
Scientific Achievement: 
The initial microstructure evolution of a 
conversion reaction in a lithium-ion 
electrochemical cell has been experimentally 
observed at atomic resolution by in-situ TEM.   

Significance & Impact: 
A novel reaction pathway with distinct 
reaction stages was identified, providing 
insights into challenges for using conversion 
reactions for lithium ion batteries that involve 
the oxidation and reduction of Li2O. 

In Operando Li-ion Conversion Reactions  
of a Co3O4 Nanocube Revealed at Atomic Resolution 

L. Luo, J. Wu, J. Xu and V. P. Dravid, ACS Nano, (2014), DOI: 10.1021/nn504806h.  

Lithiation of a single Co3O4 nanocube:  
Time-resolved in-situ HREM of the lithiation of a 
Co3O4 nanocube (top, with reaction time).  Schematic 
of structural transformation from spinel Co3O4 to Li-
ion inserted LixCo3O4, Co-rich Co-Li-O clusters and 
interconnected Co0-clusters in Li2O (bottom). 

Research Details 
 The lithium ion conversion/deconversion reactions [Co3O4 +2Li  3Co + 2Li2O] have been observed, in 

operando and at atomic resolution, with in-situ transmission electron microscopy (TEM).   
 Li-intercalated Co3O4 and amorphous Li-Co-O clusters have been identified as two intermediate phases.  
 The Co0 metal nanoparticles dissolve into smaller clusters upon delithiation, and likely catalyze the 

dissociation of Li2O, resulting in CoO as the final charged reaction product (instead of Co3O4). 

Work was performed at Northwestern University (NUANCE Center) 
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In Operando Li-ion Conversion Reactions of a Co3O4 Nanocube Revealed at Atomic ResolutionMetal oxide conversion reactions hold substantial promise for electrochemical energy storage because they enable a greater lithium storage capacity than the intercalation reactions in use today. However, their use has been limited due to a lack of understanding of their complex reaction mechanisms. Researchers at Northwestern University, as a part of the Center for Electrochemical Energy Science, an Energy Frontier Research Center, have utilized in-situ transmission electron microscopy (TEM) to directly observe the conversion and deconversion reactions between a metal oxide, Co3O4, and lithium, at atomic resolution. They have revealed a complex multi-step reaction mechanism for lithiation of metal oxide and few-layer graphene nanocomposites, including the first report detailing lithium insertion into the Co3O4 phase, followed by the formation of an intermediate reaction product (consisting of nanoscale Co-Li-O clusters), prior to the subsequent formation of Li2O and Co clusters. The TEM results reveal a network of reduced metal nanoparticles, and their breakdown into ultrafine clusters, which act as catalysts to promote further reduction of Li2O. Such in-situ observations of the reaction pathways in conversion and deconversion reactions provide new insights into the possibility for reversible oxidation and reduction of Li2O that is needed for further development of high power lithium-air batteries. Reference: L. Luo, J. Wu, J. Xu and V. P. Dravid, “Atomic Resolution Study of Reversible Conversion Reaction in Metal Oxide Electrodes for Lithium-Ion Battery”, ACS Nano, (2014), DOI: 10.1021/nn504806h



Scientific Achievement 
Theoretical model combined with advanced 
operando characterization and designed 
synthesis explain why  some nanostructured 
materials react via a fast non-equilibrium 
route 

Significance and Impact 
Mechanism shows both that a non-
equilibrium single phase reaction route can 
lead to higher rate battery materials, and 
how to control formation of this single phase 

Research Details 
– Theoretical model predicts that lithium disorder and 

a single phase in LixFePO4 can be formed and 
controlled by applying a small applied overpotential 

– Operando x-ray diffraction on lithium cells show a 
single phase reaction pathway, that is controlled by 
particle size and applied potential (reaction rate) 

– Doping of the material increases the disorder to the 
point that no overpotential is required, and  an 
equilibrium phase is formed  

Characterizing and Controlling Matter away from Equilibrium  
Using the Model Compound Electrode LiFePO4 

M. Stanley Whittingham, Chemical Reviews 114, 11414 (2014).  

Findings: (a) Model showing 30 mV overpotential creating non-
equilibrium single phase reaction region from α to 1-β; (b) x-ray 
diffraction showing single phase between LiFePO4 and FePO4; (c) 
Change of equilibrium phase diagram on doping; and (d) the 
sarcopside defect formed at high levels of doping.  

Work was performed at Argonne, Binghamton, Cambridge, MIT, 
San Diego and Stony Brook. 

(a) (b) 

(c) 
(d) 
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The LiFePO4 model material provided an excellent example where it has been possible to predict, see, control, synthesize and characterize a non-equilibrium state in matter. NECCES will now use this understanding to enhance the behavior of other electrode materials. Figure Explanation:(a) The Theory Prediction -The Olivine cathode has a remarkably high rate capability for a material that is an electronic insulator and was thought to react by a two-phase reaction process (The two phases LiFePO4 and FePO4 are both present). In order to explain this behavior, the Ceder group came up with a new model (NECCES model) that needs just a little over-voltage that converts the mechanism to a single phase, LixFePO4. (b) The Seeing/Characterization - There was no direct experimental evidence for such a non-equilibrium reaction route until the Grey group worked with the Chapman group at Argonne (who had designed the special in-situ AMPIX cell within this NECCES project). The non-equilibrium phases are evident in the continuous intensity observed between the Bragg reflections of LiFePO4 and FePO4 (red curly bracket). They found this single phase behavior increased as the particle size decreased and as the rate of reaction increased. The latter is further proof of a lithium disorder mechanism – if the rate of reaction is faster than the rate for the lithium ions to order, and form the two phases LiFePO4 and FePO4, then a single disordered phase will dominate.(c) The Synthesis/Control - The Whittingham group found that substitution of part of the iron by a higher valent cation was possible and moreover that the capacity of the electrode was significantly improved. This behavior is directly related to a major modification of the phase diagram, creating much broader equilibrium single phases at high and low lithium contents. In addition, the lowering of the temperature at which complete solid solution occurs correlates with a lowering of the overpotential needed to create a non-equilibrium single phase for all x-values in LixFePO4. (d) The Synthesis/Control/Characterization – High levels of substitution/doping on the lithium site were found to enhance the reaction rate with lithium rather than reduce it as expected from a tunnel structure. This was predicted to be due to the concentration of these ions into sarcopside clusters, which strain the lattice leading to greater disorder of the lithium ions. The growth of singe crystals (Khalifah group) and their TEM characterization (Meng group) indeed showed the presence of such clusters.Contacts: Stan Whittingham – stanwhit@binghamton.edu; Clare Grey – cpg27@cam.ac.uk; and Gerd Ceder – gceder@mit.edu 
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Scientific Achievement 
Computer simulations reveal the shape-dependence of 
efficiency in nanoporous catalysts 

Significance and Impact 
Flow patterns around nanoporous ingot provide insight 
on new ways of structuring and orienting the catalytic 
surfaces for maximal efficiency 

Research Details 
– The Lattice Boltzmann equation was used to model reactive 

flow around a nanoporous silver/gold alloy ingot. The porosity 
and reactivity were chosen to closely match experimental 
setups.  A novel feature is the description of high Knudsen 
number flow by this methodology in the nanoporous surface.  

– The results are in good agreement with experimental 
observations on distribution of reactants and products. 

– The results of these simulations can be used to guide shape 
optimization of the nanoporous catalyst and serve as the 
boundary conditions for multiscale (mesoscopic-to-microscopic) 
simulations of the specific reactions on selected alloy surfaces 

Multiscale simulation of reactive flow around nanoporous 
alloy ingots  

Reactant (left) and product (right) concentrations 
during reactive flow around a nanoporous 
silver/gold alloy ingot, shown as the dark porous 
disk in cross-section at the center.  Red (blue) 
color represents high (low) concentration.     

Work was performed at Harvard University 

Reference: G. Falcucci, S. Melchionna, S. Succi, E. 
Kaxiras, B. Zugic, C.M. Friend (to be submitted) 

Reactants Products 
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Scientific Achievement 
Computer simulations predict the 
mechanism and ultimate structure of metal 
clusters deposited on NU1000 nodes 

 Significance and Impact 
A detailed understanding of atomic layer 
deposition (ALD) of metal clusters at the Zr6 
nodes and of possible catalytic activity 
allows us to design novel catalysts 

Research Details 
– Theoretical modeling has established the step-by-

step details and overall thermochemical driving force 
for deposition of different ALD precursors 

– Theoretical structures have assisted in the 
refinement of X-ray powder diffraction data 

– In-situ IR has played a key role in identifying 
intermediate structures and the role of node 
dehydration under operating conditions 

– Ongoing work with transition metals is aimed at 
generating unique catalytic sites 

Deposition of Potential Catalysts on the Zr6 Nodes of the  
NU1000 Metal-Organic Framework 

A. Martinson, et al., to be submitted (2014).  

Atomic layer deposition of Group III metals: The NU-1000 core has 
four distinct faces, two exposed to large pores and two exposed to 
small pores. InMe3 and AlMe3 react with exposed OH groups to 
deposit eight metal atoms in a structure predicted by theory and 
confirmed by X-ray powder diffraction. Other metal precursors 
having interesting potential catalytic activity are now under study. 

Work was performed at UMN, NW, UCD, and ANL 
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A new mechanism has been discovered that holds promise for reducing the damage experienced by materials in fission or fusion reactors by enhancing the “healing” of the point defects (interstitials and vacancies) created by the exposure to energetic neutrons in these environments.  Using a combination of modeling tools, researchers at the Center for Materials under Irradiation and Mechanical Extremes (an Energy Frontier Research Center at Los Alamos National Laboratory) examined the role of grain boundaries on damage production and defect evolution.  Molecular dynamics calculations showed that the boundaries have a complex effect on damage production, reducing the number of defects remaining after the cascade and leaving the boundary loaded with interstitials.  By evolving the damage structure to longer time scales with temperature-accelerated dynamics calculations, it was found that these interstitials can emit from the boundary and annihilate nearby vacancies. This can take place over many atomic distances and occurs much faster than alternative recombination mechanisms.  This result, published in Science, may explain the decreased radiation damage resistance found in nanostructured materials, which have a large number of grain boundaries, and could be used to design improved materials for reactor applications



Scientific Achievement 
In Nature one observes self-organization of objects such as 
schools of fish or flocks of birds requiring a continuous input of 
energy.  A model was developed showing the emergence of such 
order when interacting particles are exposed to oscillating forces. 

Significance and Impact 
A fundamental gap exists in our understanding of how external 
forces can guide interacting particles into ordered structures, 
which is critical in the design of materials and devices containing 
nanoscale components. 

Research Details 
– We considered a system containing two different particles coated 

with either acid or basic components exposed to fluctuations in pH. 
– The particles in this system self-assemble in different structures 

(dimers, fibers, honeycombs and square lattices). 
– Dissipative structures only form when the pH oscillations are faster 

than the diffusional timescale of the particles and the order of the 
structures decays when the oscillations stop. 

Dissipative Self-Assembly of Particles Interacting through Time-
Oscillatory Potentials 

We studied dissipative self-assembly in a 
mixture of particles coated by weak acids 
(red particles) and weak bases (blue 
particles) in the presence of continuous 
oscillations of pH. Different structures 
form (bottom panels) depending on the 
density of the particles, the strength of 
electrostatic interactions and the shape of 
the pH oscillations. Work was performed at Northwestern University 

Tagliazucchi, M., Weiss, E.A., Szleifer, I., PNAS, 111, 9751-9756, (2014) 
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Dissipative self-assembly is the organization of a system requiring continuous input of energy to the system from its environment. Dissipative self-assembly is ubiquitous in biology, where it leads to structures unavailable in equilibrium conditions and to complex dynamical behavior. There are, however, only a few synthetic examples of this phenomenon. This work proposes a method for dissipative self-assembly through the oscillations of the interaction potentials. As an example, a mixture of pH-responsive particles subjected to fast pH oscillations self-assembles into different nonequilibrium structures that cannot be obtained in equilibrium at fixed pH. This result shows that nontrivial dissipative structures can be formed by periodic oscillation of the forces among particles and reveals a novel strategy to create far-from-equilibrium self-organized structures.



Scientific Achievement 
Derived and developed the energy gradients for particle-particle random phase approximation (pp-
RPA) to ground state and excitation energy and studied the ground state and excited state potential 
energy surfaces by double-electron addition to an (N-2)-particle reference system described by 
DFT. 

Significance and Impact 
Excited state potential energy surfaces are of great significance in the design of solar cells, and 
other areas of chemistry, biology, and materials science.  This work allows the study of dynamics 
on ground-state and excited-state energy surfaces using the same theory, going significantly 
beyond the accuracy of current DFT and TDDFT. 

Research Details 
– The analytic gradient for the pp-RPA excitation equation has been developed and the geometry 

optimization implemented, in a similar manner to that of TDDFT excitation energy. 
– The pp-RPA calculations of ground state and excited state potential energy surfaces and molecular 

structures for the N-particle systems have been performed to address major challenges of TDDFT, 
e.g. double excitations, singlet-to-triplet instability and bond dissociation. With a similar structure 
of equations to that of TDDFT, pp-RPA can overcome the above challenges without significantly 
increasing the computational cost. 

– The figures on the left illustrate that the pp-RPA potential energy surfaces (in (c)) for CH+ rectify 
the qualitatively wrong description of TDLDA (in (b)). Pp-RPA not only corrects the wrong energy 
ordering in TDLDA for the ground state (1Σ) and the lowest triplet excited state (3Π) but also 
captures the low-lying doubly excited state (3Σ-)  that is missing completely from the adiabatic 
TDDFT. The pp-RPA potential surfaces agree well with the Full CI benchmark results (in (a)).  

Potential energy surfaces and analytic gradients from 
pp-RPA for electronic excitations 

Work was performed at Duke University D. Zhang et al, PCCP, (First published online 12 Nov 2014). DOI: 10.1039/C4CP04109G 
 

(a) Full CI 

(b) (TD)LDA 

(c) pp-RPA with B3LYP reference  
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Figure: Calculations are performed with the Cartesian 6-311++G(d,p) basis set.See Fig.2 (a) (b) and (c) of Ref [1].Reference: [1] D Zhang, D Peng, P Zhang and W Yang*, PCCP, (First published online 12 Nov 2014). DOI: 10.1039/C4CP04109G



Scientific Achievement  
A new family of 2D materials (MXenes) with electrical 
conductivity exceeding that of graphene and hydrophilic 
surfaces similar to transition metal oxides have been 
synthesized using tailorable selective extraction routes. 
Significance and Impact 

MXene synthesis opens the path to improved 
electrochemical energy storage materials. MXenes 
also serve as a model system for understanding ion 
dynamics in slit pores and at O- or OH-terminated 
surfaces, as well as surface redox processes that lead 
to increased power and energy density 

Research Details 
o First-principles calculations were carried out using DFT to 

predict the effect of transition metal (Ti, Nb, V, etc.), 
structure (Ti2C vs Ti3C2) and surface termination (O, OH) on 
electrochemical properties of MXenes. 

o Synthesis of Ti2C, Ti3C2, Nb2C and V2C was performed by 
selective etching of Al from the respective MAX phases. 
Electrochemical characterization guided by 
modeling was conducted in electrolytes  
containing H+, Li+, Na+, K+ and Mg2+ ions. 

Computationally-Designed 2D Transitional Metal Carbides 
Show Great Promise for Electrical Energy Storage 

Work was performed at Drexel University and ORNL 

M. Naguib, Y. Gogotsi, Accounts of Chemical Research, 
2014 doi: 10.1021/ar500346b 
Y. Xie, et al. J. Am. Chem. Soc. 2014, 136, 6385-6394  

Y. Xie, et al. ACS Nano, 2014, 8 (9), 9606–9615 

Schematics of the M2AX crystal structure, 
M3X2 and M4X3 layers.  

Electron localization functions of (110) section 
of Ti2CO2 with two Li (a), Na (b), and Mg (c) 

metal layers adsorbed 
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Notes:  Two-dimensional (2D) materials have attracted much attention in the past decade. The most common synthesis approach in general is by reacting different elements or compounds to form a new compound. However, this approach does not necessarily work well for low-dimensional structures, since it favors formation of energetically preferred 3D (bulk) solids. An alternative but less studied way of material synthesis is the selective extraction process, which is based on the difference in reactivity/stability between the different components of the original material. It can be achieved using thermal, chemical, or electrochemical processes. 2D transition metal carbides/carbonitrides (MXenes) have been synthesized using selective extraction of aluminum from MAX phases. They offer an unusual combination of metallic conductivity and hydrophilicity and show very attractive electrochemical properties such as high volumetric capacitance in aqueous electrolytes and high metal ion capacitance in organic electrolytes containing Li+, Na+, K+ and Mg2+ ions. Theoretical capacity of various MXenes, insertion potentials and effects of surface termination on capacity were predicted by DFT and verified experimentally.  By applying the selective extraction synthesis methodology, we can now use be used in conjunction with this validated computational model to synthesis MXenes with internal structures, substitutions on the M and X sites, and Mn+1Xn surface terminations tailored for specific applications in redox (battery, pseudocapacitor) and electrical double layer supercapacitor  design.



Scientific Achievement 
Novel synthesis routes have been discovered for 
producing transition metal carbide (MXene) electrode 
films for supercapacitors with high volumetric 
capacitance, charging rate and cycle life. 

Significance and Impact 
Provides general and effective route to prepare 
materials for flexible and wearable electrochemical 
energy storage and generation devices. 

Research Details 
– Synthesis of 2D titanium carbide using a solution of LiF and 

HCl results in a hydrophyllic material that can be shaped like 
clay and dried into a highly-conductive film exhibiting up to 
900 F cm-3 with excellent cyclability  and charging rate. 

 
 

– Alternating filtration of MXene and CNT dispersion results in 
flexible sandwich-like MXene/CNT papers with high 
volumetric capacitance (~ 400 F cm-3). 

Schematic showing the preparation of (top) 2D 
Ti3C2 sediment that swells and can be shaped 
like clay, and (bottom) sandwich-like 
Ti3C2/carbon nanotube (CNT) paper. Both can 
be formed into flexible, high-capacitance films. 
Work was performed at Drexel University M.-Q. Zhao, C. E. Ren, Z. Ling, M. R. Lukatskaya, C. Zhang, K. L. Van Aken, M. 

W. Barsoum, Y. Gogotsi, Adv. Mater. 2014, DOI: 10.1002/adma.201404140 

900 F cm-3 

Mxene ‘clay’ 

M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi, M. W. Barsoum, 
Nature, 2014, 516, 78–81 

Flexible and Even Wearable Materials for Capacitive Electrical 
Energy Storage and Generation 
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Notes: :  Previously, two-dimensional Ti3C2Tx (MXene) was produced by etching aluminum from Ti3AlC2 (MAX phase) in concentrated hydrofluoric acid. The resulting material had a volumetric capacitance exceeding 300 F/cm. Gogotsi and co-workers report on a new method to produce Ti3C2Tx (MXene) by etching the aluminum from Ti3AlC2 via a solution of lithium fluoride and hydrochloric acid. The resulting hydrophilic, water-swelling material can be shaped like clay and dried into a highly conductive solid or rolled into films tens of microns thick. Additive-free films, produced by rolling, demonstrated volumetric capacitance up to 900 F/cm3, with excellent cyclability and rate performances. This enhancement represents a two-fold increase in capacitance over our previous reports (M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi, M. W. Barsoum, Nature, 2014, 516, 78–81).The same research group has demonstrated a novel method for producing conductive sandwich structures by alternating vacuum-assisted filtration of colloidal suspensions of MXene flakes, followed by 0D onion-like carbon nanoparticles, 1D carbon nanotubes, or 2D reduced graphene oxide, to produce flexible and stable papers with high volumetric capacitance, good charging/discharging rates and excellent cycling stability wehen employed as electrodes in electrochemical supercapacitors (M.-Q. Zhao, C. E. Ren, Z. Ling, M. R. Lukatskaya, C. Zhang, K. L. Van Aken, M. W. Barsoum, Y. Gogotsi, Adv. Mater. 2014, DOI: 10.1002/adma.201404140).These novel materials open the door to the fabrication of flexible electrical energy storage and delivery systems for a variety of applications including clothing that stores and releases electrical energy generated by walking, and new electrochemical and redox storage devices.



Scientific Achievement 
Combining galvanostatic cycling with in situ 
microscopy, capacity loss in Al anode is shown 
to be caused by irreversible trapping of Li in the 
AlLi alloy formed on the exposed surface of Al. 
Significance and Impact 
Real time observation of charge-discharge 
cycling in a thin film solid state battery reveals 
degradation mechanism intrinsic to alloy 
formation & surface oxidation. 

Capacity loss due to irreversible Li trapping in AlLi alloy 

M.S. Leite, D. Ruzmetov, Z. Li, L.A. Bendersky, N..C. Bartelt, A. Kolmakov, A.A. 
Talin, J. Materials Chem A (2014) 2, 20552. DOI: 10.1039/c4ta03716b. 
Work was performed at UMD, NIST & SNL-CA, partially supported by EFRC NEES.  

(a) Cross-section SEM image of thin film 
all-solid-state battery after 10 cycles, 
showing AlLi cluster forming on surface. 
(b) Electrochemical performance 
correlated to battery morphology for 3 
different Li percentages. 

Research Details 
• Real-time scanning electron microscopy and Auger spectroscopy were used. 
• Electrochemical reaction Li + Al -> AlLi only occurs on anode surface due to strain. 
• For a thin film, all-solid-state Li-ion battery (TFLIB) with Al anode, LiCoO2 cathode & N-doped Li3PO4 

(LiPON) electrolyte, 90% capacity loss after 100 cycles was observed.  
• The capacity fade is due to the blockage of Li & Al diffusion paths from the Li-Al-O alloy on the anode 

surface. The alloy formation is irreversible & is driven by surface reaction. 

(b) 
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By combining real-time scanning electron microscopy in ultra-high vacuum with electrochemical cycling, scientists at Nanostructures for Electrical Energy Storage (NEES), a DOE Energy Frontier Research Center (EFRC), characterized and quantified the dynamic degradation of Al anodes in Li-ion all-solid-state batteries, a promising alternative to the Si anodes for ultra lightweight energy storage systems.  In the Si nanostructure systems, reducing the diameters or thickness to below 100nm can better accommodate volumetric strains due to lithiation/de-lithiation. In contrast, Al nanowires and films degrade more rapidly as dimensions become smaller, as observed by Hudak et al. This loss of capacity was attributed to the rapid loss of electrical conductivity due to fracturing. Here, researchers found that the loss in battery capacity is directly related to the irreversible Li trapping in the AlLi alloy formations on the anode surface, which remain in electrical contact with Al during cycling. The mechanism is based on the surface oxidation of AlLi causing the blockage of Al and Li diffusion pathways, necessary for the breakdown of AlLi alloy at room temperature, resulting in Al-Li-O alloy irreversibility.
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