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Unshackling the reversible capacity of SiO,/graphite-based full cells via

selective LiF-induced lithiation
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ABSTRACT Composite Si@SiO,/C anodes with high specific
capacity are considered the most promising alternatives to
graphite in industrial lithium-ion batteries. However, their
cycling stability remains a limiting factor, which originates
from the severe volume deformation of silicon-derived species.
In this work, the cyclabilities of composite anodes are im-
proved by unshackling the highly reversible lithium storage
capabilities from the redundancy capacity of the anode ma-
terials. A selective LiF-induced lithiation strategy is proposed
based on exploiting interface separation energy differences
between LiF and the active materials. An interesting pre-
ferential redeposition of LiF is observed at the Si@SiO, par-
ticles, which differentiates the otherwise similar lithiation
potentials of LiC, and Li,;5Sis, thereby enabling lithium storage
in graphite that was previously underused. The resulting full
cell exhibits better rate and cycling performances without sa-
crificing specific capacity. In an ultra-high area capacity full
cell (4.9 mA h cm™), the capacity retention increases markedly
from 66.1% to 94.2% after 300 cycles. The selective lithiation
strategy developed herein is feasible for practical industrial
applications, and importantly, it requires no changes to the
existing mature lithium-ion battery manufacturing process.
This study offers a new approach for the development of si-
licon/graphite composite anodes with long cycling lifetimes.

Keywords: silicon-based composite anode, cyclability, selective
lithiation, LiF, interface separation energy

INTRODUCTION

Continuous updates to new-energy electric vehicles require Li-
ion batteries (LIBs) with higher energy density; therefore, it is
crucial to develop electrode materials with high specific capacity
to satisfy the ever-growing energy density requirements.
Recently, Si-based composite anodes have attracted significant
interest as promising candidates for next-generation anodes
because of their relatively high specific capacity [1-5].

Two issues limit the practical application of Si-based com-
posite materials: low initial columbic efficiency (ICE) and poor
cycling performance [6,7]. The low ICE is primarily caused by
the formation of the initial solid-electrolyte-interphase (SEI)

[8,9]. Because the cathode is the only lithium source in a full cell,
the loss of active lithium at the SEI reduces the reversible
capacity, thereby degrading the energy density [10-16]. It is well
established that this issue can be mitigated by applying a pre-
lithiation technique. Chemical pre-lithiation is commonly
employed in industrial applications owing to its high compat-
ibility with the existing production process. Various reagents
that are rich in lithium have been used for chemical pre-lithia-
tion, including LisN, LisP, LiS, Li,O, and Li,O, [17-20]. To
compensate for the active lithium losses, the pre-lithiation
reagents donate extra lithium through irreversible decomposi-
tion. Direct contact between the anode and the lithium foil (e.g.,
during rolling or evaporation deposition) can also effectively
improve the ICE by introducing an additional lithium source to
the active materials prior to battery operation [21-23]. Although
improving the ICE is difficult, it is even more challenging to
enhance the cycling stability of Si-based composite anodes
because of the drastic changes in the volume of silicon-derived
species (~300%) during lithiation/delithiation [24,25]. Volume
deformation during cycling can reduce the electrical contact and
induce repeated fractures in the SEI; the freshly exposed surface
that is generated can then trigger irreversible parasitic reactions.
As a result, the continuous consumption of active lithium
contributes to the poor cycling stability of Si-based composite
anodes. This issue becomes more serious when the Si-based
composite anode has high mass loading (to achieve industrial-
level area capacity >4 mA h cm™2).

Recently, scholars have explored various approaches for
improving the cycling stability of Si-based composite anodes,
e.g., designing Si nanostructures, applying thin layer coatings on
Si, or using different binders [26-38]. Nonetheless, these
methods are not appropriate for practical LIBs owing to their
complexity or ultralow loading levels. It is a serious challenge to
improve the cycling stability of Si-based composite anodes with
high mass loading. Controlling the depth of the charge/dis-
charge voltage is a feasible way to improve the cycling stability;
however, it may require sacrificing the specific capacity of the
electrode. Furthermore, it is not suitable for the widely studied
Si-graphite composite systems because the formation potential
of LiC, (the lithiated product of graphite; ~100 mV) is close to
that of Li;sSiy (the deeply lithiated product of silicon; ~100 mV)

! Qingdao Industrial Energy Storage Research Institute, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao

266101, China

% Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China
? Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

 These authors contributed equally to this work.

" Corresponding authors (emails: dongsm@qibebt.ac.cn (Dong S); cuigl@qibebt.ac.cn (Cui G))

September 2022 | Vol.65 No.9

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

2335


mater.scichina.com
link.springer.com
https://doi.org/10.1007/s40843-021-2049-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-021-2049-9&amp;domain=pdf&amp;date_stamp=2022-06-02

ARTICLES

SCIENCE CHINA Materials

[39,40]. In a full cell, these similar lithiation potentials also
manifest in the incomplete use of graphite, because a certain
redundancy capacity in the anode is necessary for preventing
lithium plating [39]. An optimal value of N/P ratio (negative/
positive capacity ratio) falls in the range of 1.1-1.2, which means
that at least ~10% of the anode capacity is underused [41].
Unshackling the highly reversible capacity of graphite, which
occupies a considerable part of that underused redundancy
capacity, could markedly improve the cyclability of Si-graphite
composite systems.

Herein, we propose a selective LiF-induced lithiation strategy
to access the highly reversible lithium storage capabilities from
the redundancy capacity of Si-based anodes. We report an
improvement in the cycling stability of a pre-lithiated high-
loading Si@SiO,/C (0 < x < 2) composite anode (named as S450,
with a nominal specific capacity of 450 mA h g™'). Considering
the interface separation energy [42] and differences between LiF
and the active materials, we control the SEI on local Si@SiO,
particles with enriched LiF coverage by implementing a ration-
ally designed dissolution and redeposition process. The pre-
ferential accumulation of LiF decelerates the lithiation kinetics at
Si@SiO, particles and allows the Li;sSiy to form at a lower
potential. Consequently, more lithium can be stored by the
graphite which has highly reversible lithium storage capability
(Scheme 1). The relatively complete use of graphite increases the
reversibility of the anode without sacrificing its overall capacity.
In a high-area-capacity full cell (NCA(LiNipsCoq15Al00502)/
$450, 4.9 mA h cm™), the capacity retention increases markedly
from 66.1% to 94.2% after 300 cycles.

EXPERIMENTAL SECTION

Electrode preparation and electrochemical measurements

The NCA cathode (active mass loading ~26 mg cm™% mass ratio
94%) and S450 composite anode (active mass loading
~12.1 mg cm™% nominal specific capacity = 450 mA h g™!) were
supplied by BTR New Energy Material Ltd., China. The elec-
trolyte comprised 1 mol L™ LiPF¢ in diethyl carbonate (DEC,
Shanghai Macklin Biochemical Co., Ltd)/fluoroethylene carbo-

nate (FEC, Shanghai Macklin Biochemical Co., Ltd) (4:1 v/v),
which was prepared according to a previous report [43]. The
batteries were assembled with a polyethylene film (Celgard)
separator. The N/P value of the full cell in this study was 1.09.
Pre-lithiation was performed using a vacuum thermal evapora-
tion deposition (VTED) technique (Scheme S1), and the thick-
ness of the lithium metal could be precisely controlled using a
film thickness monitor. The density of the deposited lithium
metal was 0.41 g cm™; therefore, 6.25 um of deposited lithium
corresponded to an area capacity of 1 mA h cm™ (the relevant
calculations are detailed in the Supplementary information). LiF
was deposited (thickness of ~40 nm) on the pre-lithiated anode
via radio frequency magnetron sputtering (30 min, Beijing Jin-
shengweina Technology Co., Ltd) on the electrode (Scheme S1).
The LiF target (50 mm diameter) from Zhongnuo Advance
Material Technology Co., Ltd. (Beijing) was mounted, and the
base pressure in the chamber was (1-5) x 107® mbar (1 bar =
10° Pa). During Ar sputtering, the pressure was 8.5 x 10~ mbar,
and the sputtering power was 60 W. Electrochemical tests were
performed using a coin-type cell (LIR 2032), which was fabri-
cated in a glove box filled with argon. Electrochemical perfor-
mance was evaluated using a battery test system (LAND
CT2001A). The batteries were cycled at a charge rate of 0.2 C
and a discharge rate of 0.4 C over the voltage range of 2.8-4.2 V.
All electrochemical experiments were conducted at 30°C. The
reassembled batteries comprised lithium metal (@ 15 x 0.6 mm)
and the S450 anode (in the discharged state), and these batteries
were charged with a cutoff voltage of 1.5 V.

Characterization

The sample morphologies were examined using field emission
scanning electron microscopy (FESEM; Hitachi S-4800) com-
bined with energy dispersive X-ray spectroscopy (EDX) to
determine the elemental composition. Transmission electron
microscopy (TEM) and elemental mapping were performed
using high-resolution TEM (HRTEM; JEOL JEM-F200) com-
bined with EDX to assess the elemental composition. Ex situ “Li
and SLi nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AVWB III 600 spectrometer equipped

PL S450
i Graphite
Ehphit >>> Graphite >>>
- Si@Sio, Si@Sio,
o - R
Promoting more
SEI formation Lithiation lithium storage
in graphite
LiF/PL S450
pammS \
°
[ 2
ames %
BRI v O R\ IO T
Graphite ” b ) !S'@S'O‘
- ’ ',Si@SiOx'.' el
e
£ N s The reconstruction ‘*“5’ . '{‘
S558o” s
of LiF
Legend: Si@sio, | @ The lithiated Si@SiOXI Graphite | I The lithiated graphite |S- LiF | SEI

Scheme 1

Schematic illustration of SEI formation and the lithiation states of different anodes. From left-to-right: the original state of the anodes; the state of

the anodes after they are immersed in the electrolyte; and the lithiated state of the anodes. The yellow and blue circles represent the state of graphite and

Si@SiOy in different anodes, respectively.
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with a 3.2-mm probe. The sample rotation rate was 12 kHz. The
’Li chemical shift was referenced to solid ’LiCl and tri-
methylsilylpropanoic acid (both at 0 ppm). The °Li chemical
shift was referenced to solid °LiCl and trimethylsilylpropanoic
acid (both at 0 ppm). Electron energy loss spectroscopy (EELS)
patterns were recorded on an FEI Tecnai F20 transmission
electron microscope. Scanning TEM was performed using a
JEOL 2100F (Tokyo, Japan) transmission electron microscope
operated at 200 kV. Samples were prepared in an Ar-filled glove
box. To quantify the residual lithium species in the S450 anode,
the sample was placed in a titration vessel with a septum port
and attached to an in-line mass spectrometer (MS), while an air-
free environment was maintained in the vessel. After the vessel
was attached and a baseline MS was acquired, 1 mL D,O was
injected into the vessel, leading to D, evolution.

Theoretical calculations

First-principles density functional theory (DFT) calculations
were performed to study the graphite-, SiO-, Li,O-, Li,COs-,
Li;5sSis-, and LisSiO4-LiF interfaces using the Vienna Ab Initio
Simulation Package and applying a Projector Augmented Wave
method. The exchange-correlation energy was described by the
Perdew, Burke, and Ernzerhof functional. The energy cutoff for
the electron wavefunction was set to 520 eV. Geometry opti-
mizations were performed using the conjugated gradient
method, and the convergence thresholds were set to 107> eV
(energy) and 0.02 eV A" (force). The work of separation (Wiep)
for the graphite—, SiO—, Lizo-, LizCO3—, Li158i4-, and LI4SIO4-L1F
interfaces were defined by Equation (1),

Wsep = (Ex + Er - Ex-LiF) /A, (1)
where E,, Eur, and E.pr represent the total energy of the x
(where x = C, SiO, Li,O, Li,COs, Li;sSig, or LiySiOy) slab, LiF
slab, and x-LiF interface, respectively, and A represents the total
interfacial area. To model the slabs, a vacuum layer larger than
15 A was applied for the x-LiF interface.

RESULTS AND DISCUSSION

Selective LiF-induced lithiation strategy based on the work of
separation calculations

The high modulus, poor electrical conductivity, and wide band
gap of a LiF-rich SEI are beneficial in terms of promoting the
cyclability of silicon-based batteries [42]. DFT calculations
indicate that the ideal work of separation (W) can be used to
model the energy required for the idealized separation of the
interface into two surfaces in a vacuum. The more positive the
value of Wi, the easier it is to form a new surface [42]; however,
the W, between LiF and various materials in the silicon-system
varies widely. The LiF-Li,SiO, interface and the LiF-Li;sSis
interface correspond to the highest W, values, and the W, of
the LiF/graphite interface is negative, meaning that LiF tends to
bind with the surface of Si@SiO,. When LiF is deposited on an
anode composite, the selective distribution of LiF can be pre-
dicted based on this W, difference.

To visualize this relationship, nanostructured LiF was intro-
duced to the composite anode via magnetron sputtering. The
SEM images show that LiF appeared as whiskers on the Si@SiO,
and as papules on the graphite after magnetron sputtering
(Fig. 1b, Figs S1 and S2a-c). This difference in morphology is
likely caused by distinct Wy, values or degrees of lattice
matching [44]. Interestingly, the whiskers and papules dis-
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appeared after the anodes were immersed in the electrolyte
because of the relatively high solubility of LiF compared with
other components at the SEI. Meanwhile, a LiF self-assembly
process (i.e., dissolution-redeposition) occurred with the for-
mation of the SEI. Consistent with the computational results, the
redistribution of LiF was observed as the LiF was preferentially
deposited on the Si@SiO; surface (Fig. 1b, c and Fig. S2d-g). It is
also clear from the TEM images that LiF was uniformly dis-
tributed on the surface of Si@SiO, (Fig. 1d, e). EELS suggested
that the LiF mixed with lithium silicate and other components
appeared on the Si@SiO; surface (Fig. 1f-i and Fig. S3) [45,46].
The differences in W, between LiF and the active materials
confirmed the successful targeted regulation of Si@SiO, by LiF.

Because LiF exhibits poor electronic and ionic conductivity,
the LiF-rich SEI on the surface of Si@SiO, should increase the
interfacial lithium-ion and electron transport resistance at the
Si@SiO, interface. Thus, the lithiation potential of LiC, and
Li;sSiy in the pre-lithiated anode can be distinguished. Mean-
while, the LiF serves as a “lithium distributor” to promote active
lithium stores in the graphite, which exhibits higher conductivity
than Si@SiO,. This behavior is critical for improving cyclability
by unshackling the highly reversible lithium storage capabilities
from the redundant capacity of the anode.

In a full cell, the redundant capacity is necessary to ensure the
storage of lithium ions from the cathode and to prevent lithium
metal plating. In this work, the N/P ratio is 1.09, which means
that nearly 10% of the pre-lithiated anode capacity is redundant
(without pre-lithiation, the redundant capacity is greater than
10%). When the anode is lithiated, Li;sSis forms simultaneously
with graphite lithiation because of their similar lithiation
potentials; both silicon and graphite contribute to the redun-
dancy capacity (Scheme 1). This distribution is unfavorable
because the graphite with highly reversible lithium storage
capability is underused, while the Li;sSiy causes severe volume
deformation. This phenomenon is more pronounced in a pre-
lithiated anode. Because of the lower lithiation potential of the
pre-lithiated anode, more Li;sSis is formed, even if the graphite
has a substantial redundancy capacity.

Through sufficient potential separation, LiF can serve as a
“lithium distributor” to unshackle the highly reversible lithium
storage capacity (i.e., the redundancy capacity) of graphite in a
pre-lithiated anode-based full cell, while limiting the formation
of Li;5Sis (Scheme 1). Thus, it is reasonable to expect enhanced
cycling stability for a pre-lithiated high-loading composite
anode.

Characterization of pre-lithiated anodes with/without regulation
As shown in Fig. S4, the initial discharge specific capacity of the
as-assembled NCA/S450 cell without pre-lithiation is approxi-
mately 170 mA h g™ (based on the weight of NCA) over the
potential range of 2.8-4.2V, which is below the capacity
obtained in the half-cell (NCA/Li, 190 mA h g™}, Fig. S5). The
relevant calculations suggest that 3.3 um of deposited lithium is
needed to compensate for the 20 mA h g™ capacity loss (the
calculations are detailed in the Supplementary information).
Therefore, we began our investigations using the S450 anode,
which was pre-loaded with 3.3 um lithium and labeled as PL
$450. The discharge curve of PL S450 shows that the discharge
capacity increased to 190 mA h g™! and the ICE increased to
84% following the compensation for the active lithium loss
(Fig. S4). Notably, the voltage-capacity curves in Fig. S4e show
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(a) The calculated W, results for different interfaces. Representative SEM images and the corresponding elemental maps of the LiF/PL S450 anode

(b) before and (c) after it was immersed in the electrolyte. Typical TEM images and the corresponding elemental maps of the LiF/PL S450 anode in the
(d) lithiated and (e) delithiated states. High-angle annular dark-field images and the corresponding EELS spectra (labeled 1-4 from the surface to the inner
layers) captured near the surface of the Si@SiO, particles in (f, g) lithiated PL S450 and (h, i) lithiated LiF/PL S450. The characteristic peak positions for

various species are indicated by color blocks in the EELS spectra.

that the pre-lithiated anode with added LiF (LiF/PL S450)
exhibited increased polarization compared with PL S450 because
of the insulating nature of LiF.

To monitor the evolution of the active lithium in the S450, PL
$450, and LiF/PL S450 samples, we performed solid state NMR
(SSNMR) characterizations. In these experiments, °Li was inte-
grated to trace the pre-loaded lithium in the PL S450 (Fig. 2a).
With the exception of the samples in Fig. 2a, the remaining pre-
lithiated samples were pre-lithiated with “Li (Fig. 2b-d) to
facilitate further analysis. Fig. 2a displays the °Li NMR spectra of
the as-prepared PL S450 and the PL S450 after immersion in
liquid electrolyte. The main peaks in the former spectrum
include signals from Li,Si (where x < 2.0) and LiC,, whereas the
latter spectrum only includes peaks attributed to lithium salts
(near 0 ppm) and Liy»Si; (17 ppm). The lithium salts originated
from the SEI formation, which consumed the pre-loaded
lithium. When the full cell is charged to 4.2V, the anode is
lithiated, and the PL S450 anode displays Li signals at 45, 12, and
-5 ppm, corresponding to LiC,, Li,Si (2.0 < x < 3.5), and Li;5Sis,
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respectively (Fig. 2c) [3,47].

Compared with the lithiated S450 anode (Fig. 2b), the relative
integrated peak areas of the LiC, and Li;sSis signals notably
increased in the lithiated PL S450 anode because of the greater
degree of lithiation. Because LiC, and Li;sSis have similar for-
mation potentials (70-100 mV), Li;sSis inevitably increases as
LiC, increases. The increased proportion of Li;sSiy is a serious
concern for the pre-lithiated anode. The volume deformation
related to Li;sSiy formation can cause the fracture and regen-
eration of the SEI, as well as electrical contact failures. Moreover,
it aggravates the loss of the active lithium in the anode, thereby
influencing the cycling performance. The NMR results reveal a
LiC, peak in the lithiated LiF/PL S450 anode spectrum whose
integrated area increased compared with that in the PL S$450
spectrum. More importantly, the integrated peak area corre-
sponding to Li;sSiy decreased (Fig. 2d). Therefore, by exploiting
the W, difference to separate the potentials of LiC, and Li,sSi,,
we effectively unshackled the highly reversible lithium storage
capabilities from the redundant capacity in the anode; moreover,

September 2022 | Vol.65 No.9
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this significantly mitigated the active lithium loss caused by
Si@SiO,-derived species.

To experimentally confirm the analysis described above, the
anode was disassembled from the full cell after a lithiation/
delithiation cycle and reassembled into a half-cell (with new
lithium metal as the anode). The half-cell was then charged to
1.5V to complete the delithiation process (Fig. 3a). Because the
lithium storage species can react with H,O to produce H,, we
performed a D,O titration to determine the extent of lithium
storage available in the irreversible species that remained at the
delithiated anodes (detailed experimental methods are provided
in the Supplementary information, Scheme S2 and Fig. S6) [48].
These species are mainly generated because of the loss of electric
contact due to the volume deformation (which can be partially
recovered by applying additional pressure to the anode; Fig. S7),
rather than SEI components resulting from a parasitic reaction.
The histogram describing the D,O titrations (Fig. 3b) indicates
that the amount of “irreversible lithium” in the PL S450 is much

September 2022 | Vol.65 No.9
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higher than that in the non-pre-lithiated S450; moreover, there
is a remarkable increase from the 1* cycle to the 60™ cycle. These
results confirm that the increased proportion of Li;sSis in the
anode generates more irreversible lithium because of severe
volume deformation. The volume deformation also causes the
rupture and reconstruction of the SEI on Si@SiO,, which
accelerates the parasitic reaction. Consistent with the NMR
results, there is markedly less “irreversible lithium” in the LiF/PL
$450 anode than in the PL S450 anode. This observation verifies
that the side reactions and active lithium loss related to electrical
contact failure can be reduced by unshackling the reversible

capacity.

Cell performance as a function of the amount of pre-loaded
lithium

Consistent with the analysis described above, the LiF/PL (3.3)
$450 anode exhibits better cycling stability than the PL (3.3)
$450 anode (both have 3.3 um of pre-loaded lithium) and the
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experiments had an active mass loading of ~26 and 12.1 mg cm™

S450 anode (Fig. 4b, ¢ and Fig. S8), with a full cell capacity
retention of 88% over 200 cycles. Considering these relation-
ships, we further increased the amount of pre-loaded lithium to
5 pm (and labeled the sample PL (5) S$450) to more effectively
harness the highly reversible lithiation capability of the graphite
in the anode. In this case, more of the active lithium will be
stored in the form of LiC, (and Li;sSi; when the anode is
charged), which means that more severe volume deformation
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, respectively.

and side reactions will occur upon cycling. As a result of reg-
ulation, the active lithium that exceeds the cathode’s capacity
can be appropriately stored in the form of LiC, when the anode
is charging, thereby further unshackling the highly reversible
lithium storage capabilities from the redundant capacity; this can
effectively compensate for the inevitable but minimized active
lithium loss during cycling. As expected, the battery (i.e., LiF/PL
(5) S450) exhibited enhanced cycling stability, with a capacity

September 2022 | Vol.65 No.9
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retention of 94.2% over 300 cycles and an ICE of 84% (Fig. 4d
and Fig. S4c). Therefore, we combined the commercial S450
anode (54mAhcm™) with a high-loading cathode
(4.9 mA hcm™), both of which were considered ultra-high
loading in the context of industrial applications. Based on the
mass of the cell, the NCA-PL (5) S450 had an estimated gravi-
metric energy density of 309 W hkg™ in a 50 A h pouch cell
(Table S1). In general, lithium deposition should be avoided,
even when LiF is introduced. As shown in Fig. 4b, when the
quantity of pre-loaded lithium exceeds the capacity of the S450
anode material (in the present case, 10 pm lithium was deposited
at the anode), lithium deposition occurs during the charging
process. Although the cell can deliver an ICE of 84% with a
190 mA h g™! discharge capacity (Fig. 4a), the capacity decays
sharply (Fig. 4b, Figs S9 and S10). This result indicates that the
LiF can no longer effectively prevent severe active lithium loss
caused by the direct deposition of lithium metal on the anode.

CONCLUSIONS

In summary, a selective LiF-induced lithiation strategy based on
Weep calculations was proposed and successfully implemented to
unshackle the highly reversible capacity from the redundancy
capacity of silicon-based composite anodes, thereby improving
their cycling stabilities. The LiF preferentially redeposits on the
Si@SiO, surface following a well-designed route, which enables
differentiation (i.e., separation) of the lithiation potentials of
LiC, and Li;sSis to facilitate selective lithiation in the composite
system. This approach allows for complete use of the graphite
that originally accounted for most of the redundancy capacity.
Meanwhile, Li;sSiy formation is reduced, and the volume
deformation is dramatically alleviated. Reasonably increasing the
amount of pre-loaded lithium, which provides a stable lithium
source to compensate for active lithium loss during cycling,
promotes better cycling stability. This study experimentally
demonstrated that a capacity retention of 94.2% over 300 cycles
can be achieved in a LiF-PL S450/NCA full cell with a high area
capacity (4.9 mA h cm™2). The novel strategy presented herein is
particularly feasible for practical industrial applications because
it requires no changes to the existing (mature) manufacturing
process. Overall, the strategy developed based on exploiting
differences in interface separation energy provides an unprece-
dented approach for regulating composite systems.
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