
Energy Materials Center at Cornell

I. Introduction, Background and Progress:
The mission of the Energy Materials Center at Cornell (emc2) was to achieve a detailed understanding, via 
a combination of synthesis of new materials,  experimental and computational approaches, of how the 
nature, structure, and dynamics of nanostructured interfaces affect energy conversion and storage with 
emphasis on fuel cells, batteries and supercapacitors. Our research on these systems was organized around 
a full system strategy for:

 the development and improved performance of materials for both electrodes at which storage or  
conversion occurs

 understanding their internal interfaces, such as SEI layers in batteries and electrocatalyst supports  
in fuel cells, and methods for structuring them to enable high mass transport as well as high ionic 
and electronic conductivity

 development  of  ion-conducting electrolytes  for  batteries  and fuel  cells  (separately)  and other 
separator components, as needed

 development of methods for the characterization of these systems under operating conditions 
(operando methods)

Generally,  our  work  took  industry  and  DOE report  findings  of  current  materials  as  a  point  of 
departure to focus on novel  material  sets for improved performance.  In addition, some of our work  
focused  on  studying  existing  materials,  for  example  observing  battery  solvent  degradation,  fuel  cell  
catalyst coarsening or monitoring lithium dendrite growth, employing in operando methods developed 
within the center.

The  emc2 addressed  the  goal  statements  above  with  coordinated  and  well  integrated  teams 
individually  focused  on  (a)  discovery  and  synthesis  of  novel  materials,  (b)  operando  analytical 
characterization  of  existing  and  novel  systems,  and  (c)  novel  theoretical  approaches  as  unique,  
ultra-precise interrogation methods to understand analytical and electrochemical observations.

The fundamental challenges and scientific research goals that we have addressed include:
Fuel Cells: () Higher performance electrocatalysts for fuel cells () Alkaline membranes 

for  fuel  cells  that  exhibit  high conductivity  for  OH– ions  and long term durability  () 

Conducting  and  stable  (non-carbon)  electrocatalyst  supports  with  initial  emphasis  on 
nitrides and oxides.
Batteries: () Nanostructured materials for battery applications () Achieving high energy 

density  and  long  term stability  in  Li/S  batteries  ()  Fundamentally  understanding  and 

eliminating unstable electrodeposition and dendrite growth to enable the use of metal anodes 
in batteries () Enabling “beyond lithium” secondary battery systems including those based 

on Na,  Mg and Al  ()  High performance supercapacitors  integrating  double  layer  and 

pseudocapacitive storage. 

Theory: () In silico design, synthesis and characterization of organic materials for battery 

and  supercapacitor  applications  ()  Developments  of  joint  density  functional  theory 

(JDFT) for the ab initio description of electronic systems in contact with molecular liquids, 
GASP (generic  algorithm  for  structure  prediction)  and  other  methodologies,  and  their 
application to  energy conversion  and storage  systems ()  Development of  microscopic 

effective theories (METs) for the study of electrocatalysis.

During the past 5 years we made great strides in the development of better 
performing ORR electrocatalysts [I.1-I.6], alkaline membranes [I.7-I.9] and 
catalyst supports [I.10-I.15]. We also made significant advances in anodes, 
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which followed our early work [I.16, I.17] on ordered intermetallic phases 
[I.18-I.22] and was later coupled to our combinatorial efforts [I.23-I.27]. We 
identified a number of anode electrocatalysts with enhanced performance 
towards oxidation of formic acid [I.28-I.30], and other small organic 
molecules [I.18, I.21, I.31].

Our  work  on  batteries  was  characterized  by  highly  integrated  efforts  such  as  the  “Li/S 
Initiative”  which  helped provide the  fundamental  knowledge base required to  enable  such a 
technology [I.32-I.37]. We have carried out extensive work on oxide-based and metallic anode 
materials  [I.38-I.45]  whose  performance  and  stability  could  be  dramatically  enhanced  by 
nanostructuring and surface modification.  We have made detailed mechanistic  studies,  using 
operando X-ray based methods, of conversion materials such as Mn3O4 [I.43] and germanium 
nanowires during the charge/discharge processes [I.46-I.48].

We  carried  out  extensive  computational  and  experimental/synthetic  work  on  the  use  of 
organic, inorganic and carbon-based systems for batteries and supercapacitors [I.49-I.59]. This 
enabled the development of well-defined design criteria and performance metrics.

The work on complex oxides impacted both fuel cells and batteries and was closely coupled 
to our theoretical and computational studies. One of the main accomplishments, which involved 
a very close coupling of theory and experiment, dealt with the effects of epitaxial strains for 
tuning energy levels and band gaps, using SrTiO3 as a test case, which provided a great deal of 
insight [I.60, I.61].

In the area of theory and computation, we made great strides in developing and utilizing 
JDFT [I.62-I.64] for computational electrochemistry,  and in a genetic algorithm for structure 
prediction (GASP) [I.65] for materials prediction 
and microscopic effective theories (METs) for the 
study of electro- and photo-catalysis.

In the area of novel experimental methods, we 
made tremendous progress in the development of 
in situ and operando methods including advanced 
X-ray based methods [I.18, I.21, I.25, I.43, I.66], 
multidimensional  DEMS  (differential 
electrochemical mass spectrometry) for fuel cells 
and  batteries  [I.67-I.71],  conducting  probe  and 
other AFM based methods [I.72], advanced TEM 
methods  [I.1,  I.4,  I.6,  I.22,  I.33-I.37,  I.73-I.76] 
including  in situ/operando electrochemical liquid 
cells [I.76] and specimen-chamber-free SEM (air 
SEM).

We had a world-class interdisciplinary research team that encompassed all the relevant fields 
and expertise necessary to aggressively pursue our research agenda. The team included faculty 
from Chemistry and Chemical Biology; (CCB), Physics; (Phys.), Materials Science; (Mat. Sci.), 
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Name% Department% Expertise%
Héctor%Abruña% CCB% Electrochemistry%
Lynden%Archer% Chem>E.% Transport%in%hybrid%materials%
Tomás%Arias% Phys.% Theory%
Joel%Brock% App.%Phys.% X>ray%methods%
Geoff%Coates% CCB% Polymer%synthesis%
Frank%DiSalvo% CCB% Solid%state%materials%
William%Dichtel% CCB% Organic/inorganic%synthesis%
James%Engstrom% Chem>E.% Surface%science%
Craig%Fennie% App.%Phys.% Theory%
Emmanuel%Giannelis% Mat.%Sci.% Composite%materials%
Tobias%Hanrath% Chem>E.% Nano%materials%
Richard%Hennig% Mat.%Sci.% Computational%Mat.%Sci.%
Lena%Kourkoutis% App.%Phys.% Cryo>TEM%
John%Marohn% CCB% Scanned%probe%methods%
David%Muller% App.%Phys.% Electron%microscopy%
Jiwoong%Park% CCB% Spectral%imaging%
Richard%Robinson% Mat.%Sci.% Nanomaterials%synthesis%
Darrell%Schlom% Mat.%Sci.% MBE%deposition%
Jin%Suntivich% Mat.%Sci.% Time-resolved stimulated 

Raman spectroscopy%
Bruce%vanDover% Mat.%Sci.% High%throughput%methods%
Ulrich%Wiesner% Mat.%Sci.% Block%co>polymers%
David%Zax% CCB% Solid%state%NMR%
% Table I.1: emc2 Affiliated Faculty
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integration of research on all battery components in one team at one location with a history of 
successful collaborations.
A. Cathodes: One of the most attractive candidates for next-generation electrical energy storage 
is the Li/S system by virtue of the high theoretical capacity of the sulfur cathode, 1675 mAh/g 
and energy density of the Li/S system (2.6 kWh/kg). To realize such a capacity reversibly, safely 
and over long times, the cathode must be structured to ensure electrical contact to the sulfur, 
while  polysulfides  formed  during  cycling  remain  immobilized.  We  organized  a  center-wide 
integrated effort, the “Lithium Sulfur Initiative”, to address these challenges. Our advances in 
creating  nanostructured  sulfur-based  cathodes  include:  cross-linked  polyacrylonitrile/Li2Sx 

carbon  composites,  [B.8]  Li2S  in  a  porous  carbon  matrix,  [B.9]  hollow  carbon@sulfur 
composites, [B.10] polyaniline coated yolk-shell structures, [B.11] (Fig. B-1) and amylopectin 
wrapped  graphene  oxide/sulfur  composites  [B.12].  Electrochemical  characterization  of  these 
nanostructured sulfur composites revealed dramatic improvements in cycling performance for 
over 200 cycles and stable charge capacities in excess of 750 mAh/g at 0.2C [B.12]. We also 
found that the solvent plays a key role on the electrochemical performance of the Li-S battery 
cathode.  X-ray absorption spectroscopy revealed that reduced sulfur species chemically react 
with carbonate-based solvents, making this class of solvents inappropriate for elemental sulfur 
cathodes of lithium batteries [B.13].

We have integrated computational methods and advanced  operando X-ray diffraction and 
absorption spectroscopy to better  understand the fundamental electrochemical mechanisms in 
Li/S  charge/discharge  processes  [B.14].  We  coupled  insights  from  these  experiments  with 
statistical mechanics and ab initio calculations to predict equilibrium composition and structure 
of  Li-S  [B.15].  (See  Theory  section)  Coupling  sulfur-composites  to  hierarchical  carbon 
architectures presents a promising route to create 3-D structures that mitigate dendrite formation. 
Previous  work  to  create  3-D gyroids  from block-copolymers [B.16]  and mesoporous carbon 
foams [B.17, B.18] has demonstrated refined structure control spanning several length-scales and 
establishes a promising point-of-departure for the work discussed below. We also demonstrated 
how  computational  screening  and  design  can  be  integrated  with  synthesis  and  ultimately 
electrochemical  characterization  to  accelerate  the  discovery  of  high-performance  organic 
materials for electrical energy storage [B.19-B.22].

B. Anodes: Our advances in developing next-generation 
anode materials and understanding their electrochemical 
performance have leveraged access to unique operando 
characterization expertise established in the center. We 
have  created  nanostructured  Mn3O4 anodes  with  high 
capacity and cycling performance [B.23] (Fig. B-2) and 
unraveled the mechanistic complexity of the conversion 
reaction  in  Mn3O4 anodes  using  operando  X-ray 
diffraction  and  absorption  spectroscopy  [B.24].  (See 
also  Section  E) Similarly,  operando X-ray  diffraction 
and extended X-ray absorption fine structure (EXAFS) 
spectroscopy provided new insights into the evolution of 
the structure of Ge nanowire anodes during cycling with 
lithium [B.25]. We have developed scalable fabrication 

EFRC Final Report DOE-CU-01086 p 7 of 33

Fig.B-3: (a)  Schematic  of  a  laminated 
nanoporous  electrolyte/separator.  SEM 
images  of  (b)  internal  layer  and  (c) 
cross-section.  (d)  ionic  conductivity  of  the 
laminated electrolyte/separator  infused with 
propylene  carbonate/LiTFSI  (e)  Cycling 
performance  for  a  Li/electrolyte 
laminate/Li4Ti5O12 cell. 
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electrochemical behavior and device performance. Consequently, we emphasized and invested a 
great deal of resources in the development of novel  operando techniques, which are providing 
unprecedented insights into the mechanisms of operation and degradation of fuel cell and battery 
materials. These include:  () Large area X-ray detector and  in situ electrochemical cells for 
real-time  X-ray  synchrotron  studies  () Dual-electrode  DEMS providing  the  equivalent  of 
rotating ring disk electrode voltammetry with mass spectrometric detection [M.1]. () Scanning 
DEMS  combined  with  scanning  electrochemical  microscopy  for  screening  combinatorial 
libraries [M.2].  () DEMS cell for lithium ion batteries [M.3].  () Confocal Raman with in  
situ electrochemical  cell  () Polarization  modulation  FT-IR with  in  situ cell  [M.4].  These 
techniques,  now  part  of  our  experimental  facilities  portfolio.  We  also  developed 
atomic-resolution mapping of composition and bonding by STEM, used in thrusts A and C for 
Pt-M catalysts [M.5-M.7] and strained oxides [M.8,-M.11]. 

More recently, we have focused on the development of operando electron microscopy (SEM, 
TEM)  methods  to  span  length  scales  from the  atomic  to  the  macroscopic.  We  studied  the 
coalescence of fuel cell electrocatalysts (Fig. M-1) and the lithiation dynamics of LiFePO4 (Fig. 
M-2).

IV. Summary:
Our work over the past 5 years has enabled a detailed understanding, via a 
combination of synthesis of new materials, experimental and computational 
approaches, of how the nature, structure, and dynamics of nanostructured 
interfaces affect energy generation, conversion and storage with emphasis 
on fuel cells and batteries. We structured our center into highly collaborative and 
integrated  research  thrust  efforts  and  composed  of  world-class  researchers  with  a 
well-established  history  and  proven  record  of  effective  collaborations.  Our 
research  objectives  were  guided  by  the  Grand Challenges  articulated in 
DOE’s report “Directing Matter and Energy: Five Challenges for Science and 
the Imagination;” the  BES workshop reports in the Basic Research Needs 
series,  as well as challenges identified in “Computational Materials Science 
and  Chemistry:  Accelerating  Discovery  and  Innovation  through  
Simulation-Based  Engineering  and  Science and  From  Quanta  to  the 
Continuum: Opportunities for Mesoscale Science.
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	A: Joint density-functional theory (JDFT): Among the greatest interfacial challenges in energy science, from a theory modeling point of view, is the interface between a solid system and a liquid electrolyte. Predictive ab initio electrochemistry, JDFT, gives a fully rigorous and, in principle, exact treatment of the free-energy and ensemble averages associated with thermodynamic equilibrium between a liquid electrolyte environment and a system described at the quantum level in terms of only the electron density of the quantum system and the atomic site densities for the species comprising the electrolyte [T.1, T.2]. This approach dramatically reduces the computational complexity of sampling the phase space of species configurations in the electrolyte environment. With emc2 support, this approach was developed from proofs of underlying theorems and a few demonstration calculations [T.1, T.2] into a complete framework for ab initio electrochemical calculations [T.3-T.10]. This included the generation of () new, accurate classical DFTs to describe the liquid water and other solvent environments [T.6, T.7]; () much more accurate coupling functionals between the liquid and the electronic system [T.8], with much clearer understanding of the roles of electrostatic, cavitation and van der Waals interactions [T.4, T.11]; () development of a hierarchy of different levels of approximation suited to enabling a much wider range of studies (full JDFT [T.8], non-local linear response JDFT [T.11], and non-linear PCMs (Polarizable Continuum Models) [T.4]). It also generated, a clear understanding of the proper thermodynamic mapping between electrochemical observables (e.g., electrode potential) and their corresponding ab initio computables (e.g., “Fermi level”), enabling studies of the impact of the applied potential on electrochemical processes [T.3]. The value of these developments is evident from the Center-wide impact that JDFT had, enabling calculations that would otherwise have been impossible or inaccurate with state-of-the-art methods.
	B. Grand-Canonical Genetic Algorithm for Materials Prediction: Knowledge of a material’s atomic structure is a prerequisite to computational materials studies. With this knowledge, standard theoretical methods will yield chemical, electronic and optical properties. Thermodynamic stability of a material phase requires it to be not only the (free) energy minimum for a given composition, but also lower in energy than any mixture of competing phases. Multicomponent structure prediction thus requires a search over the entire composition space, amounting to computing the complete phase diagram. Toward this end, we developed a grand-canonical genetic algorithm (GASP), which searches simultaneously over compositional and geometrical degrees of freedom [T.19]. Our method was unique in utilizing information from favorable local compositions, achieving far greater efficiency than previous methods. We disseminated this new approach through the GASP software package [T.20], which was interfaced to a number of energy and local optimization codes and included comprehensive documentation and tutorials.
	C. Microscopic effective theories (METs): electro- and photo-catalysis by design: Control over the electronic structure, conduction/valence band edges and band gaps, is fundamentally interesting and technologically relevant in numerous energy related applications. Our objective was to achieve this control by elucidating the fundamental principles governing the relationships between atomic-scale structure and the macroscopic behavior of complex bulk, thin film, and heterostructured materials. Understanding how the composition, symmetry, geometry, and topology of crystalline motifs influence the interplay among the active degrees-of-freedom and manifests itself in macroscopic materials behavior affords the opportunity to design, in silico, properties and functionalities. Our approach combined microscopic Hamiltonians/models with fundamental principles of solid-state chemistry and first-principles simulations to produce microscopic effective theories (METs), which enable this kind of understanding and material design.

