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 Nonequilibrium Pathways during Electrochemical Phase 
Transformations in Single Crystals Revealed by Dynamic 
Chemical Imaging at Nanoscale Resolution 

   Young-Sang    Yu     ,        Chunjoong    Kim     ,        Yijin    Liu     ,        Anton van    der Ven     ,        Ying Shirley    Meng     ,    
    Robert    Kostecki     ,       and        Jordi    Cabana*   

DOI: 10.1002/aenm.201402040

  1.     Introduction 

 Redox reactions provide an opportunity 
to convert or store energy to power our 
increasingly technological society. In turn, 
phase transformations in solids and their 
reversibility are key to many functionali-
ties. [ 1–4 ]  This reversibility is typically linked 
to the specifi c mechanism, which, in turn, 
can be affected by kinetic limitations, such 
as those imposed by solid-state transport. 
An extreme example is the need to move 
electrons and ions within the structure 
of a battery electrode active material. [ 4 ]  
The electrochemical energy thus stored 
is directly proportional to the amount of 
charge that can be exchanged reversibly. 
The larger the mass changes due to the 
extraction of ions, the more extensive the 
transformations, which can induce failure 
through fracture. [ 5 ]  While engineering 
the electrode architecture has produced 
impressive means to compensate mechan-
ical damage, this strategy typically induces 
losses in energy density by reducing the 

volumetric concentration of active material. [ 6 ]  Strain can also 
prevent full, rapid, and reversible material utilization, leading 
to additional energy and power losses. 

 Understanding the kinetics of a phase transformation and 
its pathways, and coupling with the possible mechanical con-
sequences is critical to identifying rules for materials with ulti-
mate functionality. This understanding involves visualization of 
changes at the level of single crystals with the highest resolu-
tion possible. An extensive number of tools is nowadays avail-
able to scientists to defi ne phase transformations at a variety of 
length scales. Of particular importance to the problem at hand 
are those coupling chemical probes, such as spectroscopy or dif-
fraction, with microscopy. Further, while valuable insight can be 
achieved with experiments carried out ex situ, i.e., using sam-
ples recovered at different reaction stages, given the critical role 
of kinetics, protocols for visualization under working condi-
tions are a priority. In the context of battery science, the impres-
sive development of in situ transmission electron microscopy 
(TEM), [ 7,8 ]  provides avenues to defi ne phenomena that used 
to be achievable only through computational models. [ 9 ]  How-
ever, spatially resolved, direct chemical speciation remains 

 The energy density of current batteries is limited by the practical capacity of 
the positive electrode, which is determined by the properties of the active 
material and its concentration in the composite electrode architecture. The 
observation in dynamic conditions of electrochemical transformations creates 
the opportunity of identifying design rules toward reaching the theoretical 
limits of battery electrodes. But these observations must occur during opera-
tion and at multiple scales. They are particularly critical at the single-particle 
level, where incomplete reactions and failure are prone to occur. Here, oper-
ando full-fi eld transmission X-ray microscopy is coupled with X-ray spectros-
copy to follow the chemical and microstructural evolution at the nanoscale 
of single crystals of Li 1+ x  Mn 2– x  O 4 , a technologically relevant Li-ion battery 
electrode material. The onset and crystallographic directionality of a series of 
complex phase transitions are followed and correlated with particle fracture. 
The dynamic character of this study reveals the existence of nonequilibrium 
pathways where phases at substantially different potentials can coexist at 
short length scales. The results can be used to inform the engineering of 
particle morphologies and electrode architectures that bypass the issues 
observed here and lead to optimized battery electrode properties. 
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challenging. In addition, to avoid the diffi culties of using liquid 
electrolytes in a high-vacuum environment, which compromise 
the experimental resolution, the relevant reactions are often 
carried out in conditions that are far from what occurs in a bat-
tery, such as by strongly biasing a sample in contact with a Li 
metal tip with a thin layer of oxide. [ 10 ]  Full-fi eld transmission 
X-ray microscopy (FF-TXM) is a complementary tool capable of 
imaging a fi eld of view (FOV) of about ≈25 μm at ≈25 nm spa-
tial resolution in a single shot. [ 11,12 ]  When coupled with X-ray 
absorption near-edge structure (XANES) spectroscopy at syn-
chrotron sources, the morphology of a sample can be visualized 
with chemical sensitivity. [ 11,12 ]  Using hard X-rays, redox-active 
species in most battery materials can be probed, [ 13,14 ]  and the 
penetration capability enables investigations under operating 
conditions. [ 14,15 ]  

 This report presents the simultaneous chemical and morpho-
logical study, using operando FF-TXM-XANES at nanoscale res-
olution, of the electrochemical delithiation of single microcrys-
tals of Li 1+ x  Mn 2– x  O 4  (average composition of powder:  x  ≈ 0.05), 
one of the state-of-the-art materials for Li-ion batteries. [ 16,17 ]  All 
the phases in the compositional space show the same general 
reactivity versus Li, exemplifi ed here for LiMn 2 O 4 , [ 16 ] 

 E+ + → =+ − +LiMn O Li e Li Mn O 2.9 V vsLi /Li2 4 2 2 4 1 0   (1)  

 E
→ +

+ =

+

− +
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 Processes 1 and 3 follow fi rst-order transitions (two-phase 
reaction), whereas reaction  ( 2)   is a second-order transforma-
tion (solid solution reaction) with complete miscibility between 
LiMn 2 O 4  and Li 0.5 Mn 2 O 4 . Li 2 Mn 2 O 4  presents a tetragonally dis-
torted spinel structure, whereas all other phases are cubic. Only 
reactions  ( 2)   and  ( 3)   were found to be suffi ciently reversible 
for electrochemical application. Strategies that enable durable 
cycling between Li 2 Mn 2 O 4  and Mn 2 O 4  would result in capaci-
ties well above 200 mAh g −1 , the current limit in positive elec-
trode materials. [ 17–19 ]  Achieving this goal with crystal sizes at the 
microscale would minimize deleterious interfacial reactions, [ 20 ]  
as well as potentially increase the storage density of an electrode 
by avoiding poorly packed, porous nanopowders. Finally, under-
standing how a phase transformation proceeds in a crystal can 
provide guidance to engineers striving to reduce the amount of 
inactive materials such as conductive additives and binders so 
as to increase the energy density of a system. [ 21,22 ]   

  2.     Results and Discussion 

 Operando FF-TXM-XANES ( Figure    1  a) was performed at beam-
line 6–2 at the Stanford Synchrotron Radiation Lightsource 
(SSRL) at the SLAC National Accelerator Laboratory (Menlo 
Park, USA). [ 11,12 ]  During the electrochemical reaction, a series 
of images was recorded by sweeping across the X-ray absorp-
tion edge of Mn (Figure  1 b). Single-pixel spectra were produced 

by integrating the intensity as a function of energy, and sub-
sequently fi tted using a linear combination (LC) of standards 
(see Experimental Section and Supporting Information for 
additional details). Morphological information was extracted at 
6700 eV, where the absorption coeffi cients are practically inde-
pendent of oxidation state (Figure S1a, Supporting Informa-
tion). Critical to maximizing chemical resolution and contrast 
when observing small objects was the design of a cell that mini-
mized absorption by components other than the active material, 
while preserving the conditions of a battery (see Experimental 
Section and Figure S2, Supporting Information). Instead of 
the thick metal foils commonly used in battery electrodes, a 
carbon-coated TEM grid was used as the current collector. This 
approach maximized chemical and morphological contrast 
while preserving electrochemical functionality. We were able 
to collect data in dynamic conditions, while the reaction was 
ongoing, which uncovered metastable states. Furthermore, we 
prepared faceted single crystals so as to directly infer crystal-
lographic directionality from their morphology. The particles 
were dispersed onto the grid, and subsequently stabilized by 
depositing a thin Al fi lm on the backside, which also ensured 
connection to the electrical circuit. While being considerably 
simpler than an actual battery, the proposed setup represents 
the electrochemical reactions taking place in a real device, and 
even reproduces some of its constraints. In an actual battery, 
carbon additives are typically used as the electronic connection 
between the particle and the current collector, and correspond 
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 Figure 1.    Experimental procedure for operando FF-TXM-XANES. a) Sche-
matic illustration of the setup. A monochromatic hard X-ray beam is 
focused on the sample using an elliptical capillary and the image is pro-
jected by a Fresnel-type zone plate lens onto the charge-coupled device 
(CCD). The Li 1+ x  Mn 2– x  O 4  ( x  ≈0.05) particles were drop cast onto TEM 
grids, which were directly used as working electrodes. Electrochemistry 
was carried out using linear sweep voltammetry at two consecutive sweep 
rates, Δ V  1  and Δ V  2 . b) Images were acquired at different X-ray photon 
energies ( E ) and cell potentials ( V ), and chemical maps were produced 
by fi tting the corresponding XANES spectra of each pixel.
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to 10% or less of the mass of the electrode. [ 22 ]  At these levels 
and especially considering that active material powder is pre-
sent in aggregated form during electrode assembly, the points 
of contact between the carbon and the active material are lim-
ited. In other words, a single-active particle is not equally con-
nected to the circuit. The situation is similar in our setup, as 
each individual microcrystal sitting on the current collector 
has one point of contact to the current collector. This point of 
contact can span a whole crystal facet, given that the octahe-
dron can gravitationally tend to fall on them. Therefore, as in 
an actual battery, parts of the crystal can be hundreds of nano-
meters away from the electronic connection.  

 Considering the spatial resolution of FF-TXM, single-
crystal sizes of more than 1 μm were synthesized following a 
molten salt route. [ 23 ]  The fi nal sample was largely composed of 
Li 1.05 Mn 1.95 O 4 , but also contained small amounts of the tetrag-
onal spinel Li 2+ x  Mn 2– x  O 4  (see Experimental Section) resulting 
from the large excess of lithium and low oxygen partial pres-
sures in the chloride fl ux. [ 24 ]  The crystals had an octahedral 
shape (Figure S3, Supporting Information), which is thermo-
dynamically favored; each facet corresponds to the {111} family 
of lattice vectors. [ 25 ]  Consequently, morphological observations 
contained crystallographic information. The electrochemical 
response of grids with a high loading of particles was compa-
rable to conventional composite electrodes (compare Figure S4b 
to Figure S5a, Supporting Information). The electrochem-
ical responses were signifi cantly washed out but still observ-
able in the FF-TXM-XANES experiment (Figures S2b and S5, 
Supporting Information) because the loading was reduced 
to ensure that areas existed with minimal particle overlap. 

These observations emphasize that our setup was successful 
in inducing the same electrochemical reactions as in standard 
cells for material testing. The as-made cells had an open-circuit 
voltage (OCV) around 2.5 V, as expected from the existence of 
Li 2+ x  Mn 2– x  O 4 , although the possibility of short circuiting during 
cell making could not be entirely discarded. These OCV values 
were consistent among a large number of cells assembled in 
this study. 

 The dynamics of the successive transformations during 
early stage of electrochemical deintercalation are illustrated 
in  Figures    2   and   3  . To minimize damage from continuous 
X-ray exposure and enhance the representativeness, chemical 
maps were sequentially collected in three different FOVs at 
specifi c states of charge (SOC). As a result, each snapshot for 
the same FOV was taken at intervals of roughly 60 min, i.e., 
in a noncontinuous manner. All single-pixel spectra were fi t 
using bulk XANES data of the four discrete phases in reactions 
 ( 1)  – ( 3)  : tetragonal Li 2 Mn 2 O 4  (labeled L 2 MO hereafter), cubic 
Li 1.05 Mn 1.95 O 4  (LMO), Li 0.6 Mn 1.95 O 4  (L 0.5 MO), and Li 0.2 Mn 1.95 O 4  
(MO). Pixels showing poor signal-to-noise ratios were fi ltered 
out. [ 26–28 ]  Representative fi ts are presented in Figures S6 and 
S7 (Supporting Information); phase fractions could be esti-
mated with  R -factor of ≈0.0035. The accuracy of LC fi t for the 
different FOVs is represented by  R -factor maps in Figure S8 
(Supporting Information). Around 90% of pixels (96.20% for 
the SOC  D ′ in FOV II) were fi t with  R -factors less than 0.02 
(Figure S8c, Supporting Information). Given the complexity 
and sequence of phases involved in the transformation, the 
dataset was divided in two parts: during the tetragonal-to-cubic 
(reaction  ( 1)   above) and cubic-to-cubic transitions (reactions  ( 2)   
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 Figure 2.    Chemical and morphological imaging of selected single octahedral spinel microcrystals during the tetragonal-to-cubic transition (reaction 
 ( 1)  ). According to the chemical map, the initial state of these crystals was a tetragonal spinel rich in Mn 3+ , i.e., Li 1+ x + y  Mn 2– x  O 4 , with  y  close to 1. 
a) Chemical and morphological maps at OCV and SOCs  A  to  D  for FOV I. The morphological maps (upper row) were collected from the inverted optical 
density (OD) images at 6700 eV. For SOCs  B to  D , contrast (+ 40%), brightness (+ 20%), and background color of the morphological maps were modi-
fi ed to enhance the visibility of cracks (red arrows). The potential of the cell at each SOC is also indicated (Figure S2b, Supporting Information). The 
chemical maps (lower row) were fi t with L 2 MO, LMO, L 0.5 MO, and MO, but the latter was found in negligible amounts (see text for details). As a result, 
red, green, and blue colors indicate LMO, L 2 MO, and L 0.5 MO, respectively. Representative fi ts of single-pixel (white crosses in the chemical maps) 
spectra are shown in Figure S6 (Supporting Information). b) Dependence with SOC of the normalized OD across the line scans indicated by the blue 
arrow in (a). To reduce noise, 20 line profi les across the crack position were averaged. c) Maps depicting the contents in LMO at the indicated SOCs.
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and  ( 3)   above), occurring below and above 4.0 V, respectively. 
As expected, the maps collected during the tetragonal-to-cubic 
transition were found to contain negligible amounts of MO; the 
signifi cance level was set as any pixel containing more than 1% 
of the standard (Figure S9, Supporting Information). Conse-
quently, this standard was not represented in the corresponding 
chemical maps. Figure 2 represents data collected for FOV I 
during this transition, whereas Figure 3 contains FOVs II and 
III. Likewise, the L 2 MO contents were negligible during the 
cubic-to-cubic transition, and, thus, were not represented in the 
corresponding chemical maps. As a result, in the maps corre-
sponding to OCV and SOCs  A  to  D , the presence of the L 2 MO, 
LMO, and L 0.5 MO standards was assigned colors green, red, 
and blue, respectively. In turn, in SOCs  E  and  F , red and blue 
indicated MO and L 0.5 MO, whereas green was used with pixels 
containing LMO. In order to facilitate the interpretation of the 
complex images, maps where color contrast is proportional to 
the contents of a single compound are provided in Figure  2 c.   

 The pristine state of the particle in FOV I (Figure  2 a) was 
successfully fi t solely with L 2 MO (Figure S6a, Supporting 
Information). In the early stages of charging, areas containing 
LMO formed and propagated, but growth was localized at the 
tips and edges of the octahedron (SOC  C  in Figure  2 ). Sub-
sequently, these domains continued to grow along the edges 
and surface of the crystal as the reaction proceeded (SOC  D ). 
Since the spectra represent an average over the thickness of 

the crystal (transmission mode), mixtures 
could result from incomplete delithiation 
along the direction of the X-ray beam. Similar 
phase growth could also be observed in FOVs 
II and III (Figure  3 ), which were already 
mixed compositions in their pristine state, 
possibly refl ecting the overlithiated impuri-
ties observed by powder XRD. L 2 MO-rich 
domains were found well above the potential 
for the tetragonal-to-cubic transition (at 2.9 V, 
compared with SOC  D , at ≈3.8 V), [ 29 ]  indica-
tive of a sluggish transformation. 

 The high-resolution morphological 
imaging capabilities of FF-TXM-XANES also 
allowed us to establish a correlation between 
the chemical reaction and the appearance of 
microscopic defects (Figures  2  and  3 ). The 
localized formation of cubic domains within 
the particle in FOV I, which started as pure 
tetragonal phase, was concurrent with crack 
initiation in the crystal (see red arrows in 
Figure  2 a, compared with the location of oxi-
dized pixels in Figure  2 c). Since nanocracks 
that are smaller than the detection limit of 
the tool (≈30 nm) would not be readily vis-
ible in the image, supporting evidence was 
extracted from line profi les of optical density 
at selected pixels (Figure  2 b). The intensity 
profi le over the line indicated in the fi gure 
(blue line in Figure  2 a) decreased as the 
particle was cycled, and before SOC  D , con-
sistent with the onset of fracture during the 
tetragonal-to-cubic transition. Considering 

the crystallographic directions defi ned by crystal morphology, 
there was a systematic trend toward generation of cracks along 
planes parallel to <100> directions of the cubic spinel octa-
hedra. The specifi c plane indices cannot be determined because 
the images obtained here are 2D projection over the sample 
volume along the beam path. Nonetheless, this observation 
would be in confl ict with recent reports of fracture along the 
(111) planes. [ 30 ]  Such fracture pattern would lead to a more com-
plex pattern of optical mass density loss given the orientation of 
the particles in this study, and, thus, it should not cause the 
change in the line profi le shown in Figure  2 b. The directional 
growth of cracks could be attributed to the anisotropy between 
the tetragonal (Li 2+ x  Mn 2– x  O 4 , space group  I4  I / amd ) and cubic 
(Li 1+ x  Mn 2– x  O4, space group  Fd 3  m ) spinel lattices. [ 16 ]  Due to the 
Jahn–Teller distortion of the MnO 6  octahedra, this transition 
brings about a 3% expansion along the  a T   axis ( T  refers to the 
tetragonal structure) and 12% shrinkage in  c   T   axis, yielding a 
≈5.6% anisotropic volume contraction. [ 16 ]  The need to nucleate 
a phase with a large lattice mismatch along (001)  T   can intro-
duce strain that causes local plastic deformation, [ 31 ]  resulting in 
defects that tend to develop perpendicular to the direction of 
greatest mismatch, [ 32 ]  where preferential fracture can occur. 

 The phase progression in FOV II was represented as an over-
lapped greyscale map in Figure S10 (Supporting Information), 
indicating the size of the domain that could be fi t with at least 
60% LMO. Growth of ca. 0.7 μm of the oxidized domain toward 
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 Figure 3.    Chemical and morphological maps of FOVs of a) II and b) III during the tetragonal-
to-cubic transition (reaction  ( 1)  ). Inverted optical density images collected at 6700 eV (upper 
row) and chemical phase maps (lower row). For SOCs  B′  to  D′ , contrast (+ 40%) and back-
ground color of the morphological maps were modifi ed to enhance the visibility of cracks (blue 
and green arrows). For SOCs  B′′  to  F′′ , only the background color of the morphological maps 
was modifi ed. The potential of the cell at each SOC is also indicated (Figure S2b, Supporting 
Information). The chemical maps (lower row) were fi t with L 2 MO, LMO, L 0.5 MO, and MO, but 
the latter was found in negligible amounts (see text for details). As a result, red, green, and 
blue colors indicate LMO, L 2 MO, and L 0.5 MO, respectively. Representative fi ts of single-pixel 
(white crosses in the chemical maps) spectra are shown in Figure S7 (Supporting Information).
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the overlithiated particle edges with potential was dynami-
cally observed (see yellow arrow in Figure S10, Supporting 
Information). Strikingly, appearance of domains that could be 
fi t including the L 0.5 MO standard was found on the opposite 

end of the crystal even before this propaga-
tion was complete, at 3.90 V (compare SOC 
 D′  in Figure  3 a and  Figure    4  ). These Mn 4+ -
rich domains appeared to emerge along an 
existing crack parallel to one of the {100} 
planes of the cubic spinel octahedron (see 
yellow arrow in Figure  4 a). The correlation 
between the presence of a crack and an oxi-
dized domain was less clear in other parts 
of the crystal. In contrast to the clear phase 
boundaries observed during the tetragonal-to-
cubic transition, the concentration of oxidized 
domains gradually decreased away from the 
crack position. This oxidized phase formation 
led to the coexistence of two different com-
positional domains that are 1 V apart (see 
above) in the same crystal. This large gra-
dient could be explained as due to inhomoge-
neities in electron transfer from the current 
collector, which is located behind the particle 
in the images (Figure  4 b,c). In this scenario, 
the points of electrical contact between grid 
and particle would be concentrated on the 
Mn 4+ -rich side (left side in the images), 
where transfer would be facile (Figure  4 c). 
Propagation of the redox reaction toward 
the Mn 3+ -rich end (right side) of the particle 
would depend on slow solid-state transport of 
both Li ions and electrons. It is also possible 
that the transformation is enhanced along 
cracks because of the increase of surface area 
for lithium transfer into the electrolyte.  

 Near 4.00 V (SOC  E  in  Figure    5  ), the 
crystals were found to be compositionally 
homogeneous throughout; each single pixel 
could be fi t to similar mixtures of L 0.5 MO 

and LMO (Figure S6c, Supporting Information). This homoge-
neity of mixed states was taken as indicative of the existence 
of solid solutions in reaction  ( 2)  , [ 16 ]  which corresponds to the 
redox process at ≈4.05 V in Figures S2b and S5 (Supporting 
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 Figure 4.    Nonequilibrium pathways of transformation. a) Distribution of phases at SOC  D’  in 
FOV II. (Left) Morphological image collected from the inverted optical density at 6700 eV, with 
modifi ed contrast (+ 60%), brightness (–10%), and background color to enhance the visibility 
of cracks (yellow arrow). (Middle, Right) Maps indicating the ratios of L 0.5 MO and L 2 MO, 
as indicated, in each pixel. Note that the scales correspond to the spectral fraction and its 
maximum is 0.6 (middle) and 1.0 (right). b) Schematic illustration of the experimental layout 
in FOV II, depicting the point of electrical contact between the crystal and the grid and Al fi lm 
forming the current collector. The green arrows indicate the path of the X-ray beam, which 
results in the transmitted image. c) Proposed fl ow of electronic charge during the electro-
chemical reaction. Lateral view of (b) showing the fl ow of electrons due to contact only existing 
at one corner of the octahedron, indicated by orange circles in (a, middle) and (b). In parts 
where contact does not exist, electron fl ow must proceed through the oxide phase, leading to 
the nonequilibrium pathways of transformation in (a).

 Figure 5.    Chemical and morphological imaging of selected single octahedral microcrystals in Li 1+ x  Mn 2– x  O 4  ( x  ≈ 0.05) during the cubic-to-cubic tran-
sition (reactions  ( 2)   and  ( 3)  . Two maps are provided for each FOV, as indicated. Morphological maps (upper row) were collected from the inverted 
optical density images at 6700 eV. Contrast, brightness, and background color of the morphological maps were modifi ed to enhance the visibility of 
cracks (red, green, and blue arrows). The potential of the cell at each SOC is also indicated (Figure S2b, Supporting Information). The chemical maps 
(lower row) were fi t with L 2 MO, LMO, L 0.5 MO, and MO, but L 2 MO was found in negligible amounts (see text for details). As a result, red, green, and 
blue colors indicate MO, LMO, and L 0.5 MO, respectively. Representative fi ts of single-pixel (white crosses in the chemical maps) spectra are shown in 
Figures S6 and S7 (Supporting Information).
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Information). This observation suggests that the oxidized 
domains in SOC  D′  were also in this second-order cubic-to-
cubic transition. In thermodynamic conditions, solid solution 
transformations should occur homogeneously through an 
object. The compositional inhomogeneities that build in the 
Li 1+ x  Mn 2– x  O 4  particle during delithiation from the overlithi-
ated state highlight the nonequilibrium conditions imposed 
by solid-state transport during the electrochemical reaction, 
and the importance of operando measurements to accurately 
describe them.  

 Upon extensive lithium deintercalation (SOCs  F  as well as 
 E′ / F′  and  E′′ / F′′  in Figure  5 ), the crystals regained inhomoge-
neity, with pixels showing mixtures of L 0.5 MO and MO. This 
two phase coexistence could be clearly visualized in composi-
tional maps of a single standard (MO and L 0.5 MO in  Figure    6   
and Figure S11, Supporting Information). The inhomogeneity 
during this fi rst-order cubic-to-cubic transition (reaction  ( 3)  ) 
was found to be less pronounced than in the tetragonal-to-cubic 
(reaction  ( 1)  ). In general, the trend was for highly oxidized 
pixels to accumulate along the rims (for instance, see SOC  E′  
in Figure  5  and S11, Supporting Information), and subsequently 
grow toward the interior as the reaction proceeded (SOC  E′′  in 
Figures  5  and  6 ), suggesting that the reaction initiated at all 
surfaces. We also found evidence that cracking occurred and/
or was signifi cantly enhanced during cubic-to-cubic transitions 
(see green arrows in Figures  3 a and  5 , and optical density line 
scans in Figure  2 b). Although this transformation is isotropic, 
the total volume change from LMO to MO is in the order of 6 
to 7%. [ 16 ]  The change is still predicted to be enough to result in 
fracture, particularly in large crystals, such as here, and at high 
rates of reaction. [ 33–35 ]  Fracture was extensive, and again found to 
be preferential along the octahedron axes (Figures  3  and  5 ). The 
position and shape of the emerged MO phase bore some correla-
tion with the location of the cracks (see FOV III in Figure  6 ). It 
could be envisaged that a crack provides access to fresh surfaces 
through which the phase transformation can proceed. [ 26,36 ]    

  3.     Conclusion 

 In summary, this FF-TXM-XANES study successfully probed 
successive compositional transitions within a single micro-
crystal of Li 1+ x  Mn 2– x  O 4 , at nanoscale spatial resolution. Specifi -
cally, we visualized the close correlation between chemistry and 
mechanics, and revealed the origins of cracking in Li 1+ x  Mn 2– x  O 4  
( x  ≈ 0.05) both during tetragonal-to-cubic and cubic-to-cubic 
transitions. Such cracking prevents both utilization of the 

whole compositional domain and the design of Li-ion battery 
electrodes formed of large crystals, both of which raise the 
energy density of a battery through different mechanisms. 
The directionality of the cracks can inform the design of crys-
tals that bypass these failure mechanisms, and, hence, support 
optimum function even in the full compositional range and at 
large particle sizes. [ 37 ]  The methodology proposed here will be 
extended to other spinel samples that are modifi ed by means 
of elemental substitution and/or coatings to improve perfor-
mance, [ 19 ]  in order to ascertain their effect on the phase trans-
formation mechanism. It could further be applied to a variety 
of other battery-relevant materials following different mecha-
nisms, identify failure modes and build general descriptions 
of interplay of charge transport, chemistry, and mechanics in 
active particles. It further expands the versatility of high-reso-
lution spectromicroscopy to reveal complex multiscale phe-
nomena in materials, which could enable rational pathways 
toward technological solutions in a variety of applications.  

  4.     Experimental Section 
  Full-Field Transmission X-ray Microscopy : FF-TXM was performed 

at the 54 pole wiggler beamline (BL 6–2) at the SSRL, SLAC National 
Accelerator Laboratory, Menlo Park, CA (USA). [ 37 ]  The TXM routinely 
operates in absorption contrast mode over a wide energy range from 
5 to 14 KeV with spatial and energy resolutions of ≈30 nm and  ΔE/E  = 
10 −4 , respectively. The energy of the X-rays is controlled using a liquid 
nitrogen-cooled, double crystal monochromator. The X-rays with selected 
energy are then focused onto the sample by an elliptically shaped 
capillary condenser providing a FOV of approximately 25 × 25 µm 2 . 
The microscope then uses a Fresnel zone plate as objective lens for 
achieving a magnifi cation of about 50×. With the position being adjusted 
as the energy was tuned, the zone plate projects the transmission 
image onto a charge-coupled device (CCD) while maintaining focus at 
each given energy. For the operando measurements, 2D XANES images 
(0.5 s exposure time, fi ve repetitions, binning 2, 1024 × 1024 pixels) were 
collected from 6500 to 6700 eV in 53 steps at specifi c charging state. 
In order to eliminate distortions in fl ux and small beam instabilities, 
simultaneous acquisition of reference images through an open or 
outside area of the sample were performed at each energy and charging 
state (0.5 s exposure time, 15 repetitions, binning 2, 1024 × 1024 pixels). 
The repetitions in the exposures were performed for improving the 
dynamic range of the existing CCD and, subsequently, for increasing the 
signal to noise ratio in the data. The XANES measurement for a single 
FOV was accomplished in 50 min. 

  Design of the Cell for   Operando FF-TXM-XANES : All  operando  
electrochemical experiments were performed in modifi ed 2032 coin cells 
with lithium metal foil as counter electrode, with one disk of Celgard 
2400 soaked in a 1  M  LiPF 6  solution in ethylenecarbonate:dimethyl 
carbonate (45:55 v:v) as separator and electrolyte, respectively. 
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 Figure 6.    Preferential growth of MO along cracks in FOV III. a) Inverted optical density image of SOC  E′′ , collected at image at 6700 eV. Heat maps 
where color contrast scales with the ratio of b) spectral standards MO and c) L 0.5 MO in each pixel (see Figure  5 ).



FU
LL P

A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 8) 1402040wileyonlinelibrary.com

Schematic illustrations of the operando cell are shown in Figure S2 
(Supporting Information). To ensure suffi cient transparence to the X-ray 
beam, holes were punched in the cell cases. Li 1+ x  Mn 2– x  O 4  ( x  ≈ 0.05) 
crystals were dropcast onto 20 nm thick holey-carbon-fi lm-coated Au 
TEM grids (QUANTIFOIL R3.5/1, Quantifoil Micro Tools GmbH), which 
were directly used as working electrodes in Li metal half cells. To prevent 
particle movements and make electrical connection stable during X-ray 
measurements, a 3 µm-thick Al fi lm was deposited onto the backside 
of TEM grids by DC-magnetron sputtering under a base pressure of 
1.0 × 10 −5  Torr. Subsequently, unattached particles were washed out with 
acetone and ethanol. The inset in Figure S2 (Supporting Information) 
shows a representative scanning electron microscopy image of the fi nal 
sample. In order to prevent contaminations during cell cycling, after 
cell assembly, the holes in the cell cases were completely sealed with 
1 µm thick X-ray transparent Si 3 N 4  widows (Silson Ltd.) by applying 
vacuum epoxy (Torr Seal, Varian Inc.). All cell assembly and sample 
manipulation was performed in an Ar-fi lled glovebox. Owing to the high 
X-ray transmittance of all the cell components employ in this study, 
which were light and very thin, especially when compared with widely 
used operando cell support and sealing materials such as pouch bags 
and Kapton tape windows, [ 21 ]  high-quality images with high resolution 
can be acquired while preserving the electrochemical function of the 
crystals (Figures S2b and S5, Supporting Information). Such properties 
were confi rmed in cells were the grids were saturated with crystals, 
using cyclic voltammetry at 50 µV s −1  between 3.0 and 4.5 V. Anodic and 
cathodic doublets were observed near 4.0 V versus Li + /Li 0 , as expected 
based on literature data. [ 16 ]  The FF-TXM-XANES operando cell contained 
a much smaller amount of particles than in these test environments 
in order to minimize particle overlap, but weak features at the same 
electrochemical potentials could still be detected in some cases, 
Figures S2b and S5d (Supporting Information). 

  Image Data Processing : Because the focal length of the Fresnel zone 
plate varies with incident X-ray energy, the magnifi cation factor and 
alignments between imaged FOVs are changed at different energies. In 
addition, the sample stage movements to record reference images at 
each energy cause misalignments owing to the limitation of the motor 
performance. Therefore, bicubic interpolations and a phase correlation 
algorithm [ 38 ]  were implemented for magnifi cation corrections and 
automatic image registration, respectively. After initial image processing, 
the transmittance changes of each pixel as a function of energy was 
converted to XANES spectra, which were fi t with LC of standard spectra 
using a least square method. From the pixel-by-pixel LC fi tting results, 
the ratios of chemical species can be used to generate a RGB map of 
the FOV. The quality of each LC fi t can be checked with the  R -factor [ 28,39 ]  
defi ned as, ∑ ∑) )( (=R data-fit / data2 2

. All data processing, including 
reference correction, averaging, magnifi cation correction, image 
registration, XANES reconstruction, and fi tting, was performed using the 
TXM-Wizard software. [ 28 ]  

  Synthesis of Li 1+x Mn 2–x O 4  (x ≈ 0.05) : Pristine Li 1+ x  Mn 2– x  O 4  ( x  ≈ 0.05) 
was synthesized through a modifi ed molten salt method. All chemicals 
were purchased from Sigma-Aldrich (purity level ≥ 97%). Stoichiometric 
amounts of Mn(NO 3 ) 2 ·4H 2 O were dissolved in a minimum amount of 
deionized water with a LiCl:KCl fl ux (molar ratio 0.68:0.32, m.p. 425  o C). 
The molar ratio between the fl ux and the manganese was fi xed at 70. 
The dissolved mixture was mixed in a mortar, dried at 80 °C for 2 h, 
and then heated to 650 °C in a covered alumina crucible at a rate of 
3 °C min –1 . After holding at 650 °C for 8 h, the mixture was cooled at 
the same rate. The powder was washed with de-ionized water, fi ltered 
and dried at 60 °C overnight. The resulting dry particles were employed 
as a seed for a second molten salt treatment in identical conditions 
to favor grain growth. X-ray diffraction patterns for the seed and fi nal 
crystals were acquired using a Bruker D8 Discover X-ray diffractometer 
operating with Cu Kα radiation (λ avg  = 1.5418 Å), and can be found 
in Figure S4a (Supporting Information). The pattern could be fully 
indexed with a phase-pure cubic spinel structure ( Fd 3 m  space group) 
with  a  = 8.22(1). The cell parameter is consistent with a slight Li excess 
in Li 1+ x  Mn 2– x  O 4 , estimated to be  x  ≈ 0.05 based on previous studies 
of this phase diagram. [ 36 ]  A shoulder at lower angles (see arrow in 

Figure S4a, Supporting Information) was indicative of the formation of 
small amounts of the tetragonal spinel Li 2.05 Mn 1.95 O 4 , resulting from the 
large excess of lithium and low oxygen partial pressures in the chloride 
fl ux. [ 24 ]  Data resulting from in depth characterization of this material can 
be found as Supporting Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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