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Climate change:  Coming into focus after COVID?

Oct. 31 – Nov. 12, 2021

Li ion battery: PEM fuel cell:



Fuel cells versus batteries

Why Fuel cells? 

• Ease of filling versus recharging.  

• No harmful emissions.

• No need for mining of crucial metals (lithium, nickel, cobalt,…).

• CO2 production in H2 production versus metal recycling.

• Higher energy density by weight, allowing greater range.

• Still not cost-effective.

• Durability issues.

• On-board hydrogen storage challenges.

• Fuel cells only versus 
fuel-cell enhancement of battery 
performance?

Challenges
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M. K. Petersen and G. A. Voth J. Phys. Chem. B 110, 18594 (2006)

D. Wu, S. J. Paddison, J. A. Elliott, S. J. Hamrock  Langmuir 26 (2010).

Bae and coworkers
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Advantages of AEMs
1. No precious metal catalysts
2. Reverse electro-osmotic flow

means better water management
3. Much less known about AEMs

compared to PEMs.  Design
principles needed.

AEM fuel cells among the first to be developed.

Used to power on-board systems in Apollo missions

Triblock copolymer:
Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) 



4l = 8l = 12l =

16l = 20l =

From morphologies to idealized geometries

Dissipative particle dynamics (DPD) simulations:
F. Sepehr, H. Liu, C. Bae, MET, M. A. Hickner, S. J. Paddison 
Macromolec.. 50, 4397 (2017).

H2O

cation

n
n

l =

bondedC D R
i i ij ij ij i

j i
M

¹

é ù= + + +ë ûåR F F F f!!



1806:
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Electrons
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Add electrons

Add electrons

Newton’s 2nd law:Kohn-Sham DFT [BLYP + DCACP + PW]

Ab initio molecular dynamics (AIMD)
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From Z. Ma and MET Chem. Phys. Lett. 511, 177 (2011)
32 water molecules + 1 OH- in 10 Å periodic box run for 80 ps
Exchange-correlation = BLYP + DCACP, Code = PINY_MD
Basis set = Discrete Variable Representation [H. S. Lee and MET JPCA (2006)]



4-coordinate “resting” state 3-coordinate “active” state

Donated H-bond “presolvates” leading to PTNew 4-coordinate state closes gate

Lewis Structure:
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Bulk aqueous transport mechanism [MET et al. ACR (2006)]



Comparing IR spectra and diffusion
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From Roberts, et al. PNAS 106 (2009)

14 M KOH IR spectrum
Expt.:  Librovich and Maiorov, 
Russian  J. Phys. Chem. 56, 624 (1982)

Z. W. Zhu and MET J. Phys. Chem. B 106, 8009 (2002).



Example structures studied
b20 (ρ = 0.72 g/cm3)

z (Å)
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Hydroxide diffusion constants at different temperatures

a10:
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Hydroxide diffusion is a non-monotonic function of T!
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Chem. Mater. (2022)



1H-NMR Pulsed Field Gradient Measurements

TMA-PSU

Temperature increased by 10 K every 15 mins.

(polysulfone)



1H-NMR Pulsed Field Gradient Measurements

TMA-PSU

Diffusion kink region: OH
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(polysulfone)



Role of water layers

b20 system:
Water 

Layer
3A+0D 3A+1D 4A+0D 4A+1D Others

--- ---

Population 

probabilities 
8.0 7.4 39.3 28.7 16.6

L1 54 18.9 27 0

L2 7.5 10.9 44.5 31.6

L3-L4 8.3 8.6 29.8 36.4

L5 27.8 4.9 52.5 11.4

Bulk 5.1 10.4 50.5 29.9

Z. Ma and MET Chem. Phys. Lett. 511, 177 (2011)T. Zelovich and MET J. Phys. Chem. Lett. 11, 5087 (2020).



Role of water layers in b10 system



Changing cation chemistry

T. Zelovich, et al. J. Membrane Sci. (submitted)



Changing cation chemistry in b4 systems

All in Å2/ps



Changing cation chemistry:  Water distributions

TMI,   4, 375 Kl = TMA,   4, 375 Kl =

Increased diffusion and more uniform water distribution help keep the cathode hydrated, which
boosts AEM fuel cell performance.



Ionic Conductivity of various Materials

S. J. Paddison and H. A. Gasteiger, Encyclopedia of Sustainability Science & Technology , Springer, NY (2012).

Cosby et al. PRL (2018)

High proton conductivity
seen in nanoconfined
liquids of derivatized Imi.





Proton transport in imidazole at 384 K
A. Chandra, MET, D. Marx Phys. Rev. Lett. 99, 145901 (2007).
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Z. R. Long, A. O. Atsango, T. E. Markland, MET J. Phys. Chem. Lett. 11, 6156 (2020)



Proton transport in imidazole at 384 K 

Dp = 0.47 Å2/ps
DImi = 0.06 Å2/ps

aN*H N Hd dd = -

Z. R. Long, A. O. Atsango, T. E. Markland, MET J. Phys. Chem. Lett. 11, 6156 (2020)



A. Witt, et al. JPCC (2010);  J. R. Cendagorta, et al.  PCCP (2016); J. R. Cendagorata et al. Adv. Theor. Simulat. (2021)

512 cage 51264 cage

Occupancy: 4 H2 in large cages, 1 in small cages ~ 3.8 mass %, 2 in small cages ~ 5.3  mass %
DOE target value ~ 5.5 mass %

Unit cell:        16                      : 8

Site-site hopping model:

2( ) ( )D T k T la»
S. Chandrasekhar (1943)

Strobel et al. (2007)

Hydrogen in structure-II clathrate
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Equilibrium nuclear quantum effects via Feynman path integrals

Quantum equilibrium properties derived from the canonical partition function:
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Classical particle Quantum particle (thermodynamic view) Interacting quantum particles



Creating a neural network potential [Behler and Parrinello PRL (2007)]
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Creating a neural network potential [Behler and Parrinello PRL (2007)]

Training data:

• 1,600 configurations of a 
water box with 64 molecules

• 3,000 configurations of a 
H2 box with 56 molecules

• 500 configurations of an
H2 + H2O box of different
compositions.

• 500 actual H2+clathrate
configurations.



Quantum
Classical
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Quantum rates from ring-polymer molecular dynamics

Quantum rate coefficient:
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Quantum rates from ring-polymer molecular dynamics

Reaction-coordinate probability
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Sampling the hydrogen cage-hopping events at 25 K



First results at 120 K

Experimental barrier estimate
from NMR:  3.8 kcal/mol.
[Senadheera, Conradi JPCB (2007)]
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