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Electrochemical phase transformation in ion-insertion crystalline 
electrodes is accompanied by compositional and structural changes, 
including the microstructural development of oriented phase domains. 
Previous studies have identified prevailingly transformation heterogeneities 
associated with diffusion- or reaction-limited mechanisms. In comparison, 
transformation-induced domains and their microstructure resulting from 
the loss of symmetry elements remain unexplored, despite their general 
importance in alloys and ceramics. Here, we map the formation of oriented 
phase domains and the development of strain gradient quantitatively during 
the electrochemical ion-insertion process. A collocated four-dimensional 
scanning transmission electron microscopy and electron energy loss 
spectroscopy approach, coupled with data mining, enables the study. 
Results show that in our model system of cubic spinel MnO2 nanoparticles 
their phase transformation upon Mg2+ insertion leads to the formation of 
domains of similar chemical identity but different orientations at nanometre 
length scale, following the nucleation, growth and coalescence process. 
Electrolytes have a substantial impact on the transformation microstructure 
(‘island’ versus ‘archipelago’). Further, large strain gradients build up from 
the development of phase domains across their boundaries with high 
impact on the chemical diffusion coefficient by a factor of ten or more. Our 
findings thus provide critical insights into the microstructure formation 
mechanism and its impact on the ion-insertion process, suggesting new 
rules of transformation structure control for energy storage materials.

Understanding the development of transformation microstructures 
in crystalline solids is critical for advancement in materials engineer-
ing1–3. The fine microstructures formed by the arrangement of phases in 
specific orientations—oriented phase domains—govern the materials’ 

physical and mechanical properties. Such transformation microstruc-
tures are widely found in phase-transforming solids when the sym-
metry of the matter changes, and are essential for strengthening by 
nanoprecipitates in aluminium or other alloys2, shape memory from 
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(Supplementary Fig. 2). The collected four-dimensional dataset allows 
for high-spatial-resolution mapping of phase orientations and precise 
measurement of lattice spacing and strain (Supplementary Fig. 3; 
estimated 0.9% for the upper bound of systematic strain errors among 
NPs, and precision within the same NP can be 0.3%, Supplementary 
Note 3). The orientation maps, derived from a data-mining approach, 
show a uniform spatial distribution of single-phase orientation in all 
the six pristine NPs we study ([110]c in Fig. 1b,c, more NPs in Supple-
mentary Fig. 3, method in Supplementary Fig. 4). Similarly, the intra-
particle strains (x, [ ̄110]c; y, [001]c) are spatially uniform (<1%, Fig. 1d 
and Supplementary Fig. 3). The strain is measured as the percentage 
change in local lattice parameters of the NPs along the x and y directions 
in reference to the averaged lattice parameters of pristine NPs cali-
brated from XRD (Supplementary Note 3), which is also known as 
‘Lagrange strain’40.

The pristine λ-MnO2 NPs then undergo galvanostatic charge and 
discharge in aqueous electrolyte (1 M Mg(NO3)2) at C/10 to allow Mg2+ 
insertion, during which the composition homogeneity is maintained. 
At the ensemble level, the continuous shift of XRD peaks of the cathode 
NPs from cubic to tetragonal spinel phase (Fig. 1e) during discharge 
suggests a solid-solution-type phase transition, which promotes com-
position homogeneity41. It is distinctive from the multiphase transition 
in micrometre-sized λ-MnO2 particles associated with the separation of 
cubic and tetragonal spinel phases9,26. On the single-particle level, mon-
ochromated EELS is performed at Mn L2,3 edges to map and visualize Mn 
oxidation state at 2 nm spatial resolution for pristine and discharged 
cathode NPs. The spectral analysis of Mn oxidation state (L3/L2 intensity 
ratio analysis, Supplementary Note 3.10)42 in pristine NPs confirms 
uniform distribution of Mn4+ (Fig. 1f, EELS spectra in Supplementary 
Fig. 5 and EELS mapping of three more NPs in Supplementary Fig. 6). 
The intermediate and fully discharged cathode NPs show reduced 
Mn oxidation states due to Mg2+ insertion, while maintaining uniform 
spatial distribution of electronic structures (Fig. 1f, EELS spectra in Fig. 
1g and EELS mapping of six more NPs in Supplementary Fig. 6). Energy 
dispersive spectroscopy (EDS) maps of fully discharged NPs confirm 
uniform intraparticle distributions of Mg, Mn and O elements (Sup-
plementary Fig. 7). The atomic-scale HAADF images further reveal the 
occupancy of tetrahedral sites by inserted Mg2+ and the formation of the 
tetragonal spinel structure (Supplementary Fig. 1). These findings col-
lectively suggest that chemical composition homogeneity is achieved 
in our NP system, consistent with the high elastic strain energy penalty 
of phase separation in nanoscale cathode particles43.

Despite the chemical composition homogeneity, the newly formed 
tetragonal spinel phase in the cathode NPs exhibits different crystal-
lographic orientations, which are quantified and visualized at the 
nanoscale. As shown in Fig. 1h, a fully discharged cathode NP is ori-
ented at the [110]c observation angle normal to the c axis of the MnO6 
octahedra, ideal for investigating the structural change driven by the 
Jahn–Teller effect. While the collocated EELS map confirms the uniform 
spatial distribution of reduced Mn oxidation state within the NP (Fig. 1i), 
the tetragonal spinel [100]t and [111]t phase orientations are found to 
coexist in the NP (Fig. 1j, Supplementary Fig. 8 and Supplementary Note 
3.5). A pseudocubic spinel structure along its [110]c zone axis locates in 
the transition region between [100]t and [111]t domains (green region 
in Fig. 1j), owing to the large lattice difference (Supplementary Fig. 4). 
For clarification, we use ‘domains’ to describe structures of different 
crystallographic orientations of tetragonal phases hereinafter, follow-
ing literature conventions8,10. Note that the oriented phase domains 
have three-dimensional morphologies that can vary along the incident 
beam direction, which could introduce biases in quantitative analysis 
of domain microstructures using the two-dimensional (2D) projection 
data. The extent of these biases can be quantified by the sharpness of 
diffraction spots, which can be taken into consideration in our study 
of oriented phase domains and their formation mechanism (Supple-
mentary Figs. 9–11 and Supplementary Note 4).

twinned martensites in shape memory alloys4, switching of oriented 
domains in ferroelectrics5 and so on6.

Transformation microstructure is also expected in the cycling 
of several widely adopted cathode materials, in which a multitude of 
phase transformations and phase symmetries have been reported, 
such as cubic-to-tetragonal phase transition in spinel structures7–9, 
rhombohedral-to-monoclinic transition in layered oxides10–14 and the 
spinel structure formed in layered oxides8,15. However, the nature and 
importance of oriented phase domains in crystalline electrode mate-
rials incurred during the electrochemically driven phase transforma-
tion are much less explored16–18, despite recent studies suggesting the 
existence of ordered phases in layered electrodes10–14,19,20 and spinel 
structure8,21 on the basis of theoretical calculations14, electron diffrac-
tion11,12,18,19 and high-resolution electron microscopy8,16,20. Previous 
research on electrochemical phase transformation has largely focused 
on nanoscale electrochemical inhomogeneity in composition and 
the associated strain in ion-insertion electrodes22–27, using methods 
such as synchrotron-based microscopy at the length scale of tens of 
nanometres28,29 and analytical transmission electron microscopy30–32. 
Such composition heterogeneity has been attributed to diffusion- or 
reaction-limited mechanisms33 (Supplementary Note 1). For example, in 
a reaction-limited process the composition heterogeneity of LixFePO4 
platelet particles was observed to be suppressed on discharge and 
amplified on charge22, while upon diffusion limitation LixFePO4 parti-
cles were found to form a phase-separated ‘sandwiched’ structure34. 
Such composition heterogeneity can be minimized when the size of 
cathode particles is at the nanoscale due to a ‘nanosizing’ effect35 or 
when they are cycled at a sufficiently high rate22. In comparison, the 
heterogeneity associated with the change in phase symmetries during 
phase transformation has received scant attention.

In this Article we elucidate the formation and evolution of oriented 
phase domains in cathode nanoparticles (NPs) during electrochemical 
phase transformation. Their detection and mapping at nanometre 
resolution are made possible by using a data-mining approach devel-
oped for four-dimensional scanning transmission electron microscopy 
(4D-STEM). Our model cathode of λ-MnO2 NPs transforms from the 
high-symmetry cubic spinel structure (Fd3̄m) to low-symmetry tetrago-
nal phase (I41/amd) upon Mg2+ ion insertion, with one of the principal 
axes of the cubic spinel unit cell substantially strained (~15%)9. Collo-
cated 4D-STEM and electron energy loss spectroscopy (EELS) shows 
that transformation microstructure forms in the NPs for a wide range 
of current rates, while the NPs promote a solid-solution-type phase 
transition according to X-ray diffraction (XRD). These oriented phase 
domains are observed to nucleate, grow and coalesce during the dis-
charge process, with morphologies ranging from continuous ‘islands’ 
of about 20‒50 nm to small, discontinuous ‘archipelagos’ about 
1–10 nm in size. The choice of electrolytes can either facilitate or 
impede the coalescence of domains. The transformation microstruc-
ture gives rise to strain gradients, and their distribution is shown to 
alter the ion diffusivity in cathode NPs by a factor of ten or more. Our 
work demonstrates that understanding and controlling transformation 
microstructure in ion-insertion electrodes are critical for the develop-
ment of rechargeable ion batteries36–38, and potentially other electro-
chemical materials in fuel cells, desalination, separation and 
electrochromics39.

We start with single-crystalline pristine λ-MnO2 cathode NPs 
(81 ± 25 nm in diameter, Supplementary Fig. 1, Methods and Supple-
mentary Note 1.2), which exhibit uniform intraparticle phase and strain 
distribution. Figure 1a illustrates the principle of phase orientation 
mapping. A small-convergence-angle electron nanobeam of 1.7 nm 
probe size is scanned in 2 nm steps across the NP to record a 
four-dimensional dataset of diffraction patterns (Supplementary Note 
2 and Supplementary Table 1). Beam damage is negligible as revealed 
from the high-angle annular dark-field (HAADF) images and the analysis 
of diffracted beam intensity of the NP before and after a 4D-STEM scan 
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Non-uniform strain distribution is observed within the particle 
and spatially correlated with the distribution of domains (Fig. 1k), 
confirming that the structural distortion is created by the formation 

of domains of different crystallographic orientations. Such spatial 
distribution of domains, that is, domain morphology, stays unchanged 
over one week after discharge (repeated 4D-STEM mapping in 
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Fig. 1 | Oriented phase domains in compositionally uniform cathode NPs. 
a, Schematic of 4D-STEM mapping of local lattice structure for cathode NPs. b, 
HAADF image of the pristine MnO2 cathode NP before discharge (left) and the 
corresponding summed 4D-STEM pattern (right) to show single crystallinity. 
Scale bars, 20 nm (left) and 5 nm−1 (right). c,d, Crystallographic orientation n 
(c) and strain distribution εxx and εyy (d) in the pristine MnO2 cathode NP. Scale 
bar, 20 nm. e, The first galvanostatic discharge for the cathode NPs and the 
corresponding XRD patterns of the NPs at various cutoff voltages. A charge 
process was performed to remove residual cations before the discharge 
(Supplementary Fig. 1). a.u., arbitrary units. f, Averaged Mn L3/L2 ratio and the 
converted Mn oxidation state (m) for each NP calculated from EELS mapping: 
pristine NPs (purple) and NPs at the end of discharge (light green). Data are 

presented as mean ± s.d. on the basis of n pixels of L3/L2 ratio within each NP 
(n is 722, 935, 1,044, 626, 1,727, 1,190, 921 and 1,888 from left to right). Inset: 
representative EELS maps of Mn oxidation state for individual NPs (left, pristine; 
right, end of discharge). Scale bars, 20 nm. g, ADF image of a cathode NP at the 
end of discharge (left) and representative EELS spectra (right) of Mn L2,3 edges 
collected at the black dotted locations across the NP labelled on the left, showing 
consistent line profiles. Scale bar, 20 nm. h, Virtual ADF image of a representative 
cathode NP at the end of discharge. Scale bar, 20 nm. i–k, Mn oxidation state map 
(i), crystallographic orientation map (j) and strain maps (k) for the same cathode 
NP as shown in h. The strain maps (d,k) and the maps of Mn oxidation states (f,i) 
share the same colour bars, respectively.
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Supplementary Fig. 12). The collocated EELS and 4D-STEM of the same 
NP (Fig. 1h–k) at matched spatial resolution show an intriguing spatial 
decoupling between chemical composition and crystallographic ori-
entation in electrochemical ion insertion, suggesting the importance 

of independently investigating the formation mechanism and impact 
of oriented phase domains.

The spatial distributions of oriented phase domains in the cathode 
NPs exhibit surprising complex morphologies. Major domains (with 
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Fig. 2 | The oriented phase domain morphologies in discharged NPs and 
the origin from the symmetry change. a,c, Virtual ADF images, orientation 
maps and strain maps for the cathode NP at the end of discharge at C/10 in the 
aqueous electrolyte. The Miller indices corresponding to the cubic phase are 
used for describing the observation angle, as they remain unchanged during 
phase transformation (Supplementary Note 3.6). NPs are categorized on the 
basis of the oriented domain morphologies as striped (a) and solo domain 
(c). [110]t* indicates [110]t orientation with 90° in-plane rotation. More NPs 
are characterized and shown in Supplementary Fig. 12. Scale bars, 20 nm. b, 
Schematic of a cathode NP composed of multiple oriented domains viewed 
from different crystallographic axes. d, Virtual ADF images, orientation maps 

and strain maps for representative cathode NPs at the end of discharge at 
C/20 and C/50. Scale bars, 20 nm. e,f, The cubic structure viewed at [110]c can 
transform into tetragonal spinel structure either of [100]t orientation when the 
c axis is stretched (e) or of [111]t orientation when the a or b axis is stretched (f). 
Experimental HAADF images show the atomic structures of [100]t orientation 
(e) and [111]t orientation (f) in the cathode NPs at the end of discharge (right-
hand panels). Scale bars, 0.5 nm. g, εyy histogram exhibiting distinctive profiles 
corresponding to the oriented phase domain morphologies categorized in a and 
c. h, Energy difference of the tetragonal phase relative to the cubic phase as a 
function of x in MgxMn2O4 calculated from DFT.
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an effective radius of 20‒50 nm) are observed in the 12 NPs checked at 
the end of discharge (Figs. 1j and 2a–c and Supplementary Fig. 12). The 
domains extend into the three-dimensional volume of NPs (Fig. 2b), as 
evidenced by the similar major domains at various observation angles 
of [110]c, [001]c and [111]c (Fig. 2a,c). The ‘striped’ NPs contain one or 
several major domains (Figs. 1j and 2a) extending from one edge to the 
other. Other, ‘solo-domain’, NPs exhibit one major domain spanning 
the whole NP (Fig. 2c). The domain morphologies do not change over 
the NP size range of 40‒100 nm. These oriented phase domains persist 
in NPs discharged at much lower current rates of C/20 and C/50 (Fig. 
2d), suggesting that the domains are stable.

Due to the fcc symmetry of cubic spinel, a, b and c axes are equally 
likely to be stretched as the lattice symmetry lowers during phase 
transformation, causing the coexistence of crystallographically equiv-
alent orientation variants. For example, the cubic spinel structure 
observed along its [110]c zone axis can transform to either [100]t or 
[111]t as the c axis or a/b axis is strained (configurations resolved in 
Fig. 2e,f from differences in the atomic distance), respectively, which 
is consistently observed in ten NPs (Figs. 1j and 2a,c and Supplemen-
tary Fig. 12) and matches the group–subgroup relationship8. The NP 
observed along the [001]c direction contains [110]t variants with 90° 
in-plane rotations (Fig. 2a, NP 6), matching the straining of the a and 
b axes of the cubic spinel structure (Supplementary Fig. 13). As the 
orientation variants are stretched in different directions, they present 

distinctive strains in the zone planes, for example, εxx = 0%, εyy = 15% 
for [100]t and εxx = 7%, εyy = 0% for [111]t (Supplementary Fig. 4). The 
spatial distribution of strains is therefore dependent on the domain 
morphologies (Fig. 2a,c). The histogram of εyy exhibits a continuous 
distribution of multipeak profiles for the striped morphologies, and 
a sharp, single-peak profile for solo-domain morphology with high 
strain uniformity (Fig. 2g). The strain within each domain can have 
slight variations, which we attribute to the presence of local structural 
disorder from evidence obtained using geometric phase analysis44 
and cepstral analysis45 (Supplementary Figs. 14‒18 and Supplemen-
tary Table 2). The formation of distinct domains, as well as structural 
disorder, allows for relaxation of the internal strain distributions to 
some extent (Supplementary Note 4.7).

Density functional theory (DFT) calculations show that the energy 
difference between MgxMn2O4 in tetragonal symmetry and cubic sym-
metry increases as x increases, where the tetragonal symmetry has 
the lower energy (Fig. 2h and Supplementary Note 4.1), providing the 
driving force for the phase transformation. This is consistent with the 
solo-domain NPs (Fig. 2c), where a single tetragonal domain spans the 
whole NP at the end of discharge. However, the other NPs appear not 
fully transformed into the tetragonal symmetry, indicating the pres-
ence of kinetic barriers in the phase transformation. Furthermore, we 
note that while the tetragonal symmetry becomes more energetically 
favourable as x increases the energy difference is comparable to kBT, 
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consistent with the coexistence of phases, some with variable orienta-
tions and strain.

To further understand and quantitatively describe the formation 
mechanism of oriented phase domains, we map cathode NPs collected 
at five different cutoff voltages during discharge, which elucidate a 
nucleation, growth and coalescence process. At the initial stage of dis-
charge (0.15 V (versus Ag/AgCl)), small domains of orientation variants 
are observed to first nucleate near the NP surface (Fig. 3a, consistent 
among more NPs in Supplementary Fig. 19). In the middle of discharge 
(0.09 V (versus Ag/AgCl)), more domains start to form, including the 
ones in the bulk. The number density of the 2D projected domains, ρ, 
increases to a maximum (0.011 ± 0.006 nm−2, Fig. 3b), with a growing 
domain area percentage (16% ± 10%, Fig. 3c). The spatial distribution of 
the electronic structure in the NPs remains largely uniform, as shown 
by the EELS map of a representative NP in Fig. 3d (more EELS maps 
of NPs in Supplementary Fig. 6). As the discharge continues (0.03 V 
(versus Ag/AgCl)), ρ starts to decrease (Fig. 3b) while the domain area 
percentage keeps increasing (Fig. 3c). This decrease indicates the coa-
lescence of domains that lasts until the end of discharge. The domain 
evolution mechanism is fundamentally different from the well-known 
diffusion- and reaction-limited transformation mechanisms, such 
as the ‘shrinking-core’ behaviour, where the phase boundary moves 
inwards from all active surfaces of the particle, or the ‘intercalation 
wave’ mechanism, where a single (or a small number of) phase front(s) 
propagates across the whole particle10. In our system, the oriented 
phase domains undergo nucleation at multiple locations across NPs 

from the solid-solution parent phase, and then grow and coalesce, lead-
ing to the complex domain morphology at the end of discharge (Fig. 
2a–d). Upon further charge, the domain morphology partly disappears 
as the tetragonal spinel changes back to the cubic spinel in cathode NPs 
(Supplementary Fig. 19). An approximation based on the non-binary 
fraction analysis of three-dimensional oriented phase domains also 
supports the domain formation mechanism obtained from 2D analysis 
(Supplementary Fig. 20 and Supplementary Note 5).

The growth of the oriented domains appears to be self-arrested. 
For NPs that exhibit the morphology of a pseudocubic phase sand-
wiched between tetragonal domains (for example, Fig. 3a, at −0.2 V 
(versus Ag/AgCl)), the self-arrest can be attributed to an unfavourable 
increase in interface misfit strain should the domains continue to grow 
and come in contact with each other. In the case of epitaxially aligned 
interfaces, results from DFT calculations suggest that the presence of 
a cubic phase in between tetragonal domains of varying orientation 
can lead to lower interface lattice mismatch than if the domains are 
directly in contact with each other (Supplementary Figs. 21 and 22). 
This self-arresting phase transformation is reminiscent of those studied 
in the martensitic transformation of shape memory alloys4. During 
martensitic transformation, distinct symmetry-equivalent variants of 
the martensite phase first nucleate locally in different regions of the 
material. As the variants grow, they eventually present mutual obstacles 
for continued growth and the transformation becomes self-arresting, 
until further driving force is provided for certain variants to grow at 
the expense of others.
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The oriented phase domains in the cathode NPs are spatially cor-
related with a characteristic projected correlation length of approxi-
mately 15 nm (Supplementary Note 5.3). The radial distribution 
functions (g(r)) for domains of the same and different types of variant 
are calculated for cathode NPs at various cutoff voltages (Supplemen-
tary Note 5), where r is the interdomain centre-of-mass distance. The 
probability of finding domains of the same variant is higher than that 
of finding domains of different variants when the interdomain distance 
is smaller than 15 nm, which is consistently observed at different cut-
off voltages (Fig. 3e and Supplementary Fig. 20). The spatial correla-
tion points to the existence of elastic interactions between domains 
that favour the formation of domains of the same orientation nearby, 
reminiscent of the coherency strain that suppresses chemical phase 
separation34,46. As a result, domain coalescence is facilitated. Protru-
sion structures in connection of two domains of the same orientation 
are observed in cathode NPs (for example NPs 3 and 6 in Fig. 2a), with 
the characteristic neck formation at the onset of coalescence driven 
by surface energy minimization47.

Next, we extend our study to domain morphologies in differ-
ent electrolytes. Our cathode NPs undergo galvanostatic charge 
and discharge at C/10 in wet organic electrolyte (0.5 M Mg(ClO4)2, 
0.6 M water in acetonitrile) and dry organic electrolyte (0.5 M 
Mg(ClO4)2 in acetonitrile), respectively (Supplementary Figs. 23 and 
24 and Supplementary Note 6). In both electrolytes, XRD shows that 
solid-solution-type phase transitions are achieved (Supplementary 
Fig. 23). EELS and EDS mapping confirm the reduction of Mn oxidation 
state due to Mg2+ insertion and uniform intraparticle composition 
at the end of discharge (Supplementary Figs. 25 and 26 and Sup-
plementary Table 3). In the wet organic electrolyte, fully discharged 
cathode NPs exhibit major island-like domains (Fig. 4a, two more NPs 
in Supplementary Fig. 27) similar to those in the aqueous electrolyte. 
The strain uniformity, quantified as the strain gradient (Fig. 4a), is 
minimized within the major domains (0.5% nm−1 as calculated from 
the 4D-STEM datasets), with the high strain gradient (2–3% nm−1) 
locating at the domain boundaries. In contrast, in the dry organic 
electrolyte, small (1‒10 nm) and scattered domains are observed 
(Fig. 4b, six more NPs in Supplementary Fig. 27, domain formation 
and development in Supplementary Fig. 28). The discharged cathode 
NPs adopt an archipelago-like morphology and have a higher ρ than 
those discharged in the wet organic and aqueous electrolytes (Fig. 
4c). High strain gradients (2–3% nm−1) are observed across cathode 
NPs with irregularly distributed directions (Fig. 4b, Supplementary 
Figs. 29 and 30 and Supplementary Note 6).

Domain morphologies can impact Mg2+ diffusion in the cathode 
NPs. The galvanostatic intermittent titration technique (GITT) is used 
to evaluate the ion diffusion for different domain morphologies (Fig. 
4d). In GITT, the instant voltage jump after applying current is attrib-
uted to the uncompensated resistance and charge transfer resistance, 
while the gradual voltage change in the latter period of the current 
pulse in synchronization with the concentration overpotential is due 
to the solid-state diffusion48,49. The diffusion coefficient, Ds, is related 
to the gradual voltage (V) change over time t as Ds ∝ (dV/d√t)−2, where 
the current pulse duration is constant49. In the wet organic electrolyte, 
the gradual voltage change remains approximately 0.1 V during the 
whole discharge process. In contrast, in the dry organic electrolyte, the 
gradual voltage change increases substantially from 0.16 V to 0.57 V at 
the end of the plateau, suggesting slower ion diffusion by a factor of 18 
(Supplementary Note 7). Considering the intraparticle chemical com-
position homogeneity and the unlikelihood of solvent co-insertion, we 
associate the change in diffusion with the structural distortions and 
high strain gradients created by archipelago-like domain morphology 
(Supplementary Note 7). The high strain gradients across the NPs in the 
dry organic electrolyte are associated with semicoherent interfaces 
and stacking faults (Supplementary Fig. 27) that can disturb the ion 
diffusion pathways21.

In conclusion, our results show that oriented phase domains and 
associated strain gradients can emerge and persist in cathode materi-
als during ion intercalation and the associated phase transition over a 
wide range of current rates and in different electrolytes. The observed 
large change in ion diffusivity and electrochemical performance can 
be correlated with the heterogeneous distribution of oriented phase 
domains and strain gradients across the domain boundaries. These 
results offer fundamental insights into the microstructural devel-
opment originating from symmetry changes, beyond the conven-
tional understanding of inhomogeneity resulting from diffusion- and 
reaction-limited mechanisms10. Broadly speaking, our approach, com-
bining collocated chemical phase, phase orientation and strain gradi-
ent mapping with ensemble electrochemical tests, is highly applicable 
to other phase-transforming electrode systems, particularly those that 
undergo large lattice distortions13,36. Our findings project nanoscale 
microstructure engineering toward mitigating chemomechanical 
degradations and achieving the reliable operation of high-capacity 
electrode materials.

Online content
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Methods
Sample preparation
Spinel λ-MnO2 particles were prepared by acid leaching of the 
as-purchased LiMn2O4 particles (Sigma-Aldrich) following the litera-
ture method26. LiMn2O4 particles (2 g) were soaked in 200 ml 0.1 M HCl 
aqueous solution (Alfa Aesar) and stirred at 300 r.p.m. overnight to 
produce delithiated LixMn2O4 particles. The λ-MnO2 particles obtained 
after acid leaching are polydisperse in size26. The monodispersed, 
single-crystalline λ-MnO2 NPs were selected via dispersion and cen-
trifugation as detailed in Supplementary Note 1.2. Working electrodes 
were prepared by mixing the NPs with carbon black (Alfa Aesar) and 
polyvinylidene fluoride (MTI Corporation) at a fixed mass ratio of 
8:1:1 using 1-methyl-2-pyrrolidinone (Sigma-Aldrich) as the solvent. 
The mixture was ground in an Ar glovebox (MBRAUN, O2 < 0.1 ppm 
and H2O < 0.1 ppm) and cast on a stainless steel shim (Trinity Brand 
Industry) at a mass load of ~1.0 to 1.5 mg cm‒2. The shim was then kept in 
vacuum (‒85 kPa) at room temperature overnight to dry. The prepara-
tions of reference electrodes, counter electrodes, aqueous electrolytes, 
wet organic electrolytes and dry organic electrolytes are detailed in 
Supplementary Note 1.2.

Electrochemical characterizations
Electrochemical tests performed in this work include galvano-
static charge and discharge, GITT, cyclic voltammetry and electro-
chemical impedance spectroscopy (EIS), which were conducted in 
three-electrode beaker cells. In all the experiments (except cyclic 
voltammetry), a charge process was performed initially to remove 
the residual Li+ ions from the cathode NPs. Galvanostatic charge and 
discharge were conducted in the voltage range of 1 V to ‒0.2 V (ver-
sus Ag/AgCl) for the aqueous and wet organic electrolytes and in the 
equivalent voltage range of 0.79 V to ‒0.41 V (versus Ag/Ag+) for the 
dry organic electrolyte, considering the difference in the potential of 
the reference electrodes (Supplementary Note 1.2). The current rate 
was set at C/10 (27 mA g‒1; 1C means the current rate to fully charge or 
discharge the electrode in 1 h) and was varied. GITT was performed 
at a constant current rate of C/20 with 10 min discharge, followed by 
1 h relaxation of voltage at the open-circuit stand to the steady state. 
About 200 pulses were performed during the first discharge. The 
cyclic voltammetry experiments were conducted in the voltage range 
of ‒0.4 V to 1.1 V (versus Ag/Ag+) in the dry organic electrolyte system 
at scan rates of 0.5 mV s‒1, 1 mV s‒1, 3 mV s‒1 and 5 mV s‒1 in sequence. 
EIS was performed in the frequency range from 200 kHz to 0.01 Hz 
with 10 mV perturbation using λ-MnO2 NPs as the counter-electrode.

Structural and chemical characterizations
To prepare samples for the 4D-STEM, the cathode NPs were gently 
scratched off from the electrodes using a pair of clean stainless steel 
tweezers. The scratched materials were gently ground in a clean agate 
mortar for 3 min for dispersion with deionized water for the aqueous 
electrolyte or with acetonitrile for the wet and dry organic electro-
lytes. The dispersion was then drop-casted on a transmission electron 
microscopy grid (CF400-Cu, Electron Microscopy Sciences).

Electron microscopy including 4D-STEM, EELS mapping, HAADF 
imaging and EDS was conducted on a Themis Z (S)TEM (Thermo Fisher 
Scientific) operated at 300 kV. The microscope is equipped with a probe 
aberration corrector for aberration-corrected STEM. The 4D-STEM 
was performed at a convergence semi-angle of 0.64 mrad (calculated 
from the diffraction disk, corresponding to a 1.7 nm full-width at 
half-maximum probe size) using a 50 μm condenser (C2) and a cam-
era length of 185 mm. The samples of NPs were tilted using a standard 
double-tilt holder so that the desired crystallographic axis of the spinel 
structure ([110]c, [001]c or [111]c) was nearly parallel to the incident 
electron beam. The electron probe was raster-scanned across the NPs 
using a step size of 2 nm and a diffraction pattern recorded at each 
probe position with a complementary metal–oxide–semiconductor 

camera (Ceta Camera, Thermo Fisher Scientific). The dwell time is 
0.1–0.2 s for each step. The beam current is 17 pA. The settings give 
an electron dose of about 2.7 × 104 e− Å−2 normalized by scan area. 
The semi-angle range used to generate the virtual ADF images is 1.5–
21.9 mrad. Low-magnification HAADF imaging was performed in the 
4D-STEM mode. The typical scan area is about 400 nm × 400 nm. The 
dwell time is 2 μs and the size is 4,096 × 4,096 pixels. The collection 
angle of the HAADF detector is 62–200 mrad. It gives an electron dose 
of about 2.2 × 102 e− Å−2.

The atomic-scale HAADF imaging was performed in normal 
STEM mode with a convergence angle of 18 mrad and a camera length 
of 115 mm. The beam current is 20–30 pA. The typical scan area is 
17.9 nm × 17.9 nm. The dwell time is 4 μs and the size is 2,048 × 2,048 
pixels. This gives an electron dose of about 8.2 × 104 e− Å−2. The process 
methods for atomic-scale HAADF images are detailed in Supplemen-
tary Note 3.11.

EELS spectrum imaging data were acquired in STEM mode with 
monochromator tuning to optimize the energy resolution. The con-
vergence angle is 20 mrad. EELS signatures were recorded using a 
Gatan Imaging Filter CCD (charge-coupled device) using a 2.5 mm 
aperture and an energy dispersion of 0.1 eV per channel. The full-width 
at half-maximum of the zero-loss peak in vacuum was about 0.4 eV. 
For data acquisition, the beam current for signal collection was set 
to ~60–100 pA and the camera length was 29.5 mm. Dual EELS data 
were acquired in signal-to-noise ratio mode with low-loss data acqui-
sition set to 0 eV with exposure time of 0.0001 s and high-loss acqui-
sition set to 520 eV with exposure time of 0.2 s. The electron probe 
was raster-scanned across the NPs using a step size of 2 nm for the 
EELS map with similar sampling points to those for 4D-STEM. For 
spectrum imaging, the pixel acquisition time was set to 0.2 s with 
three passes to improve signal quality. This gives an electron dose of 
about 5.6 × 105 e− Å−2. For the ADF image collected in the EELS mode, 
the dwell time is 1–8 μs and the size is 2,048 × 2,048 pixels. The ADF 
image dimensions are about 95 nm × 95 nm. This gives an electron dose 
of about 7.0 × 103 e− Å−2.

EDS mapping was performed using a continuous scan with a frame 
time of approximately 1 s and summed over about 1,000 frames. The 
total acquisition time was about 30 min. The beam current is 100–
200 pA. The convergence angle is 18 mrad. Considering the scan area 
of the EDS maps (for example 140 nm × 140 nm in Supplementary Fig. 
7), this gives an electron dose of about 8.6 × 105 e− Å−2. For the HAADF 
image collected together with EDS mapping, the dwell time is 3.5 μs and 
the size is 2,048 × 2,048 pixels. For each frame, this gives an electron 
dose of about 7.0 × 103 e− Å−2.

Sample drift during 4D-STEM, EELS and EDS data acquisition was 
automatically corrected using the STEM images of the NP acquired 
about every 50 4D-STEM patterns (or EELS pixels, or EDS frames) using 
the HAADF detector.

Scanning electron microscopy imaging of the samples was 
conducted on a Hitachi S4800 SEM at 10 kV and 5 μA. XRD (Bruker 
D8 Advance) characterization was conducted at a wavelength of 
0.15406 nm with a scan rate of 1 s per step and a minimum interval of 
0.01° (2θ).

Simulation of electron diffraction patterns
The theoretical diffraction patterns of various orientations for cubic 
spinel structure (λ-MnO2, [110]c, [001]c, [111]c) and tetragonal spinel 
structure (MgMn2O4, [100]t, [111]t, [110]t, [201]t, [001]t, [101]t) (Supple-
mentary Fig. 4) were calculated using dynamic diffraction simulation 
with the Bloch wave method50. The Bloch simulation was carried out on 
the basis of the approximation of an ionic model for atomic scattering. 
The simulated sample thickness was set to be 20 nm. The electron beam 
in the simulation was set up to mimic the experimental conditions. The 
results were displayed in the logarithmic scale to enhance the visibility 
of low-intensity diffraction peaks.
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Analysis methods for 4D-STEM and EELS data
Local information on the lattice, including the phase, phase orientation 
and insertion-induced strain, in the cubic-to-tetragonal phase transfor-
mation was obtained and verified on the basis of our developed analysis 
methods detailed in Supplementary Note 3. The analysis software pack-
age imToolBox is available at https://github.com/flysteven/imToolBox. 
The procedures to obtain local information on the Mn oxidation state 
are detailed in Supplementary Note 3.10. Radial distribution function 
analysis is detailed in Supplementary Note 5.

DFT modelling
Procedures for the DFT modelling and analysis are detailed in Sup-
plementary Note 4.

Data availability
The 4D-STEM and EELS data associated with this paper can be found 
at https://doi.org/10.13012/B2IDB-4717991_V1. Additional data are 
available on request from the corresponding authors.

Code availability
The codes used for the 4D-STEM strain mapping, oriented phase 
domain analysis, EELS analysis, radial distribution function and pair 
correlation function calculations can be accessed at https://github.
com/chenlabUIUC/OrientedPhaseDomain. Additional codes are avail-
able on request from the corresponding authors.

References
50. Spence, J. C. H. & Zuo, J.-M. Electron Microdiffraction  

(Springer, 1992).

Acknowledgements
This work was primarily (sample preparation, majority of the 4D-STEM, 
EELS, XRD characterizations, electrochemical testing and data 
analysis) supported by the US Department of Energy, Office of Basic 
Energy Sciences, Division of Materials Sciences and Engineering, 
under award DE-SC0022035 (W.C., Z.T. and Q.C.). Some of the 
4D-STEM experiments and the atomic-scale imaging were supported 
by Intel Corporation through an SRC project, award 54071821 (R.Y. 
and J.-M.Z.) and the Energy & Biosciences Institute through the 
EBI-Shell programme (W.C., S.P., C.Z., H.Y., J.-M.Z. and Q.C.). The DFT 
calculation and GITT and EIS measurements were supported in part 
by the US Army Construction Engineering Research Laboratory, 
Temperature Insensitive High-Density Lithium-Ion Batteries, award 
W9132T-21-2-0008 (A.X.B.Y., H.J., E.E., A.P. and P.V.B.). The preparation 
of dry solvents in the glovebox was supported in part by the Joint 
Center for Energy Storage Research (JCESR), an Energy Innovation 

Hub funded by the US Department of Energy, Office of Science, Basic 
Energy Sciences (K.T. and A.A.G.). The analysis of XRD data by Rietveld 
refinement was supported by a DIGI-MAT fellowship from the NSF DGE 
programme, award 1922758 (Z.W.R. and D.P.S.) using instrumentation 
partially supported by NSF through the University of Illinois Materials 
Research Science and Engineering Center DMR-172063. We thank Z. 
Ou and J. W. Smith at the University of Illinois for discussions on radial 
distribution function. We thank C. Qian and L. Yao at the University of 
Illinois for assistance with MATLAB coding in the analysis of the radial 
distribution functions and strain gradients. We thank N. Admal at the 
University of Illinois for discussions on domain morphology and phase 
separation. We thank Y. Yang at Columbia University for discussions on 
electrochemical tests.

Author contributions
W.C., J.-M.Z. and Q.C. planned the research and led the project. W.C. 
performed material processing and conducted electrochemical 
measurements. X.Z., R.Y., W.C., S.P. and K.Y. conducted the 4D-STEM 
and STEM imaging. S.P., W.C., X.Z. and K.Y. conducted EELS mapping. 
W.C., X.Z., R.Y., J.-M.Z. and Q.C. analysed and interpreted the electron 
microscopy data. W.C., with assistance from H.A. and A.P., analysed 
and interpreted the electrochemical results. Z.W.R. and D.P.S. 
performed the analysis of XRD data by Rietveld refinement. A.X.B.Y., 
H.J. and E.E. performed the DFT calculations. Z.T., C.Z., K.T. and H.Y. 
assisted in sample preparation. A.P., H.A., P.V.B. and A.A.G. assisted 
with GITT and EIS measurements. H.A. assisted with preparation of 
schematics. W.C., J.-M. Z. and Q.C. wrote the manuscript. R.M.S., 
J.-M.Z. and Q.C. supervised the research. All authors contributed to the 
discussion of the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41563-022-01381-4.

Correspondence and requests for materials should be addressed to 
Jian-Min Zuo or Qian Chen.

Peer review information Nature Materials thanks Matthew McDowell 
and Colin Ophus for their contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

https://github.com/flysteven/imToolBox
https://doi.org/10.13012/B2IDB-4717991_V1
https://github.com/chenlabUIUC/OrientedPhaseDomain
https://github.com/chenlabUIUC/OrientedPhaseDomain
https://doi.org/10.1038/s41563-022-01381-4
http://www.nature.com/reprints

	Formation and impact of nanoscopic oriented phase domains in electrochemical crystalline electrodes
	Online content
	Fig. 1 Oriented phase domains in compositionally uniform cathode NPs.
	Fig. 2 The oriented phase domain morphologies in discharged NPs and the origin from the symmetry change.
	Fig. 3 Nucleation, growth and coalescence of oriented phase domains within cathode NPs across the entire discharge process.
	Fig. 4 Oriented phase domains in different electrolyte conditions and their impacts on strain gradients and ion diffusion.




