. Water Layering Affects Hydroxide Diffusion in Functionalized

Nanoconfined Environments. The Journal of Physical Chemistry Letters 2020, 11, 5087-5091.

Zelovich, T.; Tuckerman, M. OH- and H30+ Diffusion in Model AEMs and PEMs at Low Hy-

dration: Insights from Ab Initio Molecular Dynamics. Membranes 2021, 11.

de Lucas, M.; Blazquez, S.; Troncoso, J.; Vega, C.; Gamez, F. Dressing a Nonpolarizable Force
Field for OH — in TIP4P /2005 Aqueous Solutions with Corrected Hirshfeld Charges. The Journal
of Physical Chemistry Letters 2024, 15, 9411-9418.

Tuckerman, M. E.; Chandra, A.; Marx, D. Structure and Dynamics of OH-(aq). Accounts of
Chemical Research 2006, 39, 151-158.

Ouma, C. N. M.; Obodo, K. O.; Bessarabov, D. Computational Approaches to Alkaline Anion-

Exchange Membranes for Fuel Cell Applications. Membranes 2022, 12.

Hellstrom, M.; Ceriotti, M.; Behler, J. Nuclear Quantum Effects in Sodium Hydroxide Solutions
from Neural Network Molecular Dynamics Simulations. The Journal of Physical Chemistry B

2018, 122, 10158-10171.

Karibayev, M.; Kalybekkyzy, S.; Wang, Y.; Mentbayeva, A. Molecular Modeling in Anion Ex-

change Membrane Research: A Brief Review of Recent Applications. Molecules 2022, 27.

18



(23)

(24)

Jinnouchi, R.; Minami, S.; Karsai, F.; Verdi, C.; Kresse, G. Proton Transport in Perfluorinated
Ionomer Simulated by Machine-Learned Interatomic Potential. The Journal of Physical Chemistry

Letters 2023, 14, 3581-3588.

Kabbe, G.; Wehmeyer, C.; Sebastiani, D. A Coupled Molecular Dynamics/Kinetic Monte Carlo
Approach for Protonation Dynamics in Extended Systems. Journal of Chemical Theory and Com-

putation 2014, 10, 4221-4228.

Kabbe, G.; Drefiler, C.; Sebastiani, D. Toward Realistic Transfer Rates within the Coupled Molec-
ular Dynamics/Lattice Monte Carlo Approach. The Journal of Physical Chemistry C 2016, 120,
19905-19912.

Kabbe, G.; DreSiler, C.; Sebastiani, D. Proton mobility in aqueous systems: combining ab initio ac-

curacy with millisecond timescales. Physical Chemistry Chemical Physics 2017, 19, 28604—28609.

DreBiler, C.; Kabbe, G.; Sebastiani, D. Proton conductivity in hydrogen phosphate/sulfates from a
coupled molecular dynamics/lattice Monte Carlo (¢cMD/LMC) approach. The Journal of Physical
Chemistry C' 2016, 120, 19913-19922.

de Grotthuss, C. Mémoire sur la décomposition de l’eau: et des corps qu’ elle tient en dissolution

a Uaide de Uélectricité galvanique; 1805.

Marx, D. Proton Transfer 200 Years after von Grotthuss: Insights from Ab Initio Simulations.

ChemPhysChem 2006, 7, 1848-1870.

Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello, M. Ab Initio Molecular Dynamics Simula-
tion of the Solvation and Transport of H30+ and OH- Ions in Water. The Journal of Physical
Chemistry 1995, 99, 5749-5752.

Zatsepina, G. State of the hydroxide ion in water and aqueous solutions. Journal of Structural

Chemistry 1972, 12, 894-898.

Tuckerman, M.; Marx, D.; Parrinello, M. The nature and transport mechanism of hydrated hy-

droxide ions in aqueous solution. Nature 2002, 417, 925-929.

19



(33)

(37)

(38)

(42)

(43)

(44)

Roberts, S.; Petersen, P.; Ramasesha, K.; Tokmakoff, A.; Ufimtsev, I.; Martinez, T. Observation
of a Zundel-like transition state during proton transfer in aqueous hydroxide solutions. Proceedings

of the National Academy of Sciences 2009, 106, 15154-15159.

Marx, D.; Chandra, A.; Tuckerman, M. Aqueous Basic Solutions: Hydroxide Solvation, Structural

Diffusion, and Comparison to the Hydrated Proton. Chemical Reviews 2010, 110, 2174-2216.

Smiechowski, M.: Stangret, J. Hydroxide Ion Hydration in Aqueous Solutions. The Journal of
Physical Chemistry A 2007, 111, 2889-2897.

Dutta, A.; Lazaridis, T. Classical Models of Hydroxide for Proton Hopping Simulations. The
Journal of Physical Chemistry B 2024, 128, 12161-12170.

Lippert, J., G. Hutter; Parrinello, M. A hybrid Gaussian and plane wave density functional
scheme. Molecular Physics 1997, 92, 477-488.

Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J. cp2k: atomistic simulations of con-

densed matter systems. WIREs Computational Molecular Science 2014, 4, 15-25.

Borstnik, U.; VandeVondele, J.; Weber, V.; Hutter, J. Sparse matrix multiplication: The dis-

tributed block-compressed sparse row library. Parallel Computing 2014, 40, 47-58.
Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Physical Review 1964, 136, B864-B871.

Kohn, W.; Sham, L. Quantum Density Oscillations in an Inhomogeneous Electron Gas. Physical

Review 1965, 137, A1697-A1705.

Kohn, W.; Sham, L. Self-Consistent Equations Including Exchange and Correlation Effects. Phys-
ical Review 1965, 140, A1133—-A1138.

VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J. Quick-
step: Fast and accurate density functional calculations using a mixed Gaussian and plane waves

approach. Computer Physics Communications 2005, 167, 103—128.

VandeVondele, J.; Hutter, J. An efficient orbital transformation method for electronic structure

calculations. The Journal of Chemical Physics 2003, 118, 4365-43609.

20



(45)

(46)

(47)

(48)

(54)

Becke, A. Density-functional exchange-energy approximation with correct asymptotic behavior.

Physical Review A 1988, 38, 3098-3100.

Lee, C.; Yang, W.; Parr, R. Development of the Colle-Salvetti correlation-energy formula into a

functional of the electron density. Physical Review A 1988, 87, 785-789.

VandeVondele, J.; Hutter, J. Gaussian basis sets for accurate calculations on molecular systems

in gas and condensed phases. The Journal of Chemical Physics 2007, 127, 114105.

Hartwigsen, C.; Goedecker, S.; Hutter, J. Relativistic separable dual-space Gaussian pseudopo-

tentials from H to Rn. Phys. Rev. B 1998, 58, 3641-3662.

Krack, M. Pseudopotentials for H to Kr optimized for gradient-corrected exchange-correlation

functionals. Theoretical Chemistry Accounts 2005, 114, 145-152.

Goedecker, S.; Teter, M.; Hutter, J. Separable dual-space Gaussian pseudopotentials. Phys. Rev.
B 1996, 54, 1703-1710.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization
of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. The Journal of
Chemical Physics 2010, 152, 154104.

Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density

functional theory. Journal of Computational Chemistry 2011, 32, 1456-1465.

Thompson, A.; H., A.; Berger, R.; Bolintineanu, D.; Brown, W.; Crozier, P.; in 't Veld, P.;
Kohlmeyer, A.; Moore, S.; Nguyen, T.; Shan, R.; Stevens, M.; Tranchida, J.; Trott, C.; Plimp-
ton, S. LAMMPS - a flexible simulation tool for particle-based materials modeling at the atomic,

meso, and continuum scales. Computer Physics Communications 2022, 271, 108171.

Horn, H.; Swope, W.; Pitera, J.; Madura, J.; Dick, T.; Hura, G.; Head-Gordon, T. Development
of an improved four-site water model for biomolecular simulations: TIP4P-Ew. The Journal of

Chemical Physics 2004, 120, 9665-9678.

21



