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Coherent x-ray diffraction imaging is used to map the local three dimensional strain inhomogeneity

and electron density distribution of two individual LiNi0.5Mn1.5O4�d cathode nanoparticles in both

ex-situ and in-situ environments. Our reconstructed images revealed a maximum strain of 0.4%.

We observed different variations in strain inhomogeneity due to multiple competing effects. The

compressive/tensile component of the strain is connected to the local lithium content and, on the

surface, interpreted in terms of a local Jahn-Teller distortion of Mn3þ. Finally, the measured strain

distributions are discussed in terms of their impact on competing theoretical models of the

lithiation process. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866030]

The reduction of battery capacity after many charge/di-

scharge cycles is a well known, yet poorly understood, phe-

nomenon affecting battery performance in a wide range of

devices, including cell phones, computers, and electric

vehicles.1,21,22,28 Even the ubiquitous lithium ion battery,

which has several desirable properties,26 suffers under

repeated cycling.2 A detailed understanding of the various

processes thought to be involved would shed light on ways

to increase longevity and maintain capacity for a larger num-

ber of cycles in both current and next generation batteries.

Possible mechanisms for the degradation of battery

capacity include unwanted side reactions, electrolyte decom-

position, surface film formation, active material dissolution,

and structural change.2 Lithium ions are inserted and

removed from both electrodes as the battery is cycled. This

causes volume expansion and contraction in a wide range of

materials, including spinels, and can occur inhomogene-

ously, which induces strain in the active material par-

ticles.5,14 This strain can cause irreversible cracking if it is

above the threshold tensile strength of the material.7,40,41

Cracking may lead to disconnection of some active material

from the conductive matrix. Strain clearly plays a key role in

battery performance and capacity retention.

Although other methods can provide globally averaged

strain information,9,25 improvements in performance will

likely require understanding strain at the single particle level.

Individual particle information leads, potentially, to a better

understanding of how the ensemble functions. If a particular

size and shape of particle exhibits minimal strain upon cy-

cling, this can motivate improvement in synthesis techniques

to produce a cathode composed of this specific particle.

From a fundamental point of view, how phase transitions

happen at the single particle level remains unexplored.

Spinel materials are attractive candidates for cathodes in

future commercial batteries due to their specific energy, cost,

availability, and electrode potential.8,15,26 In general, the spi-

nel structure enhances solid state lithium ion transport

because it is based on a three dimensional MO2 (M: transi-

tion metals) host. The pathway relies on vacancies in the

transition metal layer along the (111) direction. In the

LiM2O4 spinel structure, M cations occupy the octahedral

site but 1
4

are located in the lithium layer along the (111)

direction, which leaves 1
4

of the sites in the transition metal

layer vacant.34 Lithium ions then occupy the tetrahedral sites

in the lithium layer, and these sites share faces with the

empty octahedral sites in the metal layer.36,37

LiNi0.5Mn1.5O4�d (LNMO) is the particular type of lith-

ium oxide spinel studied in this experiment, where d � 0:1
indicates the degree of disorder and the amount of oxygen

vacancies. The unit cell for the disordered structure is shown

in Figure 1. X-ray diffraction (XRD) data, charge-discharge

curves, and differential capacity (dQ/dV) plots are included

in supplementary material (Figs. 1s, 2s(a), and 2s(b), respec-

tively).43 XRD data demonstrate that the structural properties

agree with previously published data,17,42 while

charge-discharge and differential capacity curves indicate

good electrochemical performance and typical behavior.17,42

Strain in these materials can come from a variety of sources,

including inhomogeneous lithiation, Mn3þ ions undergoing a

Jahn-Teller distortion, and the lattice mismatch induced dur-

ing the structural phase transition that occurs upon

cycling.17–19 Modeling the lithiation process is typically

done by considering spherical particles and assuming homo-

geneous lithiation across shells.6 Unfortunately, there are not

many experimentally determined strain distributions with

which one can compare the model thus these assumptions

are left unchallenged.

Coherent x-ray diffractive imaging (CXDI) in Bragg ge-

ometry is a powerful characterization technique for imaging

local nanoscale lattice distortions.12,13,30 CXDI is fundamen-

tally different than other forms of microscopy. Instead of

using a lens to form the image of the sample, the methoda)Electronic mail: aulvesta@ucsd.edu
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relies on highly coherent sources of x-rays and the remark-

able sensitivity of the scattered coherent beam to the internal

structure of the sample. In CXDI the coherently scattered

light, or coherent diffraction pattern as shown in Figure 1, is

directly measured in the far field on an area detector such as

a Charge Coupled Detector (CCD). Since only the intensities

of the scattered wave can be measured, and not the relative

phases of the beams, computational phase retrieval algo-

rithms are employed to generate the image.10,11

The strain in the sample will manifest itself in the dif-

fraction pattern as an asymmetry of the coherent diffraction

intensities around the Bragg peak of the lattice. An asymmet-

rical Fourier transform implies a complex real space image.

The amplitude will be directly interpreted as the density dis-

tribution of the sample, while the phase can be shown to be

directly related to a projection of the local lattice distortion

onto the Ghkl vector of the Bragg peak which was meas-

ured.4,23,24,29,30 The strain is defined as the gradient of this

displacement. In principle, three independent Bragg reflec-

tions are necessary to construct the full strain tensor. In this

experiment, only the (111) reflection is measured and thus

only three components of the strain tensor can be computed.

The phase problem in CXDI is similar in nature to the

famous phase problem of x-ray crystallography.31 An impor-

tant difference in CXDI is the ability to oversample the dif-

fraction pattern of the sample in reciprocal space. This fact

allows many more constraints to be employed in the phasing

retrieval process.10 The basic concept in phase retrieval is to

iterate between real and Fourier space, using a Fast Fourier

Transform (FFT), and apply the appropriate constraint in

each space. In Fourier space the constraint is simple: the am-

plitude is set to the measured amplitude, which is the square

root of the measured CCD intensity. The real space con-

straint depends on what algorithm is chosen. Fienup’s

Hybrid Input-Output (HIO)10 and the Error Reduction (ER)

algorithm were used here. This procedure is done iteratively

until it converges on a solution, defined by the error metric,

which consists of amplitudes and phases for both spaces.

Several checks were done on the reproducibility and

robustness of the phase reconstructions. The diffraction data

were centered via a sub-pixel shift to the (h,k,l) of the center

of mass of the measured intensity. Each individual particle

was reconstructed many times, each with a different set of

random phases, and what is shown is the average of at least 5

algorithm solutions. The phase at the reconstructions center

of mass is set to zero to remove any global phase offset. The

Fourier space error metric, which is the sum square of the

deviations of the reconstructed amplitudes from the meas-

ured, was on the order of 10�3. Finally, a coordinate trans-

formation back to the lab frame was performed to simplify

computation of the compressive/tensile strain.

LiNi0.5Mn1.5O4�d spinel materials with the disordered

structure were synthesized using the sol-gel method. The sol

solution was prepared from the stoichiometric mixture of

Ni(CH3COO)2�4H2O (Aldrich), Mn(CH3COO)2�4H2O

(Aldrich), and LiOH�2H2O (Aldrich) in distilled water.

Aqueous solution of citric acid was added drop-wise to the

mixture with continuous stirring. The pH of the solution was

adjusted to 7 by adding an ammonium hydroxide solution.

After gel formation at 70 �C with vigorous stirring, the

precursor was further dried in a vacuum oven overnight.

The resulting gel precursors were decomposed at 500 �C for

12 h in air and then calcinated at 900 �C for 14 h in air.

Typical morphology of the LiNi0.5Mn1.5O4�d spinel materi-

als with the disordered structure are shown Figure 1. The

average particle size was about 700 nm with a range of

400–1000 nm.

The experiment was performed at 34-ID-C of the

Advanced Photon Source (Argonne National Laboratory). A

double crystal monochromator was used to select 8.919 keV

x-rays with 1 eV bandwidth, and longitudinal coherence

length of about 0.7 lm. Slits were used to select a coherent

fraction of the beam from the synchrotron that was then

focused to about 1.0 lm2. The pristine spinel powder was

mixed with an equal volume solution of duco cement and

then held in place on kapton tape for the ex-situ experiment

(particle 1). For the in-situ experiment (particle 2), a modi-

fied coin cell was used that does not change the sample envi-

ronment and is further detailed in Fig. 3s.43 The CCD

detector was oriented at an arbitrary (111) direction corre-

sponding to a 2h of �18�. The sample was then scanned

across the beam until a particle satisfying the Bragg condi-

tion illuminated the detector.

Coherent diffraction patterns were recorded for the rock-

ing curve of the (111) Bragg reflection by rotating the sample

through the Bragg condition in increments of about 0.01 deg.

In our experiment, a CCD detector with 20 lm pixel size

was used to collect the 2D diffraction slice for 40 slices. Full

FIG. 1. (a) Coherent x-rays are pro-

duced that illuminate the sample and

scatter to give (b) Coherent diffraction

pattern from a particular cathode parti-

cle, (c) Electron microscopy image of

the pristine cathode powder, and (d)

Unit cell for the cathode material.

073108-2 Ulvestad et al. Appl. Phys. Lett. 104, 073108 (2014)
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3D diffraction patterns were then constructed by stacking

these 2D frames together.

The reconstructed real space maps of electron density,

lattice displacement, and compressive/tensile strain in the

(111) direction for the two different particles are shown in

Figure 2. Particle 1 is approximately 700 nm in the largest

dimension and imaged in an ex-situ environment. Particle 2

is approximately 400 nm in diameter and imaged in an in-
situ coin cell environment. The surface is drawn by specify-

ing a constant value of electron density at 25% of the maxi-

mum. Particle cross sections displaying the interior strain

distribution are shown in Figure 3. The resolution of these

maps, calculated geometrically from the maximum momen-

tum transfer we measure and verified by computation of the

phase retrieval transfer function,4,35 is approximately 50

nanometers (nm). The root mean square strain values are dis-

played in Table I for the center (150 nm sphere), surface

(150 nm shell), and entire particle.

The reconstructed maps provide insight into the structure

and strain of pristine (fully lithiated, uncharged)

LiNi0.5Mn1.5O4�d cathode. The origin of strain in these par-

ticles is not well understood and can come from a variety of

effects. We rule out particle-particle electrochemical interac-

tion because measurements were made at open circuit voltage

(O.C.V.) in which the particles do not exchange lithium with

their neighbors, or we would observe current flow. There are

residual strains from the manufacturing of these particles but

we expect them to be small based on our atomic resolution

microscopy image which shows well aligned atomic columns.

In spinel materials, inserting lithium expands the lattice

constant, while removing lithium compresses the lattice con-

stant. Provided this is the dominating effect in the strain dis-

tribution, the compressive/tensile component of the strain

then represents a map of lithium dense and lithium sparse

regions. We see in Figure 2 that the strain is not homogene-

ous over the surface of either particle, which would support

the so-called phase field models of lithium insertion32 and

not favor bulk diffusion limited “shrinking core” models.

Both particles also display differences between their

strain and their displacement. Although atoms in particle 2 are

displaced further from equilibrium, the overall strain is lower

compared to particle 1. Differences in the particle strain distri-

butions come from a number of effects, including size differ-

ences, sample environment differences, and shape differences.

Although we cannot untangle all the effects here, the more

symmetric particle (2) is less strained on the surface. Cross

sections showing the interior distribution of compressive/ten-

sile strain in particles 1 and 2 are shown in Figure 3. We see

immediately that the smaller, more symmetric particle 2 is

much more homogeneous in terms of strain than particle 1.

Assuming, again, that lithium insertion is the dominating

effect in the strain of the pristine state, we see that the par-

ticles really are inhomogeneously lithiated. These maps, as

well as those in Figure 2, help us visualize the effects of size,

shape, and lithium content on the strain in these cathode par-

ticles. This full three dimensional information can be used to

determine, quantitatively, the amount of strain in any region.

Table I shows the root mean square strain for the total

particle as well as for center (150 nm sphere) and surface

(150 nm shell) regions. Both particles display the same fea-

ture: surface strain is higher than central strain. We expect

surface effects to be important in nano particles and we see

evidence of that here. Surface strain in these particular type

of particles is connected to Mn3þ on the surface, produced

FIG. 2. Isosurface (25%) projections of strain ð@u111

@x111
� 103Þ and displacement

(in lattice units) for (a) particle 1 (ex-situ, pristine state) and for (b) particle

2 (in-situ, pristine state) at 50 nm resolution.

FIG. 3. Cross sections showing the interior distribution of strain in (a) parti-

cle 1 and (b) particle 2 at 50 nm resolution.

TABLE I. Quantitative strain metrics for the two particles.

Particle Total strain Center strain Surface strain

1, ex-situ 1.02� 10�5 2.21� 10�4 3.79� 10�4

2, in-situ 1.25� 10�5 1.97� 10�4 2.07� 10�4

073108-3 Ulvestad et al. Appl. Phys. Lett. 104, 073108 (2014)
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by high calcination temperature.27 As mentioned previously,

both simulation33 and experiment3 point to the formation of

Mn3þ, although through different mechanisms.

Mnþ3 has four 3d electrons, and in a six-coordinated ox-

ygen environment it can undergo what is known as a

Jahn-Teller distortion and displace the atom from its equilib-

rium position.38,39 The Jahn-Teller (JT) theorem states that

in a nonlinear molecule, if degenerate orbitals are asymmet-

rically occupied, a distortion occurs to remove the degener-

acy and lower the overall energy. Significant distortions

occur in d4 high spin ions octahedral ions, which include

Mnþ3. Unfortunately, the JT theorem is unable to predict the

magnitude of the distortion.

Equal concentrations of Mnþ3 and Mnþ4 are observed in

LiMn2O4.20 Introducing Nickel reduces the concentration of

Mnþ3 and improves capacity retention.16,20 In our particular

sample, we compare the measured discharge capacity to the

theoretical capacity and arrive at a relative concentration of

13% Mnþ3. We will use this number to calculate the magni-

tude of the JT effect after making several other assumptions,

including: the calculated compressive/tensile strain is due

only to the JT effect, the strain from multiple ions acts in a

collective fashion and simply adds, and the influence of other

atoms in the unit cell on the JT distortion is negligible. Under

these assumptions, the percent distortion along the

z-direction, dz=z, is calculated to be 2.6� 10�4. This is very

small local distortion, as compared to other collective JT dis-

tortions, such as the distortion in KCuF3 which is 5.3� 10�2.

Electron density and (111) displacement maps were

retrieved using diffraction data from pristine

LiNi0.5Mn1.5O4�d cathode in both ex-situ (particle 1) and

in-situ (particle 2) experiments at Beamline 34 ID-C at the

Advanced Photon Source. We applied CXDI to a real sys-

tem, and gained insight into the strain in this important class

of materials. The compressive/tensile strain, which can be an

indication of the local lithium concentration, was calculated

from the gradient of the displacement. These strain maps call

into question the assumption of homogeneity across “shells”

used in theoretical models. The strain maps also demonstrate

how particle shape, size, and environment can shape the

strain distribution, which influences electrochemical per-

formance. Strain inhomogeneity in single cathode particles

was not documented before. The strain was quantified in

terms of the root mean square, and the surface strain can be

explained by Mn3þ that undergoes a local JT distortion. We

are able to calculate the magnitude of this local distortion

under a number of assumptions and compare it with a known

collective JT distortion of another system.
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