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Energy	storage	in	nanomaterials	



Faster	kine.cs	
shorter	diffusion	lengths	

Tunable	thermodynamics	
via	surface,	elas.c	or	quantum	effects	

Enhanced	life.me	
reduced	defects	forma.on	

Nanostructured	materials	for	energy	storage		
offer	several	advantages	compared	to	bulk	
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Hydrogen	release	from	MgH2	

Delmas,	Nature	Mater.	(2008);	Liu,	Science	(2014)	
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Nanostructured	materials	offer	several	advantages	
compared	to	their	bulk	counterpart	
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Hydrogen	is	readily	absorbed	in	palladium	
at	standard	temperatures	and	pressures	
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Electrode	materials	in	Li-ion	baMeries	undergo		
similar	phase	transi2ons	upon	lithium	intercala2on	



Ensemble	measurements	can	be	affected	by	sample	dispersity	
par2cularly	at	very	small	scales	
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Prof.	Zoric’s	ques2on	to	God	(2010):	
“What	is	the	mechanism	of	hydrogen	absorp.on	in	a	single	metal	nanopar.cle?”	
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We	study	hydrogen	absorp2on	in	single	palladium	nanocrystals	
using	an	environmental	TEM	

Garcia	de	Abajo,	Rev.	Mod.	Phys.	(2010)	

Electron	Energy-Loss	Spectroscopy	(EELS)										dielectric	func.on,	ε	
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We	study	hydrogen	absorp2on	in	single	palladium	nanocrystals	
using	an	environmental	TEM	

Electron	Energy-Loss	Spectroscopy	(EELS)	
Electron	Diffrac.on	(ED)										lavce	expansion	

10%	vol.		
expansion	



10	nm	

H2PdCl4	(aq)	
CTAB(aq)	
Ascorbic	Acid(aq)	

We	prepare	Pd	nanocubes	using	wet	colloidal	synthesis	
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Baldi,	Narayan,	Koh	and	Dionne,	Nature	Materials	(2014)	

The	bulk	plasmon	resonance	of	Pd		
red-shids	by	2	eV	upon	H	absorp2on	
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The	bulk	plasmon	resonance	of	Pd		
red-shids	by	2	eV	upon	H	absorp2on	
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We	construct	single-crystal	isotherms		
from	the	EELS	peak	energies	at	various	H2	pressures	
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We	construct	single-crystal	isotherms		
from	the	EELS	peak	energies	at	various	H2	pressures	



We	construct	single-crystal	isotherms		
from	the	EELS	peak	energies	at	various	H2	pressures	
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Bardhan	et	al.,	Nature	Materials	(2013)	

Tc	≈	297	°C	 Baldi	et	al.,	Nature	Materials	(2014)	

1st	observa2on:	isotherms	of	single-crystals	are	flat		
unlike	suggested	by	ensemble	measurements	



2nd	observa2on:	smaller	nanocubes		
absorb	hydrogen	at	slightly	lower	H2	pressures	



Mütschele,	Scripta	Metall.	(1987);	Weissmuller,	PRL	(1999);	Sachs,	PRB	(2001)	
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Surface	stress	induces	a	nega.ve	
hydrosta.c	pressure	on	the	core:	

     µH,elas.c	~	–3εKVH	Pd	

PdH	

2nd	observa2on:	smaller	nanocubes		
absorb	hydrogen	at	slightly	lower	H2	pressures	
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Pd	

PdH	
“nanopar.cles	tend	to	transform	
in	order	of	increasing	size.”	

Cogswell,	Nano	Lehers	(2013)	

2nd	observa2on:	smaller	nanocubes		
absorb	hydrogen	at	slightly	lower	H2	pressures	
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Na2PdCl4	(aq)	
CTAB(aq)	
Sodium	ascorbate	(aq)	
Pd	seeds	(<5	nm)	 icosahedron	

We	prepare	mul2ply-twinned	(icosahedral)	
nanopar2cles	using	wet	colloidal	synthesis	



Icosahedral	nanopar2cles	are	made	
of	20	distorted	tetrahedra	

The	misfit	must	be	accommodated	by	strain	and/or	defects	



EELS	loading	isotherms	of	individual	icosahedral		
nanopar2cles	show	sloped	isotherms	

Narayan,	Nature	Materials	(2016)	

Why	do	they	load	gradually?	
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We	can	“look	inside”	a	single	nanopar2cle	
by	combining	dark-field	imaging	+	electron	diffrac2on	

10	nm	



Using	ED	we	can	reconstruct	the	3D	hydrogen	distribu2on		
within	individual	nanopar2cles	during	hydrogen	uptake	
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Narayan,	Nature	Materials	(2016)	



The	sloped	isotherms	of	icosahedral	nanopar2cles	
are	due	to	the	independent	loading	of	the	crystallites	

Narayan,	Nature	Materials	(2016)	



We	can	also	monitor	the	dynamics	of	hydrogen	absorp2on	
	in	real	2me	with	nm	spa2al	resolu2on	
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STEM	intensity	contrast	can	
be	used	to	dis.nguish		the	α	
and	β	phases	in	real	.me	
with	nm	spa.al	resolu.on	



Narayan	et	al.,	Nature	Communica.ons	(2017)	

The	hydrogenated	phase	nucleates	at	the	cube	corners		
and	grows	by	minimizing	elas2c	strain	at	the	α/β	interface	



Summary	

Baldi	et	al.,	Nature	Materials	(2014)	

Single	par.cle	results	differ	from	ensemble	
and	highlight	the	role	of	surface	stress	

Narayan	et	al.,	Nature	Communica.ons	(2017)	

Nuclea.on	and	growth	mechanism		
are	influenced	by	the	par.cle	shape	

Elas.c	strain	and	defects	dictate	the	phase	
distribu.on	also	within	single	nanocrystals	

10	nm	

Narayan	et	al.,	Nature	Materials	(2016)	
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