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ABSTRACT

Efforts to improve energy storage depend greatly on the development of efficient electrode materials. Recently, strain has been employed as an
alternate approach to improve ion mobility. While lattice strain has been well-researched in catalytic applications, its effects on electrochemical
energy storage are largely limited to computational studies due to complexities associated with strain control in nanomaterials as well as loss of
strain due to the phase change of the active material during charging-discharging. In this work, we overcome these challenges and investigate
the effects of strain on supercapacitor performance in Li-ion-based energy devices. We synthesize epitaxial Fe;Os@MnFe;O4 (core@shell)
nanoparticles with varying shell thickness to control the lattice strain. A narrow voltage window for electrochemical testing is used to limit
the storage mechanism to lithiation-delithiation, preventing a phase change and maintaining structural strain. Cyclic voltammetry reveals a
pseudocapacitive behavior and similar levels of surface charge storage in both strained- and unstrained-MnFe,O4 samples; however, diffusive
charge storage in the strained sample is twice as high as the unstrained sample. The strained-MnFe, Oy electrode exceeds the performance of
the unstrained-MnFe; Oy electrode in energy density by ~33%, power density by ~28%, and specific capacitance by ~48%. Density functional
theory shows lower formation energies for Li-intercalation and lower activation barrier for Li-diffusion in strained-MnFe; Oy, corresponding
to a threefold increase in the diffusion coefficient. The enhanced Li-ion diffusion rate in the strained-electrodes is further confirmed using
the galvanostatic intermittent titration technique. This work provides a starting point to using strain engineering as a novel approach for
designing high performance energy storage devices.

Published under an exclusive license by AIP Publishing.

INTRODUCTION

Nanostructured materials have played a crucial role in the
development of next-generation electrochemical energy storage
devices. Unique properties emerge in nanoscale materials, and often,
those properties can be tuned to optimize electrochemical perfor-
mance. Among the most important tunable parameters are the
surface-to-volume ratio and short diffusion path lengths, which
lead to improvements in energy density, charge/discharge rates, and

cycling stability in electrode materials.' In recent years, nanoma-
terials engineering has expanded to include strain engineering.
The presence of lattice strain has been shown to alter the surface
interatomic distance, thereby improving ion mobility and diffu-
sion.”” Theoretical calculations find that the diffusion coefficient for
Li-ions in LiCoO; increases with increasing interfacial strain,” and
atomistic simulations conducted reveal that tensile strain reduces
the migration barrier for both Li* and Na™ ions in olivine type
phosphate.
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The number of studies investigating the influence of lattice
strain on electrochemical energy conversion and storage has greatly
increased in recent years; however, much of the literature is lim-
ited to computational methods’ due to various experimental chal-
lenges.” Previously, a report by Muralidharan et al. demonstrated
that increasing mechanical strain in V,Os films grown on NiTi alloy
substrates via atomic layer deposition (ALD) improved lithium dif-
fusion but lacked key electrochemical parameters such as energy
and power density and specific capacitance.” More comprehen-
sive studies have been performed on multiple 2D layered materi-
als. In Ti3C, Tx MXenes, mechanochemically induced strain resulted
in higher discharge capacity and improved rate capability.” The
strain induced by the interlayer lattice mismatch has been reported
to enhance Li-ion intercalation and electrochemical performance
in carbon-MoS; nanosheets and VOPO,-graphene heterostruc-
tures.'®!! Strain engineering has also been successfully carried out
using core-shell particles in several studies; however, the impact
on performance has been explored primarily in catalytic applica-
tions.'> The relationship between the strain and the electrochem-
ical performance of Li-ion storage devices is not often directly
investigated due to (1) the onset of conversion reactions during
charge-discharge, which leads to phase changes in the active mate-
rial and (2) the complexity of controlling lattice strain in nanoma-
terials."” Phase changes, often associated with slow charge transfer
kinetics, alter the atomic structure and eliminate any induced strain.
In this work, we overcome the aforementioned challenges to demon-
strate an increase in the supercapacitor performance for a quantifi-
able amount of strain. Strain control is achieved using core@shell
heterostructures, where the epitaxial interface can be leveraged for
this purpose.'”'* The tuning of these parameters to create strain
engineered core@shell materials greatly expands the options for
improving energy storage and conversion.

A large number of Li-ion-based energy storage devices are
comprised of spinel-based components, such as electrodes and elec-
trolytes.'” Spinels are a widely studied and versatile class of mate-
rials that allow for lattice matching to reduce interfacial resis-
tance.'® For these reasons, spinels are an ideal system to use for
investigating the relationship between the lattice strain and the
electrochemical performance. In this study, we devise a synthesis
method to grow epitaxially strained-Fe;O4@MnFe;O4 (core@shell)
nanoparticles (NPs) and unstrained-MnFe,;Oy4 as a control to inves-
tigate the effects of strain on Li-ion transport and electrochemical

EPD on Cu substrate
to form electrodes

Synthesis of spinel
nanoparticles

NPs +
Ligands

ARTICLE scitation.org/journalljcp

performance. The MnFe; Oy ternary spinel system is chosen for this
study because among the ferrite ternary spinel systems, MnFe;O,4
has been shown to have highest specific capacitance,'” making it a
potential active material for energy storage applications. Fe3Oy is
used as the core material for two reasons. First, Fe3O4 has the high-
est electronic conductivity among the ferrite spinels (10> S/cm).'
Second, the lattice parameter of Fe3O4 (8.397 A) is similar to the
MnFe,0y4 lattice parameter (8.515 A), which facilitates synthesis
of epitaxially strained core@shell structures. In addition, epitaxial
growth prevents grain boundary formation at the interface of the
core and the shell, reducing the barrier for electronic charge trans-
port.”” By designing a hybrid core@shell structure, we aim to lever-
age mixed electronic and electrochemical properties such that more
charge can be stored in the electrode to improve the energy den-
sity of the active material while simultaneously improving the power
density as the charges can be extracted at a faster rate following
the redox activity in the active material. Following the synthesis of
the NPs, additive-free electrodes are fabricated via electrophoretic
deposition (EPD) (Fig. 1). EPD is used because this technique has
been shown to produce electrodes with superior gravimetric capac-
ity and electrochemical performance compared to the conventional
methods.”’*” The absence of additives in EPD leads to electrodes
with higher density of active material.”’ In addition, NP coatings
applied via EPD are mechanically robust with smooth and largely
defect-free surfaces that can better facilitate charge transfer kinet-
ics.””?” The electrodes are annealed for ligand removal and then
assembled into coin cells, and the electrochemical testing voltage
window is determined using cyclic voltammograms such that the
phase and the strain in the active material are preserved. Subse-
quently, the supercapacitor performance of the material is evaluated,
and a correlation is observed between the strain and the electro-
chemical performance. The galvanostatic intermittent titration tech-
nique (GITT) is used to calculate the Li-ion diffusion rates in the
strained and unstrained electrodes. Finally, using density functional
theory with the Hubbard correction term (DFT + U), we calculate
the activation barriers for Li diffusion and the formation energies for
Li-intercalated MnFe,Oy4. From our results, we find that the supe-
rior supercapacitor performance of strained-MnFe;O4 compared to
unstrained-MnFe; 04 can be directly attributed to the accelerated
Li-ion diffusion rate in the strained structure. With this work, we
provide a novel approach to enhance Li-ion transport and hence
design improved, high-performance energy storage devices.
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FIG. 1. Experimental approach. Schematic showing the synthesis of spinel nanoparticles (NPs), preparation of additive-free electrodes using electrophoretic deposition

(EPD), ligand removal, and supercapacitor performance evaluation.
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RESULTS AND DISCUSSION

Thermal decomposition of metallorganic precursors in
an organic solvent was employed for NP synthesis.”” The as-
synthesized Fe3O4 and MnFe;O4 NPs have a spherical morphology
with diameters of 5.9 nm (£10%) and 5.6 nm (£16%), respectively
[Fig. 2(a)]. To grow the epitaxial core@shell NPs, MnFe; Oy is grown
as a shell material on solid Fe3O4 cores with varying shell thickness
{i.e., no shell, 1.35 nm shells, and 2.70 nm shells [Fig. 2(b)]} (see
experimental section in the supplementary material for details).
Higher levels of strain were not studied because further increas-
ing the shell thickness leads to MnFe,O4 nucleating separately
instead of depositing as a shell during the synthesis. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of Fe;04@ 2.70 nm-MnFe;O4 NPs show
an epitaxial shell growth with no discernible defects [Fig. 2(c)].
A clear distinction can be made between the core and the shell using
elemental mapping with electron energy loss spectroscopy (EELS),
which is consistent with an Fe-rich core and the distribution of both
Mn and Fe cations in the shell [Fig. 2(c)]. Elemental intensity line
profiles taken across the NP exhibit the expected distribution of Mn
and Fe cations [white dashed box in Fig. 2(d) and corresponding
plot in Fig. 2(e)]. Projection of the electron probe through the NP
leads to a flat Mn profile across the core of the NP (produced by
interaction with the shell on the top and bottom surfaces) with
a relative increase at either edge, where the projected thickness
of the shell increases [Fig. 2(e)]. The estimated Mn to Fe ratio
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across the nanoparticle is found to be consistent with the Mn to
Fe ratio calculated using EELS (Fig. S1 and calculation), indicating
the core stoichiometry as Fe;O4 and the shell stoichiometry as
MnFe;Oj4. The stoichiometry of the shell is quantified using induc-
tively coupled plasma mass spectrometry (ICP-MS) analysis
(Table S1, see the supplementary material for details) as
Mnj gsFe19404 and Mni3 Ferg904 for the thin- and thick-
shelled core@shell samples, respectively (assuming no interdiffusion
of Mn into the core). Since the two shell stoichiometries x ~ 1 and
x ~ 1.3 (“X” in MnyFe3;_4O4) have similar cation site occupation,
electronic conductivity,'® and concentration of Mn and Fe species
[confirmed using x-ray photoemission spectroscopy (XPS) analysis
on the core@shell NPs used in this study, Fig. S3 and Table S4], we
disregard the role of slight deviation in shell stoichiometries on the
electrochemical performance. For further reference, both the shell
stoichiometries are assumed to be as MnFe;Oy.

X-ray diffraction (XRD) measurements confirm the phase of
the annealed NPs (solid cores and the core@shell NPs) as spinel
and further show an evolution of the strain in the NPs with an
increasing shell thickness. The XRD characterization and the subse-
quent strain measurements are carried out on the annealed (ligand-
removed) nanoparticles so that the processing conditions of the
nanoparticles are consistent between the structural and electro-
chemical characterizations. The XRD peak intensity and positions
of the annealed solid NPs [Fig. 3(a), black and green] match the
bulk standards for MnFe;O4 (JCPDS: 01-073-1964) and Fe;O4
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FIG. 2. (a) Transmission electron microscopy for the characterization of nanoparticles (NPs)—MnFe;04, Fe304, and core@shell Fe30,@MnFe;O4 with a shell thickness
of 1.35 and 2.70 nm. (b) Histogram showing the size of the core (green) and the NP after the shell growth. (c) High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of an Fe3O4@ 2.70 nm-MnFe;04 NP. Crystalline ordering extends fully to the edges of the NP and no delineation between the core
and the shell is visible, indicating epitaxial growth. (d) EELS elemental map of another Fe;O,@ 2.70 nm-MnFe, 0, NP showing the distribution of Mn (red) and Fe (green)
within the NP. The core is Fe-rich, whereas the shell is found to be a mix of Mn and Fe. (e) Mn and Fe line profiles (top) and the ratio of Mn and Fe (bottom) across the NP,

as indicated by the white dashed box on the elemental map.
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FIG. 3. (a) X-ray diffraction (XRD) to confirm the phase of annealed nanoparticles. The bar patterns show the reference XRD patterns for MnFe, O, (JCPDS: 01-073-1964)
and Fe;O4 (JCPDS: 00-019-0629). All XRD patterns align well with the reference patterns, indicating that the nanoparticles are in the spinel phase with no impurities.
(b) Lattice parameter extracted via Lorentz profile fitting of the XRD peaks assuming a cubic unit cell. (c) Strain in the nanoparticles calculated with respect to the solid
MnFe; 0, nanoparticles. The strain and error bars correspond to the average strain along different planes and the standard deviation, respectively.

(JCPDS: 00-019-0629), confirming that the NPs are in the spinel
phase with no impurities. Following MnFe;O4 shell growth on
top of the Fe3O4 cores [Fig. 3(a), red and blue], the phase of
the NPs remains as spinel. However, the peaks become narrower
(Table S1), indicating an increase in the crystal size of the NPs,
which matches the observations from TEM [Fig. 2(a)]. Interest-
ingly, the hybrid Fes;Os@MnFe,O,4 nanoparticle XRD peak posi-
tions match with MnFe,O4 rather than Fe;Oy4. The shell material
occupies 77% and 86% of the total volume within each nanoparti-
cle for the thin-shelled Fe;04@ 1.35 nm-MnFe;O4 and the thick-
shelled Fe;04@ 2.70 nm-MnFe; 04 nanoparticles, respectively (see
Table S1). Because of the dominance of the MnFe,O4 material over
the Fe3O4 and since the core and the shell have an epitaxial interface,
it is likely that the Fe;O4 core is also being strained by the MnFe;O4
shell material. The shell material straining the core material is coun-
terintuitive because generally in lattice strain studies, the “core” is
a substrate upon which a thin film is grown (i.e., the shell), and in
this instance, the substrate is substantive enough to control the lat-
tice parameter of the whole thin film. In our case, however, a much
thicker MnFe,Oy4 shell is grown on top of a very thin Fe;O4 sub-
strate. This volume dominance of the thick shell results in the XRD
peaks for the Fe;O4@MnFe;O,4 hybrid shifting to spacings that are
closer to the MnFe,O4 pure particles.

Lorentz profile fitting of the XRD peaks [Fig. S2(b)] is used to
determine the peak position (Table S2), and subsequently, the lattice
parameters are calculated [Fig. 3(b); see the supplementary mate-
rial for calculation details]. The lattice parameter of the thin-shelled
Fe;04@ 1.35 nm-MnFe, Oy is nearly identical to the solid MnFe;O4
NPs, whereas the lattice parameter of thick-shelled Fe;0s@ 2.70
nm-MnFe,04 [Fig. 3(b)] increases by ~0.03 A along all crystallo-
graphic planes, indicating that the thick-shelled NPs are epitaxi-
ally strained. The solid MnFe;0O4 5.6 nm nanoparticle has a lattice
parameter of 8.38 A (Table S$3), which is much smaller than the
8.515 A lattice parameter for bulk-MnFe,O4 (JCPDS: 01-073-1964).
However, as the diameter of the nanoparticles increases from 5.60
to 8.30 nm for the hybrid with a shell thickness of 2.7 nm, the
d-spacing increases to 8.41 A, indicating that the MnFe,O4 is

transitioning from a more nanoparticle-like MnFe;Oy4 lattice to a
more bulk-like MnFe; Oy lattice. Similar trends of a decreasing lat-
tice parameter for a decreasing nanoparticle diameter have been
reported previously for MnFe;O4,”*”* but the lattice parameter value
is not intrinsically linked to a specific size, with several groups
reporting different lattice constants for the same size of nanopar-
ticles.”*>” For example, nanoparticles of 5 and 6 nm synthesized
using a coprecipitation method”* have the lattice parameter of 8.43
and 8.48 A, whereas our 5.6 nm solid MnFe,O4 nanoparticle has
a lattice parameter of 8.38 A. This inconsistency indicates that the
size of the nanoparticle is not the sole factor controlling the lattice
constant and other influences are at play, such as the synthesis con-
ditions, which include the type of terminating ligand groups and the
extent or absence of oxygen vacancies.”* For more quantitative anal-
ysis, the strain in the core@shell NPs is calculated with respect to the
solid MnFe,O4 NPs lattice parameter values, i.e., assuming that the
solid MnFe;O4 NPs are unstrained (see the supplementary material
for calculation details). Since the inherent nanoscale lattice parame-
ter is dependent on the synthesis method, choosing bulk-MnFe;O4
as a reference point to calculate the strain may lead to incorrect
assumptions of strain values. For our system, we maintain consistent
synthesis conditions between the different samples, grow epitaxial
MnFe,O4-shells onto the cores, and have core@shell NPs that con-
sist of a majority MnFe,O4 by volume and resemble MnFe,O4 NPs
with varying size and lattice parameters. For these reasons, we chose
the 5.6 nm solid MnFe;O4 NPs to use as the unstrained reference
point in our study. The strain for each core@shell sample varies
among the different lattice directions. Therefore, for comparison of
strain between different samples, the average strain and the corre-
sponding error are calculated by averaging the strain values deter-
mined along the five different crystallographic directions [Fig. 3(c)
and Table S3]. The thin-shelled Fe;04@ 1.35 nm-MnFe,0O4 has an
average strain of zero, whereas the thick-shelled shows an aver-
age tensile strain of 0.35%. For further discussion, the thin-shelled
NPs with zero average strain are referred to as “unstrained-shell,”
whereas the other core@shell NPs are referred to as the “strained-
shell” samples. No change in the XRD peak positions and width
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is observed before and after the annealing of the NPs [Fig. S2(a)],
indicating that there is no strain relaxation following the anneal-
ing step. With respect to bulk-MnFe,O4 (JCPDS: 01-073-1964), the
nanoparticle samples show a negative strain, and the strain decreases
with increasing shell thickness (Fig. S9 and Table S7).

Electrochemical evaluation of the electrodes shows a correla-
tion between the supercapacitor performance and the strain in the
MnFe,;O4 NPs. To evaluate the effects of strain on the supercapacitor
performance, electrodes are fabricated by electrophoretic deposition
(EPD) of NPs onto a copper substrate. During EPD, parameters such
as the concentration of the colloidal nanoparticle solution, applied
voltage, distance between the electrodes, and active mass (mass of
the nanoparticles after ligand removal) were kept constant for all
samples. Because we keep the deposition parameters constant, we
can rule out deposition inconsistencies between the electrodes, such
as packing density and film thickness. As a result, the variation in
the electrochemical properties between the different strained and
unstrained NP electrodes can be correlated directly to the intrinsic
properties of the nanoparticles. Following fabrication, the electrodes
are thermally annealed”” in N3 at 300 °C for 2 h (Fig. S4) and then
assembled into a two-electrode coin cell for testing.

Cyclic voltammetry (CV) reveals a pseudocapacitive behav-
ior in both the strained- and unstrained-MnFe,Q4 electrodes and
improved diffusive charge storage capabilities of the strained sam-
ple. The voltage window for all electrochemical testing is determined
by measuring the CV curves at various voltage windows (Fig. S5).
The largest voltage range, which maintains a quasi-rectangular CV
curve, is —0.6 to 0.4 V (AV =1 V). Distinct redox peaks begin to
form beyond 0.4 V [Fig. S5(a)], indicating the occurrence of irre-
versible conversion reactions.”’ The lower limit is set at —0.6 V
to achieve symmetric output anodic and cathodic current densi-
ties. The Coulombic efficiency gradually decreases with increasing
potential window [Fig. S5(b)]; however, the maximum possible volt-
age window of 1 V (i.e., —0.6 to 0.4 V) is used to maximize the energy
density while also limiting electron transfer processes to reversible Li
intercalation. Within the optimum voltage window, the CV curves
are measured at scan rates between 10 and 50 mV/s. The quasi-
rectangular shape of the curves [Fig. 4(a)] indicates the pseudo-
capacitive behavior in all three materials, where both the electric
double layer capacitance and faradaic reactions contribute to charge
transfer.”’ The strained-MnFe;O4 sample maintains the pseudoca-
pacitive behavior as the scan rate increases [Fig. 4(b)], indicating
a retention of capacitive properties. The overall quasi-rectangular
shape remains the same, but the peak current increases linearly
with the scan rate [Fig. S6(a)], as is typical in pseudocapacitive
materials.”’

To understand the charge transfer kinetics in the strained- and
unstrained-MnFe; Oy electrodes, the capacitive and diffusive com-
ponents of the total charge stored in the electrodes are determined
from the CV curves using the following equation:*’

Q= Qs+ Qu 1

where Qs is the charge stored on the surface by faradaic charge trans-
fer and the electric double layer capacitance and Qq is the diffusive
charge stored by faradaic charge transfer within the bulk. Surface
charge transfer processes take place instantaneously at the inter-
face of the electrode and electrolyte and are therefore independent
of the scan rate. Conversely, higher scan rates provide less time for
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ions to diffuse through the bulk electrode material, causing diffusive
charge storage to decrease with an increasing scan rate. This diffusive
behavior can be modeled based on the semi-infinite linear diffusion
model and is given by the following equation:*

Qd = kV_I/Z. (2)

A linear relation between the total charge stored and the inverse
of the scan rate [Fig. 4(c)] is observed, demonstrating the pseu-
docapacitive behavior of the electrodes.”” These curves are lin-
early fit to extract the values of Qs and Qg (from the y-intercept
and slope, respectively) and are summarized as bar plots at dif-
ferent scan rates [Fig. 4(d)]. At a given scan rate, the surface
charge stored (Qs) remains consistent (~23 to 25 C/g) between the
three sets of nanoparticle electrodes (unstrained-solid MnFe,Os,
unstrained-Fe;04@ 1.35 nm-MnFe,Qy, and strained-Fe;O4@ 2.70
nm-MnFe;04). This consistency in Qs is expected since all three
samples have the same composition (MnFe;O4) on the surface. In
addition, lack of variation in Qs indicates that the strain does not
affect the surface properties. Conversely, between the two unstrained
electrodes, the diffusive charge stored remains constant (~23 C/g @
10 mV/s); however, the diffusive charge stored is twice as high (~47
C/g@ 10 mV/s) in the strained-Fe;O04@ 2.70 nm-MnFe;04 elec-
trodes, which leads to an overall increase in the total charge stored
in this electrode. Our calculations (see the supplementary material)
show that under the given scan rates, Li-ions can diffuse to a max-
imum depth of 0.11 nm in the MnFe;O4 shell material, which is
much smaller than the overall shell thickness for the core@shell NPs
(1.35 and 2.70 nm). Since the Li-ions cannot reach the Fe;O4 core,
we disregard the role of the Fe;O4 cores in affecting the Qq values
for the core@shell electrodes.

To better understand the origin of higher diffusive charge stor-
age in the strained-Fe;04@ 2.70 nm-MnFe; 04 electrodes, we first
look at the mechanism of the faradic charge transfer in MnFe;Oy4.
It has been previously observed that in the spinels, up to two
Li* ions can diffuse without initiating the irreversible conversion
reaction.”! Furthermore, the absence of distinct peaks in the CV
curves and the absence of a voltage plateau in the constant current
density discharge curves [Fig. S6(b)] of our materials indicate that no
irreversible charge transfer processes are occurring.’’ Consequently,
we expect that only the following reversible reaction takes place in
our material:

MnFe,Oy + 2Li* + 2~ — Li;MnFe,04. (3)

From the measured diffusive capacities of the shell samples, we cal-
culate that 0.13 Li* ions per formula unit intercalate within the
strained shell sample, while only 0.08 Li* ions per formula unit inter-
calate within the unstrained-shell sample (see the supplementary
material). The ability of the strained-MnFe,O4 sample to accommo-
date more Li" ions gives rise to higher diffusive charge storage. To
further ensure that there is no contribution from the Fe;O4 core, we
use the diffusive capacity to calculate the intercalation depth assum-
ing maximum intercalation of two Li* ions per formula unit of the
spinel (see the supplementary material). The intercalation depth is
calculated to be 0.108 nm in strained-Fe;O4@ 2.70 nm-MnFe,O4
NPs and 0.041 nm in the unstrained-FesO4@ 1.35 nm-MnFe;O4
NPs. We conclude that the diffusive charge capacity in our mate-
rials is attributed entirely to the MnFe; Oy shell and improved by the
strain effects.
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FIG. 4. (a) Cyclic voltammograms (CV) of Fe304, Fe304@ 1.35 nm-MnFe; 0Oy, and Fe304@ 2.70 nm-MnFe,O4 acquired in the voltage window of —0.6 to 0.4 V at a scan
rate of 25 mV/s. (b) CV of Fe30,@ 2.70 nm-MnFe, Oy collected at 50, 25, and 10 mV/s. (c) Total gravimetric charge stored (Qx) plotted against the reciprocal of the square
root of the potential sweep rate (v="?) to extract the surface capacitive charge (Qs) and diffusive-controlled charge (Qq). The inset shows the equation for the relationship
between Q, Qs, and Qg. (d) lllustration of the contribution of Qs (solid bars) and Q4 (striped bars) to the total charge stored at different voltage sweep rates. At a given
voltage sweep rate, the three nanoparticle samples have the same amount of surface charge stored (Qs), whereas the strained-MnFe, O, sample (blue striped bars) is found
to have twice the amount of diffusive charge stored as compared to the unstrained-MnFe,O,4 samples (black and red striped bars). (e) Calculated values of energy density,
power density, and specific capacitance for the unstrained-MnFe,; 04 and strained-MnFe;04 compared to the control Fe;O4. The energy density and specific capacitance
values were obtained by discharging the cells at a fixed current density of 0.1 A/g, and the power density values were obtained by discharging the cells within ~15's. The
strained-Fe304@ 2.70 nm-MnFe; 04 electrodes show an improvement as compared to the unstrained-MnFe, O, electrodes.

To further compare the electrochemical performance of
the strained- and unstrained-samples, constant current density
charge-discharge is carried out on the MnFe,O4 samples as well as
an Fe3Oy4 control. The discharge profiles [Fig. S6(b)] show an ini-
tial sharp voltage decrease, which corresponds to high resistance
to charge transfer as ions have not fully accessed the redox-active
material”’ At lower voltages, the curve becomes more linear,
demonstrating that both the double layer capacitance and faradaic
charge transfer contribute equally to the discharge process.”’ The
absence of plateaus in the curves provides further evidence that only
the reversible lithiation reactions are taking place within the set volt-
age window.’! The energy density and specific capacitance values are
obtained by discharging the cells at a fixed current density of 0.1 A/g,
and the power density values are obtained by discharging the cells
within ~15 s [Fig. 4(e)]. Across all three performance parameters,
the strained-MnFe,;O4 sample outperforms the pure MnFe;O4 sam-
ple by ~20% and the unstrained-Fe;O4@ 1.35 nm-MnFe,O4 sample

by up to 100%. Measurements of the Fe;O4 control find almost
no energy or power density and a very low specific capacitance.
Due to the poor performance of the Fe3Oy4 control and unstrained-
MnFe; Oy, the core likely has a negligible contribution to the electro-
chemical activity of our samples. In order to account for the lack of
activity from the Fe;O4 core, we normalize the energy density, power
density, and specific capacitance values using the fractional mass of
MnFe;Oy4 in the NP (Fig. S7). The normalized data show similar
performance between the pure and unstrained-MnFe,O4 samples,
which we believe to be a more accurate representation. The perfor-
mance of the strained-MnFe,O4 further improves across all three
criteria once the core contribution is removed, demonstrating the
effect of strain on the electrochemical performance. The improved
charge transfer kinetics is further evidenced by the low charge trans-
fer resistance [Fig. S6(c)] in the strained-Fe;O4@ 2.70 nm-MnFe, O,
(23 Q) as compared to the solid MnFe,O4 electrodes (69 Q); see
the supplementary material for details. The cycling performance of
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FIG. 5. (a) Correlation between the strain and the diffusive charge stored (calculated at a sweep rate of 10 mV/s) in MnFe,Oy. (b) Activation barriers for Li diffusion in
MngFe1503, from a 16¢ octahedral site to a neighboring 16¢ site in unstrained- (black) and strained- (orange) unit cells. The activation energy for Li diffusion is lowered by
0.028 eV in the 0.33% strained cell. (c) MngFe1503, unit cell with the diffusion pathway of the Li-ion. Red—oxygen, gold—iron, magenta—manganese, and green—Ilithium.
Each Li represents the diffusion pathway from the initial to final sites, site 4 to site 5 (Table S6), respectively.

the core@shell electrodes measured at a current density of 0.5 A/g
shows a >70% retention in energy density and ~99% Coulombic
efficiency after 1000 cycles [Figs. S6(d) and S6(e)], highlighting the
cyclic stability and the robustness of the electrodes made via EPD.

A strong correlation is observed between the strain in the
MnFe, Oy electrodes [Fig. 5(a), black plot] and the diffusive charge
stored [Fig. 5(a), jade plot]. To understand the observed correla-
tion, the formation and activation energies for lithium diffusion are
calculated using DFT + U. The modeling is performed using two
MnFe,Oy4 cubic crystal structures with the lattice parameters of 8.38
and 8.41 A [obtained from XRD results, Fig. 3(b)] to represent the
unstrained- and strained-MnFe;Oy, respectively. The 8.41 A lattice
parameter produces a structure that is strained by 0.33% in all direc-
tions relative to the unstrained structure. Formation energies of a
single Li intercalation in the supercell are calculated according to
the following equation:

Ef = ELjg,,sMnFe,0, — EMnFe,0, — ELis (4)

where Erj, ,;MnFe,0, and Ennre,0, are the DFT-calculated total ener-
gies of MnFe,O4 with and without Li intercalation, respectively,
and Ey; is the energy of one Li atom in the bulk metal. To deter-
mine the favorable Li intercalation site, three types of vacancy sites
for intercalation are considered: octahedral 16c, tetrahedral 48f, and
tetrahedral 8b. The lowest formation energy occurs at the 16¢ octa-
hedral sites for both the strained and unstrained materials (0.216 and
0.255 eV, respectively, Table S6), which is consistent with previous
reports of preferential Li intercalation at the octahedral sites in spinel
materials.”” The 0.04 eV energy difference suggests that Li intercala-
tion is thermodynamically more favorable in the strained material.
Moreover, the positive formation energies further support our claim
that only reversible reactions take place in our materials during the
electrochemical testing.

A qualitative comparison of the diffusion coefficients shows
significant enhancement of the Li-ion diffusion rate in the strained
samples. Since the rate at which Li-ions can intercalate and dein-
tercalate depends on the kinetic properties of the Li-ions (i.e., Li
diffusivity), nudged elastic band (NEB) calculations are carried out

to obtain the activation energy for Li diffusion between two adja-
cent 16c sites in the strained and unstrained lattices (site 4 and site
5, Table S6). Figure 5(c) shows the MnFe,O4 supercell with the Li
pathway from the initial site to the final site. A reduction in activa-
tion barrier for Li diffusion by 0.03 eV is observed in the strained
lattice as compared to the unstrained-MnFe,O4 [Fig. 5(b)]. The dif-
ferences are measured between the maxima of both plots, where the
local minima in both pathways pass through a tetragonal 48f site.
The impact of activation energy differences on Li-ion diffusion is
assessed through the qualitative comparison of diffusion coefficients
calculated by the following Arrhenius equation:*’

D = Dy - e("2F/KD), (5)

where Dy is the constant pre-exponential term, AE is the activation
energy, k is Plank’s constant, and T is temperature. By assuming that
Dy is similar for both cases, the room temperature diffusion constant
is found to be larger by a factor of 2.97 for the strained-MnFe,Oy4 as
compared to the unstrained-MnFe;O4. Although the differences in
the formation and activation energies are small, this difference in
activation energy results in a significant (~3x) change in diffusion
coefficients at room temperature.

The enhanced Li-ion diffusion rate in the strained-MnFe;O4
electrodes predicted by the DFT results is further corroborated using
GITT measurements. Determining the diffusion coefficient is gener-
ally difficult in Li-ion intercalation chemistry because the diffusion
coefficient is dependent on the Li-ion concentration. GITT measures
diffusion by applying short current pulses followed by a relaxation
period to homogenize the Li-ion concentration in the active mate-
rial. In the limit of low current density, the potential gradient across
the active material is small and the diffusion can be modeled based
on the single particle model.”**° For our GITT measurements, a
current pulse of 0.2 A/g is applied for 30 s, and then, the cell equi-
librates in an open circuit configuration for 2 min (Fig. 6, see the
supplementary material for details). During the pulse periods, the
voltage change in the strained-Fe;O4@ 2.70 nm-MnFe; Oy is lower
compared to the two unstrained electrodes [Fig. 6(b)], indicating
superior reaction kinetics in the strained electrodes.”” At the cell
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FIG. 6. Diffusivity of Li-ion calculated
using the Galvanostatic Intermittent
Titration technique (GITT). (a) Charging
and discharging potential of Fe;0,@
2.70 nm-MnFe,O4 (blue), Fe;0,@
1.35 nm-MnFe, O, (red), and unstrained-
MnFe,O, (black) electrodes derived
from the GITT  measurements.
(b) Change in potential for one pulse
cycle. (c) Linear behavior of the voltage
vs square root of pulse time shown
for one of the pulses during GITT
measurement. (d) Li* chemical diffusion
coefficient (Dy;+) as a function of the
potential of the cell.

voltage of ~0.05 V, Dy;+ = 9.1 x 107!, 15.6 x 107", and 50.9 x 107!
mz/s for the unstrained-solid MnFe,Q4, unstrained-Fe;O4@ 1.35
nm-MnFe; 04, and strained-Fe;O4@ 2.70 nm-MnFe;O4, respec-
tively [Fig. 6(d) and Table S5]. A small deviation in the diffu-
sion rate is observed in the unstrained-Fe;O4@ 1.35 nm-MnFe,Oy4
compared to the unstrained-solid MnFe;O4, possibly due to small
strain along different lattice planes [Fig. 3(b)]. On the contrary, the
strained-Fe;04@ 2.70 nm-MnFe;O4 shows a significant 5.6x and
3.3x increase in the diffusion rate compared to the solid MnFe,O4
and the Fe;04@ 1.35 nm-MnFe, 04 electrodes, respectively. These
findings from GITT and DFT support the hypothesis that the
strain facilitates the diffusion process and consequently improves
the electrochemical performance of the strained-Fe;O4@ 2.70 nm-
MnFe; 4. It should be noted that the surface area of the active mate-
rial does not play a role in the electrochemical performance observed
in our case. The thick-shelled samples have a bigger diameter com-
pared to the solid MnFe,O4 nanoparticles (8.30 vs5.6 nm); hence,
the thick-shelled nanoparticle electrode has a lower surface area per
unit mass. If the surface area were the dominant factor affecting
the supercapacitor performance, a decrease in the supercapacitor
performance should be observed with an increasing nanoparticle
size. We observe an increase in performance with an increasing
nanoparticle size, which confirms the hypothesis that the strain is
the dominant factor affecting the electrochemical properties.
Theoretical calculations show that increasing the tensile strain
in MnFe;0y4 can lead to further improvement in the electrochemi-
cal performance of the electrodes. On increasing the strain to 0.5%,
a gradual reduction in both the formation energy for Li intercala-
tion and activation barrier is observed (Fig. S8), which corresponds
to an increase in the theoretical diffusion coefficient by a factor of
~5.4 as compared to the unstrained-MnFe;O4. On further increasing
the tensile strain beyond 0.5% [Fig. S8(a)], the formation energies
are negative, indicating a phase conversion during lithiation, which

could worsen the cyclability of the supercapacitor. Thus, although
there is an inherent limit up to which the strain modification can
help improve the electrochemical performance, we show experimen-
tally that strain engineering can be used as an effective approach
to improve the Li diffusion and consequently the supercapacitor
performance of the electrodes.

In summary, we synthesize core@shell heterostructures and
vary the shell thickness to control the strain in the MnFe;O4
nanoparticles. We further show that strain engineering can be used
as an effective strategy to modulate and improve the Li-ion transport
kinetics as evident by an increase in the Li-ion diffusion constant
as determined using GITT and DFT calculations and an increase in
energy density by ~33%, power density by ~28%, and specific capac-
itance by ~48% for the strained-MnFe;Oy4 electrodes. Ultimately,
this work provides insight into the interplay between tunable strain
and electrochemistry, thus providing a starting point to using strain
engineering as a novel approach for designing high performance
energy storage devices.
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