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Engineering Applications The hydrogen economy

From: JM Crow, Hydrogen Storage Gets Real, 
Chemistry World, 2019

• A hydrogen economy is one 
potential approach toward 
lowering carbon emissions 
while maintaining standard 
of living…

• Fuel cells are electrochemical 
cells that convert the 
chemical energy of a fuel 
(hydrogen) and an oxidizing 
agent (oxygen) into 
electricity through a pair of 
redox reactions

• Hydrogen storage? Metal 
hydrides (PdH, MgH2…) offer 
high storage capacity, 
stability, safety…

Mg2NiH4 H2
(liquid)

LaNi5H6 H2
(200 bar)

Hydrogen fuel cells

33rd Tokyo Motor Show

Metal hydrides

Ifremer IDEF 

Boeing Phantom Eye 
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H storage − Nanomaterials 
H-induced collapse in Mg nanowires

after 10 cyclesinitial

Li et al., J Am Chem Soc, 2007

H-induced dislocation motion in Fe

Robertson et al., Metall Mater Trans A, 2015

14.64 s

37.87 s

• The introduction of 
nanomaterials in onboard 
hydrogen storage systems is 
a major turning point in the 
automotive industry

• Enhanced performance due 
to improved hydrogen 
splitting kinetics and catalytic 
activity of the nanoparticles

• Improved rate of sorption at 
nanoscale due to short 
diffusion distance

• Issues: Storage capacity? 
Charge/discharge rate? 
Reversibility? Structural 
integrity?
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H storage − Modeling challenges
• Fundamental understanding 

requires atomistic fidelity
• Absorption/desorption rates 

controlled at atomic level
• Transport tightly coupled to 

atomic level mechanisms 
(defects, phase transitions…)

• But: Device charge/discharge 
times temperature-pressure 
dependent and in hour range

• Outside range of straight MD!
1W. H. Zachariasen, C. E. Holley and J. F. 
Stamper, J. Acta Cryst, 16 (5):352-353.

MgH2 unit cell1

2B. Sakintuna, F. Darkrim and M. Hirscher, 
Int.J. Hydrogen Energy, 32 (2007) 1121– 1140.
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H storage − Modeling challenges
• The essential difficulty: Scale separation, gap…

– Atomic level rate-limiting processes: Thermal activation, 
transport, point defects, dislocations…

– But processes of interest are macroscopic: Long-term 
transport phenomena (storage, charge/discharge…)

• Temporal-scale gap: From molecular dynamics  
(femtosecond) to device scale (hours)

• Spatial-scale gap: From atoms, lattice defects 
(Angstroms) to device scale (meters, moles)

• Problem intractable by brute force (even with exascale 
computing ), ergo must think…

• Our approach: Mixed statistical/deterministic analysis
– Fast (thermal) component of the motion statistical
– Slow (diffusion) component of the motion deterministic
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Hamiltonian systems – Liouville
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Approximation – Mesodynamics

1E.T. Jaynes, Physical Review Series II, 
106(4) (1957) 620–630; 108(2) (1957) 171–190. 

(mean-flow!)

(energy!)

(max-ent1)
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Amorphous layer in SiNW!

Validation – Si nanowires 

1D. Li, Y. Yu, P. Kim, L. Shi, P. Yang and A. 
Majumdar, Appl. Phys. Let.,83 (2003) 2934.

Experimental rig1

• Si (111) nanowires1

• Radius = 11, 18.5, 28, 57.5 nm
• Data: Thermal conductivity
• Predictive challenge: Size effect!



Michael Ortiz 
SIAM/MS 2021

Validation – Si nanowires 
amorphous layer

Temperature

T

• Rigid-limit approximation
• Discrete heat equation
• Prescribed temperature gradient
• Output: Average axial heat flux

1D. Li, Y. Yu, P. Kim, L. Shi, P. Yang and A. Majumdar, Appl. Phys. Let.,83 (2003) 2934.
2C.S. Martin, M.P. Ariza, M. Ortiz, GAMM-Mitt., 38(2) (2015) 201-212.
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Al-Ti1

Mass transport – Grand-canonical

J. von Pezold, A. Dick, M. Friak and J. Negebauer, 
Phys. Rev. B, 81 (2010) 094203.



Michael Ortiz 
SIAM/MS 2021

Approximation – GC-Mesodynamics

1E.T. Jaynes, Physical Review Series II, 
106(4) (1957) 620–630; 108(2) (1957) 171–190. 

(transport!)
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Random walk model: 𝑥𝑥 𝑟𝑟, 𝑡𝑡 =
Ω

4𝜋𝜋𝐷𝐷H𝑡𝑡 ⁄3 2 exp −
𝑟𝑟2

4𝜋𝜋𝐷𝐷H

MD vs. GC-Mesodynamics 
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Application: Hydrogen storage in Pd
• Hydrogen storage is a key element 

of the hydrogen economy…
• Typical absorption/desorption 

times are temperature/pressure 
dependent and in hour range1

• Outlook: Store hydrogen in 
nanostructured metals (particles, 
nanowires)

1B. Sakintuna, F. Darkrim and M. Hirscher, Int.J. Hydrogen Energy, 32 (2007) 1121– 1140.
2W. Li, C. Li et al., J. Am. Chem. Soc., 2007

MgH2

after 10 cyclesinitial• But: Structural effects,
– Volume expansion
– Pulverization

• Mg disintegrates after 
10 hydration cycles2

• Predictive capability:
– Atomistic realism
– Long-time behavior…
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- PdHx exists in two phases at room temperature:
• 𝛼𝛼 phase: 0 < 𝑥𝑥 ≤ 0.03 • 𝛽𝛽 phase: 0.608 ≤ 𝑥𝑥 ≤ 1

- In both phases: H occupies octahedral sites of FCC Pd lattice
- Phase transition (𝛼𝛼 → 𝛽𝛽): 10.4% volume expansion

Phase Transition

14

interstitial sites
Pd sites

H storage in Pd NW – α–β interface 

- Computational setup: EAM potential1, NN transport kinetics  

Neumann b.c.
flux = 0Dirichlet b.c.

𝑥𝑥∗ = 1.0

[111]

[110]

[112]

1X. Zhou, J. Zimmerman et al., J. Mater. Res., 2008



Michael Ortiz 
SIAM/MS 2021

Phase Transition

[111]

[110]

[112]

[111]

[110]
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𝜶𝜶 phase𝜷𝜷 phase

phase boundary

H storage in Pd NW – α–β interface 
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H storage in Pd NW – α–β interface 

β phase
α phase

𝜶𝜶 phase𝜷𝜷 phase

phase boundary
Two local 
extrema

H atomic fraction
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• Double-well (bistable, non-convex) free entropy
• Each well corresponds to a stable phase (𝛼𝛼 and 𝛽𝛽)
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hydrogen atomic fraction lattice constant

3.27% lattice 
expansion

Model Validation

17

• Phase transition predicted (3.27% vs. 3.35%)
• Phase boundary velocity predicted (~100 nm/s)
• In progress: MgH2 (hcp α-phase, rutile β-phase)

H storage in Pd NW – α–β interface 

Sun, X., Ariza, M.P., Ortiz, M. and Wang, K., 
Int J Hydrogen Energy, 2018;43(11):5657-67. 
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Application: H storage in Pd nanoparticles

STEM frames showing α to β phase evolution

20 nm

36 nm

43 nm

Narayan et al., Nature Comm. (2017)| DOI: 10.1038/ncomms14020)
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β phase

α phase

Two local 
extrema

Nanocube (edge 
length: 16 nm), 
with faces on 
{100} planes.

t = 23.5 s

H storage in Pd NP – Problem setup

α–β interphase

X. Sun, M. P. Ariza, M. Ortiz, K. G. Wang, JMPS, 125 (2019) 360.
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NPs – H fraction Evolution

3800 nm3

516000 atomic sites 
(Pd and H)

H storage in Pd NP – Interface evolution
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H storage in Pd NP – Interfacial strain
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Interfacial dislocations

Misfit strain is relieved by misfit dislocations 

misfit
strain
evolution

X. Sun, M. P. Ariza, M. Ortiz, K. G. Wang, JMPS, 125 (2019) 360.
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t = 10.0 

s

t = 5.0 

s

t = 20.0 

s

Atoms with 
HCP crystal 
structure

Shockley partials 
on {111} planes 
Burgers vector 
1/6[112]{111}

Leading
Dislocations

on {111} plane

t = 22.0 

s

PdH: Interfacial misfit dislocations
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NPs – H fraction EvolutionPdH: Morphology vs. kinetics
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Concluding remarks
• Mesodynamics provides a useful paradigm for 

describing slow/long term transport phenomena 
with atomistic realism

• Thermodynamics without all the thermal 
vibrations, mass transport without all the hops

• Spatial coarse-graining via quasi-continuum
• Open mathematical questions: 

– Convergence of Galerkin-Liouville approximations 
(e.g., cluster expansions, Hermite polynomials)

– Effective long-term behavior of Liouville transport 
(weak convergence of trajectories upon long-term 
time rescaling)
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