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ABSTRACT 

Engineering grain boundary (GB) strain provides a promising pathway to tune the catalytic 

properties of nanocrystals. However, structural heterogeneity from random grain orientation and 

geometry has limited clear structure–property correlations. Here, we utilize a multigrain 

Co3O4/Mn3O4 core/shell nanocrystal platform as a model system to systematically investigate how 

geometric misfit strain at GBs serves as catalytically active sites for the oxygen reduction reaction. 

Through precise subnanometer-level control over grain morphology and by integrating multiscale 

electronic structure characterization, we identify the electronic structural signature of GB defects 

and establish a direct correlation between localized strain fields and modified electronic states. 

Strain modulation at GBs alters the eg orbital energy levels, with elongation along the z-axis 

combined with shear strain stabilizing the eg states, in contrast to the destabilization observed under 

pure shear strain. This stabilization mechanism enhances the electrocatalytic activity and 

selectivity of strained GBs compared to strain-relaxed grain surfaces. Furthermore, we reveal that 

GBs exhibit a radial strain gradient, producing a spatial energy shift that further modulates local 

electronic structures, as resolved through classification of electron energy loss spectroscopy data. 

Together, these findings demonstrate that geometric misfit strain enables precise tuning of grain 

geometry and resulting electronic structures, offering a robust strategy for engineering next-

generation nanocatalysts.  

 

INTRODUCTION 

Grain boundaries (GBs)1,2 in nanocrystalline materials are of great importance due to their 

potential to yield unique electrical, optical, mechanical, and chemical properties3-6. These 

interfaces typically contain structural defects, such as dislocations and disordered atomic 
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arrangements, which induce localized strains and modify electronic structures. Capturing these 

structural features is a key step for establishing structure–property relationships and achieving 

desired functionalities7-9. However, GB structures often exhibit random orientations and 

configurations, presenting significant challenges for characterization and limiting the ability to 

directly correlate local atomic-scale defects with macroscopic material behavior. To address this 

complexity, we employ a “geometric misfit strain” framework10 that differs from conventional 

two-dimensional (2D) epitaxial mismatch by enabling the formation of tilt boundaries at well-

defined locations around nanocube cores. This approach allows systematic control of grain 

boundary structures and strain fields at the nanoscale.  

Lattice mismatch in heterostructured nanocrystals has been widely shown to induce strain and 

structural distortions that can be harnessed to enhance material properties11-18. We previously 

demonstrated that geometric misfit strain in heterostructured multigrain nanocrystals provides a 

robust and reproducible platform for studying GB defects with precise structural control10. 

Utilizing cubic Co3O4 nanocrystals with uniform size and shape as cores, we synthesized well-

ordered polycrystalline Mn3O4 shells, forming controlled tilt boundaries with tunable strain fields. 

Unlike typical epitaxial strain dominated by in-plane mismatch, geometric misfit strain arises from 

enforced gap-closing between adjacent shell grains, introducing out-of-plane and shear strain 

components. 

Mn-oxo complexes have been widely studied as active sites in oxygen photo- and 

electrochemical catalysis for energy conversion applications19,20. A key strategy for optimizing 

catalytic performance has involved the synthesis of composite manganese oxides with various 

coordination geometries and oxidation states21,22. Previous studies have shown that catalytically 

active materials often have Mn3+ ions in edge-sharing octahedra with Jahn–Teller (J–T) 
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distortions23,24. To further enhance electrocatalytic activity, lattice engineering strategies25-31, such 

as the growth of epitaxial thin-film composite oxides, have been employed to modulate the 

electronic structure at Mn octahedral sites, showing promise as non-precious metal catalysts32,33. 

However, these approaches primarily rely on composition tuning or 2D planar stress, which 

imposes intrinsic limitations on the extent to which electronic states can be modulated. 

Overcoming these limitations requires new modes of strain control that move beyond conventional 

epitaxy.  

Building on the concept of geometric misfit strain, we explore its potential as a versatile tool for 

strain and defect engineering, deliberately introducing controlled three-dimensional distortions at 

GBs. While the structural advantages of geometric misfit strain are clear, its influence on material 

properties has yet to be explored.  

Here, we systematically engineer GB defect structures in multigrain Co3O4/Mn3O4 nanocrystals, 

including control over GB number, GB thickness, and strain-relaxed island thickness, to elucidate 

how geometric misfit strain modulates local electronic structure and catalytic performance. 

Electron energy loss spectroscopy (EELS) and X-ray absorption spectroscopy (XAS) 

measurements reveal defect signatures associated with strained GBs, with strain-induced 

electronic modifications localized within the shell. By precisely tuning the shell thickness within 

the 1.5–2.5 nm range and adjusting shell morphology to expose predominantly {001} and {101} 

facets, we further confirm that the new peaks in the O K-edge originate from strained rather than 

strain-relaxed regions. By integrating high-resolution electron microscopy with unsupervised 

machine learning34,35, we map the geometric variation of local electronic structures at 

subnanometer resolution. Furthermore, density functional theory (DFT) calculations reveal that 

the combined shear strain and bond elongation at GBs—characteristic of geometric misfit strain—
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stabilizes the eg orbital states, in contrast to the destabilization observed under pure shear strain, 

highlighting the distinct advantages of this strain mode for catalytic engineering. 

 

RESULTS AND DISCUSSION 

Geometric misfit strain and grain boundary engineering.  

The formation of tilt boundaries and associated defects in Co3O4/Mn3O4 multigrain nanocrystals 

is mainly attributed to the geometric misfit strain between the grains of the tetragonal Mn3O4 phase, 

as schematically illustrated in Figure 1a. These multigrain nanocrystals were produced by 

depositing a body-centered tetragonal (bct) Mn3O4 shell onto face-centered cubic (fcc) Co3O4 

nanocube cores. The known crystal structures of Co3O4 and Mn3O4 phases are cubic spinel (Fd-

3m; a=b=c=8.084 Å, JCPDS #42-1467) and distorted spinel (I41/amd; a=b=5.765 Å, c=9.442 Å, 

JCPDS #80-0382), respectively, with the latter elongated along the c-axis. Due to the asymmetric 

lattice mismatch between Co3O4 and Mn3O4, the Co3O4 {100}/Mn3O4 {001} interface is 

energetically favored to minimize elastic strain energy (Figure 1a). As the Mn3O4 shell 

preferentially grows along its c-axis parallel to the Co3O4 [100], [010], and [001] zone axes, 

consequently, the c-axes of adjacent Mn3O4 grains on a Co3O4 nanocube are orthogonal. This 

geometric constraint at the cube edges induces lattice misorientation, creating a gap between 

lattices from neighboring grains. Estimation using the lattice parameters of bulk phases indicates 

that the angle between Mn3O4 (112) and (004) planes is ~49.2o, leading to a misorientation gap of 

~8.4o between the Mn3O4 (112) planes in adjacent grains. The GB forms by closing this gap, 

generating normal and shear strains.  

In this study, we used 11 nm-sized Co3O4 nanocubes as substrates, which are small enough to 

accommodate the epitaxial strain energy at the Co3O4/Mn3O4 interface, thereby minimizing 
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dislocation formation due to their edge length being shorter than the dislocation period10. At this 

size regime, the charge reconstructed Co3O4/Mn3O4 interface exists within ¼ unit cell length along 

the c-axis. Since GBs are localized within specific regions of the shell, the density of GB defects 

at the surface can be controlled by tuning the shell morphology, including thickness, faceting, and 

coverage, that is, the number of grains. As an extension of the Stranski-Krastanov (SK) growth 

mode, the tunability of the Mn3O4 shell in a multigrain nanocrystal can be categorized into three 

distinct regions: a geometric coherent layer (CL), grain boundary, and island (Figure 1a). The CL 

consists of a periodic 3D strain field, with GBs forming near the edges of the Co3O4 core, and is 

therefore designated as the “3D geometric CL” (ref. 10). Atop this strained layer is the island, with 

significant lattice relaxation. The tunable parameters for each domain include CL thickness (which 

inherently controls GB thickness), island thickness, and the number of grains (Figure 1b and Figure 

S1). 

To systematically isolate these effects, we devised three sets of Co3O4/Mn3O4 multigrain 

nanocrystals: (i) a “CL-thickness control” set to vary GB thickness, (ii) an “island-formation” set 

to modulate strain relaxation, and (iii) a “pH-based” set to adjust the number of GBs. This design 

ensures we can examine how differences in GB density, thickness, and strain relaxation influence 

electronic structures in a controlled manner. To realize these sets experimentally, we controlled 

the growth mode of the Mn3O4 shell by varying synthetic parameters such as surface ligands and 

the amine/acid ratio in the reaction solution10,36-38. Transmission electron microscopy (TEM) 

characterization revealed distinct growth modes depending on the type of ligand used (Figures 1c 

and 1D). With a fixed growth mode, we monitored the evolution of shell morphology by varying 

the Mn precursor concentration.  
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Specifically, layer-by-layer growth in the Mn3O4 [001] direction was observed when formate 

ions were used as surface ligands (Figure 1c; CL1-3). As supersaturation levels increased, the 

geometric CL gradually thickened from 1.6 nm to 2.5 nm. According to the design principle10, as 

the geometric CL thickens, both the thickness and surface area of the GBs increase, leading to an 

increase in strain (Figures 1b and 1c). It appears that formate ligands tend to stabilize the strained 

Mn3O4 {101} surface at GBs more effectively than chloride ligands, as evidenced by the geometric 

trend in the {101}/{002} surface ratio, which generally increases as the CL thickens.  

For samples with varying island thickness, chloride ligands were used. The thickness and 

number of Mn3O4 islands increased with higher Mn precursor concentrations (Figure 1d; Island1-

3). Since the island regions are enclosed by strain-relaxed {101} facets, increasing the island 

proportion results in a greater fraction of strain-relaxed surfaces. Chloride adsorption is insufficient 

to stabilize the strain energy, leading to island nucleation and growth as a means of strain 

relaxation39. Interestingly, unlike conventional epitaxial systems, the strain in this multigrain 

system increases as the coherent layer thickens, due to the growing volume of the gap at the 

shell/shell interface as it extends farther from the core edge. At thinner shells (Island1), the strain 

at the GB is relatively small, allowing the shell to accommodate the strain energy without island 

formation. However, as the shell thickens beyond a point where chloride ligands can no longer 

compensate for the accumulating geometric misfit strain energy, strain-relaxed {101}-faceted 

islands begin to develop.  

Other than changing the thickness of GB and island, the number of grain boundaries can be 

controlled with pH (Figure 1e). The green-colored truncated square pyramids represent grains 

containing both CL and islands, formed under reaction conditions regulated by the amine/acid ratio. 

At the acidic condition, condensation reaction required for the formation of metal–oxygen–metal 
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bridge is less favorable, inhibiting the growth of oxides. At pH 7, the number of nucleation sites 

on the cube is limited, resulting in the growth of one to two grains per nanocrystal being dominant. 

At the basic condition, nucleation and growth are promoted, resulting in multiple GBs. The number 

of GBs in set (iii) follows the order: Island3 > less GB > shallow shell, in accordance with the 

amine/acid ratio. 

Given that the dominant exposed surfaces of multigrain nanocrystals are Mn3O4 {101} planes, 

it is essential to measure strains perpendicular to these planes to fully understand their impact on 

catalytic properties. Although we previously reported that Mn3O4 lattice strains near the core edges 

increase with distance from the core10, those measurements were limited to the <100> axis of the 

core, where the {101} surface planes of the shell are not visible. To capture the strain tensor in the 

{101} planes, we acquired high-angle annular dark-field scanning TEM (HAADF-STEM) image 

along the Co3O4 <110> direction (Figure 2). In Figure 2a, the gray-square-marked region indicates 

the area where the Mn3O4 shell overlaps with the Co3O4 core. We then calculated nanocrystal 

strain fields by performing geometric phase analysis (GPA)40 on the fast Fourier transform (FFT) 

image, using the white-circled Bragg peaks shown in Figure 2b and employing Co3O4 as the 

reference lattice. In the resulting strain map (Figure 2b), the x-axis corresponds to the Mn3O4 [101] 

crystallographic direction, while the y-axis is oriented perpendicular to [101], aligning with the 

left surface of the top grain and the right surface of the bottom grain (as illustrated in Figure 2a). 

The strain components eyy and exy represent the normal and shear strains of the Mn3O4 (101) plane, 

respectively (Figure 2b). Grain boundaries exhibit pronounced compressive strain relative to the 

strain-relaxed island regions near the grain centers, as highlighted by the white-circles in Figure 

2b; the same behavior is evident in another GB enclosed by Mn3O4 (-101) surface planes in Figure 

2c. The lattice distortion at the GB, evidenced by the opposite sign of exy for strain fields based on 
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Mn3O4 [101] and [-101], is illustrated in Figure 2d. These localized strains at the GBs lead to 

modifications in the electronic structure of the Mn3O4 shell.  

 

Analysis of electronic structure landscape within strained nanocrystal 

It is known that strains accompanying the local tetragonal deformation of metal octahedral (MO6) 

units in transition metal oxide crystals are interrelated with the Jahn–Teller distortions, which 

significantly modify the electronic structure of the metal ions41,42. The ensemble electronic 

structure of Mn in each sample was measured using Mn K-edge X-ray absorption near-edge 

structure (XANES) and Mn L2,3-edge XAS (Figures S2 and S3). The Mn K-edge spectrum of the 

“shallow shell” sample exhibits a higher average Mn oxidation state (~3.7), indicating charge 

reconstruction at the Co3O4/Mn3O4 interface (Figure S2). In the island-thickness control samples, 

as the Mn3O4 shell grows, the average Mn oxidation state—estimated by linear combination fitting 

of Mn K-edge spectra using Mn-based oxide references—decreases, approaching that of 

unstrained bulk Mn3O4. This trend is further supported by the deconvolution of Mn L2,3-edge 

spectra, which shows that, as the island grows, its electronic structure resembles that of unstrained 

Mn3O4. On the other hand, for the geometric CL-thickness control samples, oxidation states 

derived from linear combination fitting remain relatively consistent across different shell 

thicknesses.  

Although GPA analysis revealed a distribution of strain fields within the nanocrystal, suggesting 

potential local modifications in electronic structure, X-ray based bulk measurements captured only 

overall trends, missing detailed regional variations. This discrepancy underscores the need for high 

spatial resolution STEM-EELS analysis to resolve subtle, local electronic differences35,43. To 

compare Mn L2,3-edge EELS spectra associated with geometric misfit strain and strain relaxation 
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across different regions, we measured the nanocrystals along the Co3O4 <100> zone axis for both 

island-free and island-containing samples (Figure 3 and Figures S4-S7). Due to the orientational 

relationship of the shell grains, when viewed along the Co3O4 <100> zone axis, all side Mn3O4 

grains are projected along the <110> directions so that the Mn3O4 {112} grain boundary planes 

are parallel to the electron beam, thereby providing clearer geometric-dependent information 

(Figure 3a). As shown by summed spectra of specific pixels (Figures S5 and S6), spectral shapes 

vary depending on their location within the nanocrystal. A K-means clustering algorithm was 

applied to investigate these regional electronic structural characteristics (Figure 3b and Figure S7). 

To reduce the dimensionality of the clustering input, we first introduced a descriptor that captures 

the local strain state of Mn3+ ions. The contribution of strained Mn3+ ions to the spectral shape was 

resolved using simulated reference spectra generated with CTM4XAS44 (Figure 3c and Figure S4). 

With a fixed amount of Mn2+ and Mn4+ ions, an increased proportion of strained Mn3+ ions causes 

the Mn L3-edge in the simulated spectra to narrow and the ratio of the maximum Mn L3-edge 

intensity to the intensity at 642.8 eV (denoted Imax/I642.8eV), where the simulated unstrained Mn3+ 

curve peaks, to increase.  

To ensure consistent class definitions across samples, we applied K-means clustering to the 

EELS spectra from pixels in nanocrystal regions of both island-free and island-containing samples. 

In the island-containing sample, classified pixels from top and side grains were displayed in 

separate EELS maps to account for differences in electron beam projection arising from their 

distinct crystallographic orientations. The resulting cluster centers, representing the average 

spectra for each class, along with their fits using simulated reference Mn ion spectra are shown in 

Figure 3d. Each spectrum was deconvoluted using a linear regression method for quantitative 

comparison45,46. The statistical distribution of pixels among classes varied between samples (Figure 
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3e): in the island-free sample, class 4 dominated, whereas in the top grain of the island-containing 

sample, class 1 prevailed. Analysis of the fractional contributions of various Mn ions in each class 

(Figure 3f) reveals that the sample without island is characterized by a high fraction of strained Mn3+ 

ions (class 4), while the sample with islands exhibits a higher proportion of unstrained Mn3+ ions in 

the top grain (class 1). Conversely, the pixel distribution in the side grains of the island-containing 

sample showed similar proportions of classes 1 and 4, indicating that both strain-relaxed and strained 

regions are present in comparable amounts. Although the cluster center spectra of classes 4 and 5 

from the island-free sample in Figure 3d appear similar at first glance, linear fitting with simulated 

reference curves reveals subtle differences in Mn ion contributions. 

Notably, when comparing side grains from different samples, the cluster center spectra of the 

same class exhibit similar shapes, yet subtle differences in Mn2+ and Mn4+ content lead to slight 

variations in Mn ion compositions. Moreover, even within a single sample, spectra belonging to 

the same class differ markedly between the top and side grains of the island-containing nanocrystal 

(Figure 3d), underscoring how crystallographic orientation shapes the observed electronic 

structure. Due to the grain geometry, top grains are projected perpendicular to Mn3O4 {004} planes, 

providing information along the c-axis, while side grains capture data perpendicular to it. For 

example, classes 1 and 2 in the top grain contain the highest fraction of unstrained Mn3O4, whereas 

the corresponding classes in the side grains, where {101} planes dominate the projection, display 

a much smaller proportion of unstrained Mn3+ than those in the top grain.  

These observations confirm that the unique spectral line shapes originate from GB strain. While 

GB strain is still present in the island region, it is more relaxed, giving the island-containing sample 

a smaller proportion of strained regions than the island-free sample.  
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Detection and calculation of distorted octahedral Mn3+ sites by micro- and macroscale 

analyzes 

To clarify the development of the Mn3O4 phase on the shallow shell surface, as well as the GB 

defects in the island-formation and CL-thickness control samples, we obtained O K-edge spectra 

(Figures 4a and 4b and Figure S8). Excitation of electrons from O 1s to partially occupied or 

unoccupied metal 3d orbitals provides electronic structure information of the nanocrystals up to 

~10 nm, mostly within ~1 nm depth from the surface47. Compared with the metal 4sp–O 2p 

hybridization observed in the 540–545 eV range, the metal 3d–O 2p hybridization at 530–535 eV 

shows a relatively large variation among the CL-thickness control samples (Figure 4a). This 

indicates that the surface components of each sample differ significantly, while the surface 

coverage of the Mn3O4 phase varies only slightly. On the other hand, the metal 4sp–O 2p 

hybridization shows greater variation among the island-formation samples than the CL-thickness 

control samples. This implies that as the Mn concentration increases in the island-formation 

samples, the surface coverage of the Mn3O4 phase also increases significantly. For the Island1 

sample, the low surface coverage of the Mn3O4 phase is evident, as the shape of the metal 4sp–O 

2p hybridization peak more closely resembles that of Co3O4, and the pre-edge peak is similar to 

that of Co3O4 rather than Mn3O4. Additionally, the eg peak of Mn3O4 (~533.4 eV) becomes more 

pronounced with increasing Mn concentration in both sample sets, confirming the development of 

the Mn3O4 phase.  

Interestingly, new peaks at ~532.8 and ~535.5 eV (indicated by vertical dashed lines) emerged 

in the multigrain nanocrystal samples (Figure 4a). These peaks originate from GB defects, as they 

are not present in single-phase Co3O4 or Mn3O4 nanocrystals. In Figure 4b, we examined how the 

Mn L-edge and O K-edge evolve with increasing distance from the Co–Mn interface and analyzed 
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their correlation. This correlative study revealed that the ~532.8 eV feature is observed only in the 

CL region in the O K-edge EELS spectra, reinforcing the conclusion that the modified electronic 

structure originates primarily from the strained lattice in this region, rather than from the unstrained 

island region (Figure 4b and Figure S9). The CL region contains a higher proportion of strained 

Mn3+, as confirmed by deconvolution of the Mn L-edge spectra. The XAS spectrum of CL3 in 

Figure 4a resembles that of the CL region in Figure S9, indicating that the characteristics of the 

CL3 surface are mostly derived from the CL region. Furthermore, the peak energies are in good 

agreement with those reported for manganese oxides containing electronically modified Mn3+ 

ions48, supporting our XAS and EELS results indicating that the CL regions are enriched in Mn 

ions whose Mn3+ electronic structure differs from that of bulk Mn3O4.  

We built a crystalline model for the unstrained Mn3O4 phase and its 3D strained state, 

incorporating both normal and shear strain by applying the closing gap of 8.4o between the Mn3O4 

{112} planes. Using these model structures, we performed first-principles calculations to obtain 

the electronic density of states (DOS) for Mn3O4 under different strain conditions (Figure 4c and 

Figures S10–S13). The hybridized Mn 3d–O 2p states of both tetrahedral and octahedral Mn sites 

in strained lattices appear more delocalized compared to those in the unstrained phase. Notably, 

we attribute the emerging feature near 532.8 eV to electronic states arising from stabilization of 

the eg orbitals at octahedral Mn3+ sites. To understand the origin of this stabilization, we analyzed 

the local DOS in regions of the tilted lattices. These regions exhibit both compressive and 

elongated distortions. In the compressive regions, both tetrahedral Mn d-states and octahedral eg-

states become destabilized relative to the unstrained structure. In contrast, in the elongated regions, 

the eg orbitals of octahedral Mn sites are stabilized, an effect attributable to elongation along the 

z-axis (Figure S12), while the t2g orbitals become slightly destabilized. Tetrahedral Mn sites in the 
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elongated regions exhibit minimal change. To isolate the role of shear, we also calculated the DOS 

under pure shear strain alone (Figure S13). In this case, no orbital stabilization was observed; 

rather, the orbitals were destabilized. These results confirm that the stabilization of the eg orbitals 

originates from the combination of elongation and shear strain present in the tilted lattice of the 

geometric misfit GBs.  

This localized electronic structure variation correlates with structural heterogeneity within the 

coherent layer (CL) of the shell. As the GB length increases, the unit cell at the GB gets larger10, 

indicating greater local strain variation in thicker CLs. Since strain directly influences the 

electronic states, thicker CLs are expected to exhibit greater electronic structural diversity. This is 

supported by the increased full-width at half-maximum (FWHM) of the Gaussian fit to the defect 

peak at 532.8 eV in the O K-edge spectrum (Figure S8). In the CL-thickness control samples, the 

broadening of this peak with increasing CL thickness reflects growing electronic heterogeneity. In 

contrast, in the island-formation samples, the GB structure becomes more uniform with increasing 

Mn concentration, which we attribute to the greater coverage of strain-relaxing islands. The 

findings from soft and hard XAS, as well as EELS, can be summarized as follows: (1) In the CL-

thickness control set, thicker CL samples have a greater population of electronically modified Mn3+ 

near the Mn3O4 {101} surface due to GB strain; (2) In the island-formation set, samples with more 

islands have a higher proportion of unstrained surface planes.  

 

Correlating geometrically strained lattices with electrocatalytic activity 

We investigated the effect of microstructural features of GB strain in core/shell nanocrystal on 

ORR performance using the sets of Co3O4/Mn3O4 multigrain nanocrystals under basic reaction 

conditions15,49. Single-phase Mn3O4 and Co3O4 nanocrystals were also tested as controls (Figures 
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5a-5c). Comparison of the polarization curves of Mn3O4 nanocrystals (grey) and shallow shell 

samples (black) indicates that weak J–T distortions, caused by the presence of Mnn+ (n>3) ions at 

the core/shell interface, have little effect on electrocatalytic activity, as reflected in the half-wave 

potential (Figure 5b). However, activity is enhanced as the CL regions develop on the shallow 

shell, as seen in the less GB (navy) and Island3 (red) samples. The highest activity is observed 

when there is no island on the nanocrystal surface and the CL is at its thickest (CL3; green). The 

trend among the CL-thickness control samples can be explained by the increasing proportions of 

strained {101} surface facets and the lowering of the eg level as the CL thickens (CL1 < CL2 < 

CL3), which in turn reduces the calculated overpotential (see calculation in the following 

paragraph). On the other hand, the lower activity in the island-formation samples can be attributed 

to the relatively high ratio of unstrained Mn3O4 on the surface. The selectivity toward the 4-

electron pathway is not high for the less GB samples, which have mostly unstrained island surfaces 

and seem to prefer the 2-electron pathway for the ORR, similar to reference Mn3O4 (Figure 5c). 

This observation is further supported by the shallow shell sample, which has no islands on the 

surface and shows a higher electron transfer number (n). The Island3 sample, with enhanced 

selectivity toward the 4-electron pathway, provides additional evidence of the GB effects. The 

CL3 sample demonstrates even higher activity and selectivity than the Island3 sample, due to the 

smaller proportion of unstrained regions in the shell. The phase of the Mn3O4 grains and their GB 

structures during electrochemical measurements showed good consistency, as confirmed by ex-

situ Raman, in-situ extended X-ray absorption fine structure (EXAFS), and HRSTEM (Figures 

S14 and S15).  

The effect of the strained lattice on ORR activity was further studied through DFT 

calculations50-56 of the energetics of reaction intermediates (OOH*, O*, and OH*) on the Mn3O4 
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{101} surface (Figures 5d-5f and Figure S16). The Mn3O4 {001} surface was not investigated, as 

its behavior would be very similar to that of Mn3O4 nanocrystals based on previous strain tensor 

measurements10 and the EELS results in Figures 3 and 4. The Mn3O4 {101} planes are the most 

strained and exposed facets of the multigrain nanocrystals, being orthogonal to the junctions of 

three adjacent grain boundaries. We first calculated the most stable surface stacking motif of 

Mn3O4 {101} under ORR electrochemical conditions, resulting in a layer of octahedral Mn3+ 

motifs passivated by OH surface ligands (Supplementary Table 1). We anticipate that the last step 

of the reaction (OH* + H+ + e- → H2O) is rate-determining, as the adsorption energy of OH*, 

ΔGOH*, is negative relative to that of H2O. However, as the aspect ratio (c/√2a) of the unit cell 

decreases by systematically increasing and decreasing the lattice parameters a and c, respectively, 

in the strained lattice, ΔGOH* is significantly altered, rendering the desorption of OH* 

thermodynamically favorable and thereby increasing the operating potential (Figures 5e and 5f). 

These findings strongly support our experimental observation of enhanced ORR activity in the 

strained lattice at the CLs of Mn3O4 grains, which is comparable to or even surpasses that of 

previously reported strain-controlled Pt-based catalysts (Supplementary Table 2). By producing 

multigrain nanocrystals with more GBs (i.e., higher GB defect density) and fewer islands (i.e., 

lesser strain-relaxed surface), and by controlling GB thickness to achieve optimal strain, the 

surface proportion of strained lattice can be increased, offering further opportunities to maximize 

catalytic activity. 

 

CONCLUSION 

This work represents a breakthrough in elucidating structure–property relationship of well-

defined and well-patterned GB defects in heterostructured nanocrystals through rigorous 
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microscopic and macroscopic characterizations. By correlating strained lattice structures with 

electronic states, we have revealed that GB strain significantly enhances ORR activity. In our 

previous work, we demonstrated that uniformly structured GB defects form at predetermined 

locations near the edges of nanocrystal cores, resulting from the highly constrained conditions 

imposed by the size and shape of the core and the symmetry and elasticity of the shell. These 

constraints induce a geometric misfit between adjacent shell lattices, distinct from traditional 

epitaxial strain at interfaces between different materials, offering a prior knowledge of the exact 

GB structure. In this study, we discovered that the grain structure is divided into several clearly 

differentiated regions, each with specific strain and electronic states determined by its interfaces, 

whether phase boundaries, grain boundaries, or surfaces. This knowledge, together with our ability 

to control grain growth modes, enables detailed nanoscale investigations of structure–property 

relationships and facilitates the rational design of nanocrystalline materials. Moreover, our 

approach is readily generalizable to other combinations of metals, metal oxides, and chalcogenides, 

opening avenues for exploring interfacial defect properties through geometrically regulated 

material deformations. 
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METHODS 

Synthesis of the nanocrystals. 

Monometallic Co3O4 and Mn3O4 nanocrystals as core materials.  

The procedures are described in our previous paper10. 

CL-formation samples10.  

A mixture of oleylamine (5 mmol), oleic acid (0.5 mmol), and hydrochloric acid (3.15 mmol, 

Aldrich) to 15 mL of o-xylene (Aldrich) containing 0.080 g of Co3O4 nanocubes were prepared. 

As-prepared suspension was heated to 60 °C under air and aged for 1 h. After that, 4 mL of 

0.125 (CL1), 0.25 (CL2), and 0.5 M (CL3) aqueous solution of Mn (II) formate was rapidly 

injected into the suspension at 90 °C and aged for 1.5 h. After the reaction, the nanocrystals were 

washed with hexane and ethanol and retrieved by centrifugation. And then the nanocrystals are 

well dispersed in non-polar solvents. 

island-formation samples10. 

The synthetic procedure is the same as that for CL-formation samples except that Mn (II) 

chloride (Aldrich) (0.8 mL of 0.25 (Island1), 0.63 (Island2), and 2.5 M (Island3)) and xylenes 

(Aldrich) were used instead of Mn (II) formate and o-xylene. For the EELS measurement, this 

procedure was repeated for three times. 

GB-formation samples10. 

For shallow shell sample, the procedure is the same as that for Island3 sample except that 4 

mmol of oleylamine was used. The synthetic procedure is the same as that for Island3 except that 

4.5 mmol of hydrochloric acid was used instead of 3.15 mmol of hydrochloric acid. 

 

Electron Microscopy, Spectroscopy, and X-ray-based Experimental Methods.  

The transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2100F 

at 200 kV. The EFTEM images were recorded with a JEOL JEM-2100F. HAADF-STEM images 

and corresponding EELS data were obtained by using JEM-ARM200F operated at 200 kV (Cold 

Field Emission Type, JEOL) in National Center for Inter-university Research Facilities (NCIRF), 

Seoul National University. JEM-ARM200F microscope is equipped with 965 GIF Quantum ER 

(GATAN) EELS detector. Energy windows used for Mn L-edge map and Co L-edge map are 

635.2–661.2 eV and 773–804 eV, respectively. Background is subtracted by the window of ~620 

eV (width ~18 eV) for Mn and 750 eV (width ~25 eV) for Co. For HAADF-STEM imaging and 

EELS spectra, we adopted a convergence semi-angle and inner detect collection angle of 19 

mrad and 40 mrad, respectively. Pixel time used to acquire HAADF-STEM image was 31.7 s. 

Elemental analysis was performed via inductively coupled plasma- atomic emission 

spectroscopy (ICP-AES) (Shimadzu). HAADF-STEM image for strain mapping was acquired 

using TEAM0.5 at the NCEM facility at 200 kV, with a probe semi-angle of 30 mrad, a camara 

length of 0.105 m, and a C2 aperture of 70 m. X-ray diffraction patterns were obtained using a 

Rigaku D/max 2500 diffractometer equipped with a rotating anode and a Cu Kα radiation source 

(λ = 0.15418 nm). X-ray absorption near-edge structure (XANES) and soft X-ray absorption 

spectroscopy (XAS) experiments were carried out at 10C wide XAFS and 2A MS beamline, 
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respectively, in Pohang Light Source-II (PLS-II). Experiments at PLS-II were supported in part 

by MSIP and POSTECH. 

 

GPA analysis. 

Strain field maps were obtained using geometric phase analysis (GPA) implemented with a 

custom MATLAB script. Scan distortion, caused by sample motion relative to the STEM probe, 

leads to drift artifacts, most notably along the slow scan direction57. To quantify and correct this 

drift, we acquired scan pairs with the slow scan direction oriented at 0 and 90 degrees, enabling 

orthogonal comparison. Drift was measured and corrected using the method described in 

reference 57. GPA was then performed on the distortion-corrected image to extract strain 

information. The resulting strain maps follow standard infinitesimal strain definitions: normal 

strains in the x and y directions (exx and eyy) and shear strain (exy). To visualize in-plane strain 

along the {101} planes, the x-axis was aligned with the {101} direction, and strain component 

along the y-axis was displayed. Finally, the strain maps were overlaid onto the original STEM 

images for visualization, with color representing the measured strain values. 

 

K-means clustering of EELS data. 

For K-means clustering, we pre-excluded EELS spectra from background regions with the 

intensity threshold to investigate local variations of electronic structure within nanocrystal 

regions. For each pixel, we constructed a feature vector comprising two variables: (1) the 

maximum Mn L3-edge intensity to the intensity at 642.8 eV ratio (Imax/I642.8eV), and (2) the mean 

intensity scaled by a predefined constant to make the value comparable to intensity ratio values. 

For the Imax/I642.8eV ratio, Imax was defined as the maximum intensity observed within the L3-edge 

window (638.7–646.7 eV). To mitigate noise-induced inconsistencies, the I642.8eV value was 

determined as the mean intensity within the 641.9–643.7 eV window, where the unstrained Mn3+ 

simulated spectrum exhibits its peak. Clustering was performed using scikit-learn’s KMeans 

algorithm with a cluster number 6 (K = 6). The cluster labels were then separated into groups: the 

island-free sample and the top and side grains of island-containing sample. 

 

Electrochemical measurements.  

The ligand exchange procedure using nitrosonium tetrafluoroborate (NOBF4) is as follows: 

0.035 g of nitrosonium tetrafluoroborate was dissolved in 1.5 mL of dimethylformamide (DMF) 

in Ar atmosphere. This solution was added to the 10 mL of THF solution of as-prepared 

nanoparticles. Then the nanoparticles were precipitated by adding hexane, followed by 

centrifugation. After the ligand exchange, as-prepared nanoparticles were dispersed in ethanol 

and mixed with Vulcan XC-72 to load them onto a carbon support (nanocrystals/C). Nafion 

solution was mixed with nanocrystals/C dispersed in ethanol solution and loaded onto the 

rotating disk electrode (RDE, Autolab). Electrochemical experiments were conducted using a 

conventional three-compartment electrode system with a rotating ring-disk electrode (RRDE) 

(Pine, geometric area: 0.2475 cm-2) and Autolab 302 potentiostat. Ag/AgCl and carbon rod were 
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used as a reference and counter electrode, respectively. All of the potentials are versus the 

reversible hydrogen electrode (RHE), and all of the electrochemical measurements were 

conducted in a 0.1 M KOH solution. The non-faradaic contribution during the oxygen reduction 

reaction (ORR) measurement was corrected by performing blank CV in Ar. The iR-correction 

was conducted based on the ohmic resistance measured by electrochemical impedance 

spectroscopy. The electron transfer number per oxygen molecule (n) was calculated from the 

RRDE method using the following equation (Ring disk potential was held at 1.4 V during the 

ORR measurement to oxidize hydrogen peroxide): 

𝑛 =  
4 𝐼𝑑

𝐼𝑑 +  
𝐼𝑟
𝑁

 

where Id is disk current, and Ir is ring current. N is the RRDE collection efficiency, which is 0.37 

in our electrode. 

 

DFT calculations  

Computational Methods.  

All calculations were performed within the generalized gradient approximation plus Hubbard 

U framework (GGA+U)58. The revised Perdew–Burke–Ernzerhof (RPBE) functional59,60 for the 

exchange correlation to the density functional theory and projected augmented wave (PAW) 

method61 was used as implemented in the Vienna Ab initio simulation package (VASP)62. The 

Hubbard U parameters (GGA+U) with Ueff =4.0 eV for Mn and Ueff =3.5 eV for Co were used to 

accurately calculate the electron correlation within the d states in the transition metal ions63. To 

avoid possible errors from different magnetic orderings, all the calculations employ 

ferromagnetic state model. 

Adsorption energetics of ORR intermediates for Mn3O4 {011} surfaces were calculated with 

slab model with 3 metal sites per surface, 5 metal oxide thickness and more than 15 Å vacuum. 

The three topmost Mn3O4 layers were allowed to relax below the maximum force threshold of 

0.05 eV/Å within an energy cutoff of 550 eV and a 3 × 3 × 1 gamma-point-centered k-point 

mesh. Solvation effects for ORR intermediates adsorbates were considered by exploiting the 

implicit solvation model64. 

Thermodynamics of Oxygen Reduction65.  

The individual steps in ORR mechanisms considered in this work are as follows: 4 electron 

reaction pathway with associative mechanism is 

(1) O2 + H+ + e- → OOH* 

(2) OOH* + H+ + e- → O* + H2O 

(3) O* + H+ + e- → OH* 

(4) OH* + H+ + e- → * + H2O 

Gibbs free energy changes in oxygen reduction steps with associative mechanism are 

∆Ga1 = ∆GOOH* – 4.92 [eV] + eU - ∆GH
+(pH) 

∆Ga2 = ∆GO* - ∆GOOH* + eU - ∆GH
+(pH) 

∆Ga3 = ∆GOH* - ∆GO* + eU - ∆GH
+(pH) 
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∆Ga4 = - ∆GOH* + eU - ∆GH
+(pH) 

where U is the potential against Standard Hydrogen Electrode (SHE) at standard condition. The 

Gibbs free energy change of the proton relative to the pH is expressed by Nernst equation as 

∆GH
+(pH) = -kBT log(pH). Gibbs free energy change for individual step is represented by 

differences of DFT energy(EDFT), zero-point energy(ZPE) and entropy between each step as ∆Gi 

= ∆Ei + ∆ZPE - T∆S. To avoid calculation of O2 energy, which is difficult to calculate accurately 

in GGA scheme, 𝚺Gd1-3 and 𝚺Ga1-4 are fixed to the experimental formation energy of H2O, 

2∆gexp(2H2 + O2 → 2H2O) = - 4.92 eV. 

Adsorption energies of OH*, O*, and OOH* relative to H2O and H2 are calculated as 

∆EOH = E(OH*) – E(*) – [E(H2O) – 0.5 E(H2)] 

∆EO = E(O*) – E(*) – [E(H2O) – E(H2)] 

∆EOOH = E(OOH*) – E(*) – [2E(H2O) – 1.5E(H2)] 
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Figure 1. Engineering and controlling grain boundary defects in multigrain Co3O4/Mn3O4 

core/shell nanocrystals. (a) Schematic illustration of the epitaxial and guided growth of Mn3O4 

shell on a cubic Co3O4 core. Atomic arrangements in Co3O4 and Mn3O4 unit cells, viewed along 

the <100> direction for Co3O4 and along both the <110> and <001> directions for Mn3O4 (left). 

The orientational relationship between the Mn3O4 shell and Co3O4 core inducing a geometric misfit 

strain by gap closing, with an ~8.4° angle between two Mn3O4 {112} planes (middle). A 3D model 

and corresponding 2D illustration depict the controllable compartments in Mn3O4 grains, 

analogous to the SK growth mode (right). (b) Schematic illustration of grain geometry control. (c-

e) TEM images of three distinct Mn3O4 grain morphologies obtained under different synthetic 

conditions. The CL thickness increases with higher manganese formate precursor concentration 

(c). The number of islands increases with higher manganese chloride precursor concentration (d). 

More GBs are formed with higher amine/acid ratios when using manganese chloride (e).   
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Figure 2. Strain measurement of multigrain nanocrystals. (a) Illustrative model, HAADF-

STEM image, and corresponding FFT of a multigrain nanocrystal viewed along Co3O4 <110> zone 

axis. In the model, the top and bottom grains are shown in lavender, while the side grains are 

depicted in gray. The Co3O4 core region is marked with a gray square in HAADF-STEM image. 

(b,c) Strain tensor measurements taken in directions perpendicular to the Mn3O4 [101] (b) and [-

101] (c) axes, visualizing compressive in-plane strains across the Mn3O4 {101} surface facets 

(white dotted circles). (d) Schematic illustration of the normal and shear strains induced within the 

framework of octahedral Mn3+ ions. 
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Figure 3. Local electronic structure characterization of Mn in different sub-grain regions. (a) 

Illustrations of the Co3O4/Mn3O4 nanocrystal morphology as viewed from the standard orientation 

of the Co3O4 core. All exposed facets are Mn3O4 {101} except for the grey-colored Mn3O4 {001} 

facets. (b) Mn L2,3-edge EELS maps and K-means clustering results for samples without islands (first 

row) and with islands (second and third rows). Pixel sizes are 2.41 Å for the island-free sample and 

3.65 Å for the island-containing sample. (c) Simulated spectra for strained Mn3+ ratios of 0.3, 0.43, 

and 0.54. (d) Experimental EELS spectra (dots) and their linear fits (lines) for the cluster centers of 

each class. The colors correspond to the clusters in K-means map. (e) Plot showing, for each sample, 

the proportion of pixels assigned to each class alongside the corresponding average Imax/I642.8eV ratio 

as a function of class number. (f) Fractional contributions (lines and circles) of reference spectra 

for Mn2+, strained Mn3+, unstrained Mn3+, and Mn4+, along with the oxidation state (light gray 

bars), plotted versus class number. These values were determined using Linear Regression 

coefficients from the fits in (d). 
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Figure 4. Capturing the surface electronic state of GB defects. (a) O K-edge spectra of 

monometallic Mn3O4 and Co3O4 nanocrystals and CL- and island-formation samples. (b) HAADF-

STEM image, corresponding EELS elemental map, and EELS spectra of the sample with island. 

The pixel spacing for the EELS map is 2.5 Å. O K-edge EELS spectra from the regions of the 

near-interface between core and shell (i), the CL including the GB of the Mn3O4 shell (ii-vi), and 

the island of the Mn3O4 shell (vii). The dotted lines guiding the defect peaks at ~532.8 eV and 

~535.5eV in (a) and (b). Experimental and simulation spectra are circles and line, respectively. The 

rightmost panel in (b) presents the relative fraction of strained Mn3+ ions and corresponding intensity 

ratios for each region. (c) DOS of pristine Mn3O4 and strained Mn3O4 after gap closing of {112} 

planes at the GB. The Fermi level is set to 0 eV.  
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Figure 5. Revealing the effect of 3D strained lattice on electrocatalytic properties. (a-c) 

Electrocatalytic ORR activities of Co3O4, Mn3O4, and eight different types of Co3O4/Mn3O4 

nanocrystals. Linear scan voltammogram was performed on a rotating disk electrode (1,600 rpm, 

10 mV s-1 scan rate) in O2-saturated 0.1M KOH solution (a). ORR activities presented in terms of 

half-wave potential (b) and electron transfer number (c). (d-f) DFT calculation results for the strain 

effect on the ORR activity of the Co3O4/Mn3O4 nanocrystals. Proposed ORR mechanism on 

Mn3O4 {101} plane (d). Free energy diagram (e) for ORR shows the changes in the binding 

energies of reaction intermediates when strain is imposed on the Mn3O4 {101} plane. For 

unstrained Mn3O4, the c/√2a ratio is 1.18. Volcano plot of the ΔGOH (eV) as a function of the 

calculated strain of Mn3O4 (f). Black open-squares and colored stars indicate the theoretical (black 

left y-axis) and experimental half-wave potentials (blue right y-axis), respectively.  
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