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BATTERIES

Topological defect dynamics in
operando battery nanoparticles

A. Ulvestad,* A. Singer,* J. N. Clark,>® H. M. Cho,* J. W. Kim,* R. Harder,” J. Maser,’
Y. S. Meng,** 0. G. Shpyrko™*

Topological defects can markedly alter nanomaterial properties. This presents
opportunities for “defect engineering,” where desired functionalities are generated through
defect manipulation. However, imaging defects in working devices with nanoscale
resolution remains elusive. We report three-dimensional imaging of dislocation dynamics
in individual battery cathode nanoparticles under operando conditions using Bragg
coherent diffractive imaging. Dislocations are static at room temperature and mobile
during charge transport. During the structural phase transformation, the lithium-rich phase
nucleates near the dislocation and spreads inhomogeneously. The dislocation field is a
local probe of elastic properties, and we find that a region of the material exhibits a negative
Poisson’s ratio at high voltage. Operando dislocation imaging thus opens a powerful avenue

for facilitating improvement and rational design of nanostructured materials.

anoconfinement causes material properties

to differ substantially from their bulk coun-

terparts in many ways and can lead to size-

tunable thermodynamics, faster intercalation

kinetics, and extended life cycles (7). “De-
fect engineering” can be used to further design
and optimize properties owing to the apprecia-
ble influence of defects on material properties
(2, 3). Motivated by this opportunity, many re-
searchers worked to develop imaging techniques
capable of resolving defects, in particular dis-
locations (4, 5).

The observation of dislocations with techni-
ques such as x-ray topography (6, 7) and recip-
rocal space mapping dates back to the 1950s
(8-10). The coherence of third-generation syn-
chrotron x-ray beams enabled several new defect
imaging techniques (ZI), including phase con-
trast tomography (72) and Bragg x-ray ptychog-
raphy (13), which was recently used to visualize
the displacement field of a dislocation in silicon.
For a recent review of defect imaging using co-
herent methods, see (14).

Bragg coherent diffraction imaging (BCDI)
relies on interference produced by coherent
x-rays and phase-retrieval algorithms to recon-
struct the three-dimensional (3D) electron density
and atomic displacement fields in nanocrystals
(15-18). The displacement field information
that BCDI provides is complementary to the
aforementioned techniques and crucial in iden-
tifying the character of single dislocations. BCDI
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can also track, with nanoscale resolution, buried
single defects under operando conditions.

The role of dislocations in Li-ion battery per-
formance remains largely underexplored, and
one of the few areas where materials can be
further optimized. The appearance of disloca-
tions correlates with capacity loss (19), as dis-
locations induce stress and strain (20). Yet,
dislocations can relieve strain during phase
transformations by allowing the interface be-
tween the phases to decohere and thus prevent
cracking and the associated active material
loss and undesirable surface reactions with the
electrolyte (21, 22). To understand these nuances,
we must first track single defects in operating
devices under working conditions. We use BCDI
to study single defects in the nanostructured
disordered spinel material LiNij, sMn; 504 (LNMO).
LNMO is a promising high-voltage cathode
material in which the lithium diffusion path-

way is three-dimensional (23). In addition, the
material exhibits both two-phase coexistence
and phase transformations at certain lithium
concentrations during charge and discharge,
as evidenced by both electrochemical and dif-
fraction data (21, 24-26). The phases are dif-
ferent in their lattice constant but have the same
symmetry group (Fd3m).

The experimental setup is shown schemati-
cally in Fig. 1. Focused coherent x-rays are inci-
dent on an in situ coin cell (fig. S1) that contains
the nanoparticulate LNMO cathode material. X-ray
diffraction data (fig. S2) and electrochemical data
(fig. S3) confirm expected behavior of the LNMO
cathode. The x-rays scattered by a single LNMO
particle satisfying the (111) Bragg condition are
recorded on an area detector (27). The exper-
imental geometry, combined with the random
orientation of the cathode nanoparticles, ensures
that the (111) Bragg reflections corresponding
to separate particles are well separated and an
individual reflection can be isolated on the de-
tector. The battery was cycled 101 times at a fast
rate (30 min for full charge) before the imaging
experiment. From the coherent diffraction data,
we reconstruct both the 3D distribution of elec-
tron density, p(, ¥, ), and the 3D displacement
field along [111], u;;,(x,y,2), in an individual cath-
ode nanoparticle with 35-nm spatial resolution
(fig. S4) 27).

Figure 2A shows the isosurface rendering of
the particle shape. Figure 2B shows a cross-
section of the 3D displacement field [u;(2,y,2 = 2p)]
in the cathode nanoparticle. The [111] direction is
approximately along the x axis, whereas the x-ray
beam is almost parallel to the 2 axis. To determine
the defect type responsible for the displacement
field in Fig. 2, B and C, Fig. 2D shows the dis-
placement field magnitudes at a fixed radius, 7,
as a function of azimuthal angle, 6. Depending
on the defect type, this angular distribution will
have distinct features. For example, displacement
fields generated by screw dislocations must vary
linearly with 6 (28). Edge dislocations produce
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Fig. 1. Bragg coherent diffractive imaging experiment schematic. Coherent x-rays (red) are incident
on a cathode nanoparticle (green) containing an edge dislocation. A schematic of an edge dislocation for a
cubic unit cell structure is shown with the extra half plane colored purple. The diffracted x-rays carry
information about the 3D electron density and atomic displacement fields within the particle that allows
the type of dislocation to be identified.
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Fig. 2. Edge dislocation displacement field identified in a single LNMO cathode nanoparticle. (A) A green isosurface representing the particle shape. A black
plane shows the spatial location of the cross-section of the uj;; displacement field shown in (B). (C) Magnification of the boxed region in (B). Locations of edge
dislocations are indicated by 1. Data points in (D) correspond to the displacement values as a function of azimuthal coordinate 6 at fixed radius r [shown as a black

circle in (C)]. The red line is a two-parameter fit to the edge dislocation model described by Egs. 1a and 1b.

displacements both perpendicular and parallel to
the extra half plane given by (28)

b sin20
w o ()

b (1-2v , . €0s26
U =5 (—4(1 =) logr= + a-v) v)) (1)

where 7 and 6 are the radial and azimuthal co-
ordinate, b is the Burgers vector length, and v is
Poisson’s ratio (see fig. S5 for coordinate defini-
tion). Thus, an edge dislocation produces a dis-
placement field that varies linearly with 6 with
an additional periodic modulation. By inspec-
tion of Fig. 2D, we identify the displacement
field in Fig. 2, B and C, as resulting from edge
dislocations.

We quantitatively determined the edge dislo-
cation properties and the elastic properties in the
nearby region by using Egs. 1a and 1b with b and
v as fit parameters (27). Other elastic parameters
determined from the displacement field are
consistent with expectations (27). The crystallo-
graphic geometry of the edge dislocation with
respect to [111] is determined from the 3D dis-
placement field to be 50 + 8°, in good agreement
with the predicted value of 54° for an edge dis-
location along <100>. The fitted Burgers vector
magnitude of 8 + 1 A is in excellent agreement
with the lattice constant along <100>, which is
8.16 A, and the fitted Poisson’s ratio of 0.27 + 0.1
agrees with the bulk value of 0.3 in the discharged
state (29). For additional fit information, see figs.
S6 and S7.

We mapped the edge dislocations in 3D, and
by repeated measurements confirmed that they
were static for at least an hour at room tem-
perature (fig. S8). Figure 3 shows the evolution of
the dislocation line as a function of charging. The
width of the dislocation line reflects the un-
certainty in the position as determined by the
phase retrieval transfer function (27). The evolu-
tion of the single-particle lattice constant during
charging and discharging is shown in fig. S9.

We observe dislocation line movement as a
function of charge transport, which means that
the dislocations are stable at room temperature
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and dynamic under applied current. There is in-
homogeneity in the amount of movement among
different line segments, and it does not appear to
be random. Instead, there is preferential move-
ment toward the boundary of the particle. Addi-
tional time sequences are shown in fig. S10.

We perform fits as shown in Fig. 2 to all
dislocations as a function of charge state in order
to locally determine the Poisson’s ratio in the
single particle along the dislocation line (27).
Figure 4A shows Poisson’s ratio of the particle in
the vicinity of the dislocation line as a function of
charge state. At full lithiation (discharged), the
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Fig. 3. Three-dimensional edge dislocation line evolution due to charging. The particle shape is
represented by a semitransparent green isosurface. (A) Evolution of the dislocation line at three different
charge states. (B) The same evolution as in (A) for a different view. (C) Evolution of the dislocation line for
the subsequent three charge states. (D) The same evolution as in (C) for a different view.

local Poisson’s ratio is in excellent agreement
with the literature value of 0.3 (29). However, the
lithium concentration changes as a function of
voltage and is known to change material prop-
erties, including Young’s modulus (30) and the
diffusion coefficient (31). Surprisingly, we observe
that Poisson’s ratio decreases during delithiation,
eventually becoming negative at roughly 4.5 V.

The negative Poisson’s ratio, or auxetic prop-
erty, could be due to the peculiar structural changes
in LNMO. It is known that materials are auxetic
for a variety of reasons, including the presence of
microstructures, such as reentrant honeycombs,
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and as a result of phase transformations (32).
For example, auxetic behavior was attributed to a
hinge-like structure in spinel CoFe,O,, (33), which
has the same structure as LNMO. We hypothesize
that a hinge-like mechanism as diagrammed in
Fig. 4C is responsible for the reduction in the
measured Poisson’s ratio. At 4.5 V and higher, all
of the Mn®* ions are oxidized to Mn**, which

makes the Mn-O bond exceptionally strong be-
cause of the superior ligand field stabilization
energy of Mn** due to its half-filled tog level (23).
This leads to strong and weak bonds within the
crystal, and ultimately to the hinge structure. As
the voltage is increased and more lithium is re-
moved, the hinge structure moves more freely
and consequently the Poisson’s ratio decreases.
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Fig. 4. The evolution of the local Poisson’s ratio as a function of voltage and the proposed auxetic
mechanism occurring in the LNMO unit cell. (A) Poisson’s ratio values measured as a function of
voltage for the particle discussed in the main text. Green points correspond to results from an additional
measurement on a separate particle in another LNMO cathode battery (see fig. S11). (B and C) The LNMO
unit cell when viewed along a primitive cubic lattice vector (x; and x3 are the other primitive cubic lattice
vectors) for the fully lithiated (discharged) and fully delithiated (charged) state, respectively. The proposed
auxetic reentrant honeycomb structure is shown in black in (C).
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If our hypothesis is correct, the delithiated
LNMO spinel would be incredibly strain tolerant
(34) and might be used to prevent structural
collapse in layered oxide materials at high vol-
tages when blended as a nanocomposite (35).
The auxetic property may also explain why this
material is relatively resistant to losing oxygen
from the crystal structure at high voltage.

Near 4.7 V, LNMO exhibits two-phase coexis-
tence and a structural phase transformation during
charge and discharge, as evidenced by both elec-
trochemical and diffraction data (24, 25, 36). The
two phases differ in their lattice constant, whereas
the symmetry group of the crystal remains the
same. At the single-particle level, the phase trans-
formation manifests itself as a splitting in the
(111) diffraction peak, indicating that two lattice
constants are present (see fig. S12 for diffraction
data during the onset of the phase transforma-
tion and fig. S9 for single-particle lattice constant
evolution). Figure S13 shows diffraction data mid-
way through the phase transformation. Figure 5
shows the displacement and strain field evolution
within the nanoparticle at two measurement
times (left and right) corresponding to 4.7 and
4.69 V during the onset of the phase transfor-
mation during discharge. Again, the & axis cor-
responds to the [111] direction.

In Fig. 5A, we qualitatively identify an edge
dislocation by inspection of the displacement
field. Approximately 20 nm higher, the Li-rich
phase nucleated above the dislocation and created
tensile strain due to its larger lattice constant.
However, this is below the spatial resolution of the
experiment, and thus another cross-section (g5) that
is 40 nm higher is also shown to corroborate the
previous statement. Thus, the observed dislocation
is near the phase boundary between the Li-rich
and Li-poor phase. From their proximity, we
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Fig. 5. Displacement and strain dynamics during the onset of the structural phase transformation. The displacement field within the particle is measured
during the structural phase transformation during discharge. (A) The time evolution of a displacement field cross section with the edge dislocation indicated.
(B) The time evolution of the compressive/tensile strain field in the [111] direction (111/u111) at one cross-section higher than in (A). The new phase manifests
itself as tensile (positive) strain and is shown in red. (C) The strain field evolution at another, higher cross-section. (D) A green isosurface representing the
particle shape. Black planes show the location of the cross-sections displayed in (A) to (C).
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conclude that the dislocation likely acts as a
nucleation point for the new phase during the
phase transformation, which is expected from
theoretical calculations (37). Figure 5, B and C,
show that further discharge causes the Li-rich
phase to expand further into the particle, as op-
posed to nucleating a new phase region a con-
siderable spatial distance away. This suggests the
near-equilibrium pathway for the phase trans-
formation at the single-particle level. The obser-
vation of a phase boundary is quite interesting in
light of recent results showing the absence of a
phase boundary during fast charging in LiFePO,,
(88). The relatively slow cycling rate (4 hours for
full charge) used in this study is most likely
responsible for this discrepancy.

We studied topological defect dynamics in
crystalline nanoparticles under operando con-
ditions using Bragg coherent diffractive imaging.
Edge dislocations that are static at room temper-
ature are dynamic in response to charge tran-
sport. The 3D dislocation displacement field
serves as a local probe of elastic properties, and
we observe that at high voltage, Poisson’s ratio in
the vicinity of the dislocation is vastly different
from that at lower voltages. This calls for further
investigation into using lithium ions to tune ma-
terial properties and could explain why LNMO is
resistant to oxygen loss at high voltage. We
anticipate that imaging of dislocations can be
used as a nanotechnology to locally probe elastic
properties in nanomaterials and that LNMO could
improve the strain tolerance of other cathodes.
We reconstructed the onset of the phase trans-
formation, observed the dislocation act as a nu-
cleation point, and showed how the phase expands
into the particle. Our results open up the imag-
ing of weakly strained phase transformations to
BCDI and unlock the potential for a synthesis/
imaging feedback loop to engineer dislocations
at the nanoscale.
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MEMBRANE FILTRATION

Sub-10 nm polyamide nanofilms
with ultrafast solvent transport
for molecular separation

Santanu Karan, Zhiwei Jiang, Andrew G. Livingston*

Membranes with unprecedented solvent permeance and high retention of dissolved solutes
are needed to reduce the energy consumed by separations in organic liquids. We used
controlled interfacial polymerization to form free-standing polyamide nanofilms less than

10 nanometers in thickness, and incorporated them as separating layers in composite
membranes. Manipulation of nanofilm morphology by control of interfacial reaction conditions
enabled the creation of smooth or crumpled textures; the nanofilms were sufficiently rigid
that the crumpled textures could withstand pressurized filtration, resulting in increased
permeable area. Composite membranes comprising crumpled nanofilms on alumina supports
provided high retention of solutes, with acetonitrile permeances up to 112 liters per square
meter per hour per bar. This is more than two orders of magnitude higher than permeances of
commercially available membranes with equivalent solute retention.

any separation processes used by indus-
try require evaporation and distillation,
which have high energy consumption
due to the latent heat of vaporization.
Membrane technology would require
only one-tenth as much energy to process an
equivalent amount of liquid (7), but for indus-
trial processes involving large quantities of or-
ganic liquids, such membranes should be stable
in organic solvents and have high permeance
to enable processing within a reasonable time.
Thin-film composite (TFC) membranes for water
desalination (2, 3), which comprise a polyamide
separating layer formed by interfacial polymeri-
zation on top of a porous ultrafiltration support

Department of Chemical Engineering, Imperial College
London, South Kensington Campus, London SW7 2AZ, UK.
*Corresponding author. E-mail: a.livingston@imperial.ac.uk

membrane, have been adapted for organic sol-
vent nanofiltration (OSN). However, the perme-
ance of TFC-OSN membranes is still relatively
low (~2.5 liters m~2 hour ™ bar™* for membranes
that reject >90% of solutes with molecular weight
<300 g mol™) (4), demanding large membrane
areas for industrial applications. Meanwhile, for
OSN, Karan et al. (5) used chemical vapor depo-
sition to prepare diamond-like carbon (DLC)
nanosheet membranes that showed ultrafast per-
meance when the thickness of the DLC separation
layer was decreased to 30 nm; the DLC layer re-
mained mechanically robust. In contrast, when
the same thickness-reduction approach was fol-
lowed for solution-cast films of a linear polymer
(PIM-1), a maximum heptane permeance of ~18
liters m~ hour™ bar™ was measured for a film
140 nm thick, after which permeance decreased
with decreasing thickness. This was attributed
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