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R. Zhang et al., Scientific Reports, 7 (2017) 2961.

Si-based anode

Motivation – Diffusive time scale

• Si-based anodes in Li-ion batteries
• Silicon loses crystalline structure 

upon lithiation and amorphizes
• Volume increase of 300%
• Loss of structure integrity and 

function after a few charge cycles

• Al-Mg 5xxxx series alloys
• Sensitization due to GBs
• Formation of β phase (Mg2Al3)
• Stress corrosion cracking
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The spatial and temporal gaps
• The essential difficulty: Multiple scales

– Atomic level rate-limiting processes: Thermal 
activation, transport, defects, grain boundaries…

– But macroscopic processes of interest: 
• Microstructure evolution in alloys
• Long-term transport phenomena: Heat, mass…
• Full chemistry: Corrosion, combustion…

• Time-scale gap: From molecular dynamics  
(femtosecond) to macroscopic (seconds-years)

• Spatial-scale gap: From lattice defects 
(Angstroms) to macroscopic (mm-m)

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

• Objectives: Thermodynamics without all the 
thermal vibrations; mass transport without all 
the hops; atomistics without all the atoms…

• Our approach1,2 (max-ent+kinetics+QC):
– Treat atomic-level fluctuations statistically (away from 

equilibrium) through maximum-entropy principle
– Append Onsager-like empirical atomic-level kinetic 

laws (heat and mass transport)
– Quasicontinuum spatial coarse-graining

• Implementation:
– Meanfield approximation of phase integrals
– Quasistatic, forward integration of transport equations

1Y. Kulkarni, J. Knap & MO, J. Mech. Phys. Solids, 56 (2008) 1417.
2G. Venturini, K. Wang, I. Romero, M.P. Ariza & MO, 

J. Mech. Phys. Solids, 73 (2014) 242-268.
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Anyone for 
a little theory?
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Al-Ti1

Max-Ent Non-Equilibrium SM

grand-canonical pdf
J. von Pezold, A. Dick, M. Friak and J. Negebauer, 

Phys. Rev. B, 81 (2010) 094203.
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Max-Ent Non-Equilibrium SM

local constraints!

reciprocal temperatures chemical potentials

1E.T. Jaynes, Physical Review Series II, 
106(4) (1957) 620–630; 108(2) (1957) 171–190. 
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Max-Ent Non-Equilibrium SM

Local internal energy vs. 
temperature relation 

Local chemical potential vs. 
atomic fraction relation 

Force equilibrium
(quasistatic) 
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Non-equilibrium SM – Meanfield theory

Gaussian integrals!
Hermite quadrature!
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Non-equilibrium SM – Onsager kinetics 

Discrete Fourier law Discrete Fick’s law

energy mass

calibrate from exp. data! 



Michael Ortiz
UPENN 2019

Non-equilibrium SM – Sample potentials 

attempt
frequency

energy
barrier



Michael Ortiz
UPENN 2019

MD vs. DMD in pictures 

FCC-Al
T=900K
NVT ensemble

MD: must track 
thermal vibrations 

of the atoms

FCC-Al
T=900K
NVT ensemble

DMD: atoms are 
quiescent but hot 

(mean flow)
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Random walk model: 𝑥𝑥 𝑟𝑟, 𝑡𝑡 =
Ω

4𝜋𝜋𝐷𝐷H𝑡𝑡 ⁄3 2 exp −
𝑟𝑟2

4𝜋𝜋𝐷𝐷H

MD vs. DMD in pictures 
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Liouville equation
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Statistical mechanics
(beating the Avogadro and fs curses)

Josiah Willard Gibbs
(1839-1903)

Ludwig Bolzmann
(1844-1906) 
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Theory is fun but
applications pay the bills
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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

18

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
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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
C
he
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al
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en
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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

21

• 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



Michael Ortiz
UPENN 201926

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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Lattice Defects – Misfit DislocationsPdH: Interfacial misfit dislocations

X. Sun, M. P. Ariza, M. Ortiz, K. G. Wang, JMPS, 125 (2019) 360.
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Spherical Inclusion– Misfit 
Dislocations

(100) plane (111) direction

(100) plane (111) direction

PdH: Interfacial misfit dislocations

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



Michael Ortiz
UPENN 2019

NPs – H fraction Evolution

4.5 s 9.0 s

PdH: Dislocations vs. kinetics
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NPs – H fraction EvolutionPdH: Morphology vs. kinetics
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Concluding remarks

• Diffusive Molecular Dynamics (DMD) 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

• Other applications of DMD:
– Heat conduction in Si nanowires1

– Lithiation/amorphization of Si nanowires2

• Work in progress: Microstructure evolution in 
Al/Mg alloys (work in collaboration with SINTEF/ 
Norway, NTNU, HZG…)

1C.S. Martin, M.P. Ariza and M. Ortiz GAMM-Mitt, 38(2) (2015) 201.
2J.P. Mendez, M. Ponga and M. Ortiz, JMPS, 115 (2018) 123.
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