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The stability of lithium-ion batteries is of paramount importance for their commercialization. However,
strategies for improving electrode stability are still quite unsatisfactory due to the unclear mecha-
nism of diffusion-induced stress and especially the regulation methods based on it. Herein, based on a
columnar lithium-ion diffusion electrode model, a double high-elastic-modulus modification (DHEMM)
method is proposed to inhibit deformation and relieve the generated stress during cycling. In this light,
TiO,/V,0s/polypyrrole (PPy) nanofibers are accordingly synthesized with a significantly enhanced rate
capacity (198.2 mAh g~! at 1600 mA g~!) and electrochemical stability (91.9% capacity retention for 100
cycles at 100 mA g~!), offering an alternative way to fabricate stable lithium-ion batteries.
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I. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have
achieved great success in portable electronics [1]. How-
ever, increasing the stability of lithium-ion battery elec-
trodes remains a significant challenge that must be
addressed to satisfy practical demands such as hybrid
electric vehicles and electrical grids [2,3]. During charge
and discharge processes, cracks in lithium-ion electrodes
including graphite [4], LiCoO; [5], LiMn,O4 [6], and
LiFePO4 [7] are commonly encountered, which signifi-
cantly limits the battery stability. Previous studies have
suggested that the mechanical degradation of electrodes
caused by cracks mainly results from diffusion-induced
stress (DIS) due to inhomogeneous volume change
incurred by lithium insertion and desertion [8]. Hence,
numerous methods (nanostructuring [9,10], surface modi-
fication [11,12], doping [13,14], etc.) have been reported
to reduce the volume change and DIS in electrodes to
acquire stable LIBs. However, more targeted design strate-
gies based on theoretical predictions to alleviate the DIS in
electrodes are still lacking.
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Understanding the stress-diffusion behavior and electro-
chemical attenuation mechanisms is of great interest as it
can enable us to develop guidelines for stable electrodes
[15,16]. Many studies have focused on building mathemat-
ical lithium-ion diffusion models to quantitatively analyze
the DIS and volume change of electrodes that occur during
lithium-ion diffusion. Prussin first developed a mathemat-
ical stress-diffusion model by correlating concentration
with temperature to acquire a chemically induced stress
distribution in silicon wafers [17]. Following this ansatz,
Newman et al. developed a two-way coupling model based
on chemical and mechanical behaviors to describe stress
generation and distribution in spherical electrodes [18].
Furthermore, to better understand and predict DIS, Zhang
et al. developed a stress-diffusion coupling model that con-
siders both mechanical stress and lithium diffusion in a
LiMn; 04 cathode, and shows that a larger electrode parti-
cle results in greater DIS [19]. As research has progressed,
an increasing number of factors that influence DIS and
volume change have been considered in the electrode dif-
fusion model, such as the electrode particle microstructure
[20], surface stress [21], elastic modulus [22], etc., and
several studies have highlighted the significance of the
elastic modulus in determining the distribution of DIS.
Cheng et al. showed that the surface modulus can lower
the DIS of nanoparticles [23]. By employing a voxel-based
finite-element method for stress analysis, Ohashi et al.
found that stress is concentrated on the material with a
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high Young’s modulus in a composite electrode, which
decreases the stress in the electrode [24]. In light of the cor-
relation between the modulus and DIS, researchers have
endeavored to design composite components with appro-
priate elastic modulus to mitigate DIS and the deformation
of electrodes. Hao et al. developed a mathematical model
for a core-shell electrode (LiMn,04/C) and showed that
DIS of the core is greatly affected by the elastic modulus
of the carbon shell, in that it decreases as the shell modulus
increases [22]. Furthermore, the active material in a trilayer
electrode was proved to have superior mechanical stabil-
ity during the electrochemical process due to its synergy
with the other two protective layers [25-27]. As identi-
fied in Si/Si0,/C, protective SiO, and elastic interlayered
C can work collaboratively in electrodes to buffer vol-
ume changes more effectively [28]. Unfortunately, current
studies still revolve around vague associations and lack
quantitative analysis when investigating the influence of
multiple protective layers on decreasing DIS during lithia-
tion, resulting in a lack of effective stable electrode design
strategies.

In this research, we developed a one-dimensional (1D)
electrode model to analyze a trilayer structure modified
with two layers of inactive materials and subsequently
determined the best modification strategy for stress relief
is a double high-elastic-modulus modification (DHEMM).
By employing a DHEMM, two common electrode addi-
tions with high Young’s modulus, TiO, [29] and conduc-
tive polypyrrole (PPy) [30], were introduced as the inner
and outer layer on V,0s by electrospinning and in situ
polymerization, respectively. The resulting nanostructure’s
high Young’s modulus was evaluated using scanning probe
acoustic microscopy (SPAM).

After the lithiation process, the TiO,/V,0s/PPy
nanofibers (VTs coated by PPy, VTPs) exhibited the least
deformation compared to the unmodified V,05 nanofibers
(Vs) and the TiO,/V,0s nanofibers (Vs supported by
Ti0,, VTs) with a monolayer modification, as indicated by
the statistical results from scanning electron microscopy
(SEM) images. Additionally, simulation results showed
that the VTPs experienced the lowest levels of radial
stress and tangential stress compared to Vs and VTs. Con-
sequently, the VTPs displayed a highly stable structure
and electrochemical performance, retaining 91.9% of their
initial capacity after 100 cycles. The combination of theo-
retical and experimental analysis indicates that DHEMM
can effectively prevent electrode cracking by decreasing
the deformation and DIS, thereby offering an alternative
dimension for designing stable LIB electrodes.

II. TRILAYER MODELING

While multilayer electrode design has demonstrated
effectiveness in suppressing electrode cracks, there
remains a lack of precise theoretical optimization aimed at

significantly enhancing the stability of electrodes. Based
on the numerical simulation results from a columnar
electrode model, this study proposes a design princi-
ple of an electrochemical stable trilayer electrode, which
involves the incorporation of two high-modulus protective
layers.

The discussed material with a smaller cross-section
scale compared with its length can be regarded as a 1D
cylindrical object with a long longitudinal axis [Fig. 12
in Appendix A]. Additionally, the cross-section area and
its shape do not change along the longitudinal axis. Dur-
ing battery discharge, lithium ions are inserted into the
cathode from the electrolyte in the radial direction while
the direction of hydrostatic pressure remains unchanged
along the longitudinal axis. Since the electrode material is
cured on a current collector, it is considered that both ends
are under the fixed constraint condition. If the material is
regarded as an elastic body that satisfies the generalized
plane strain condition, its displacement occurs in the cross
section. Using a symmetrical cylindrical coordinate system
(r,0,z), there are three stress components: radial stress o,
tangential stress oy, and body stress o,. Based on the pre-
vious description, we need to consider only two of them,
i.e., radial stress o, and tangential stress oy, then this case
is simplified to a two-dimensional problem.

Based on the equilibrium equation [22],

dUr + 2(0r - 00) —
dr r

0, (D

constitutive equations of the two stress components in the
cylindrical coordinate system are written as
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where E is the Young’s modulus, v is the Poisson’s ratio,
Q is the partial molar volume, C is the lithium-ion concen-
tration, and radial strain ¢, and tangential strain 4 can be
written using the small-deformation hypothesis,
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The analytical form of the two stress components can be
written as
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FIG. 1. Schematic of a trilayer nanofiber structure.

where 4 and B are two constants. For the concentration of
lithium-ion diffusion, due to the constant current condition,
the concentration can be calculated from the following
[19]:

—4vVv.TJ =0, (5)

where J is the lithium-ion flux. The symbols utilized in
our mathematical derivations, as well as detailed informa-
tion regarding the derivation and related calculations of the
numerical solution, are defined and shown in Appendix
A. Utilizing this derivation, we developed a 1D model
based on equilibrium and diffusion equations to analyze
the deformation and DIS of the trilayer structure formed
by combining materials. To determine the optimal design
strategy, we conducted a comparative stress-strain analy-
sis of the active material with protective layers of varying
moduli. As shown in Fig. 1, for a visual representation
of the trilayer structure, the configuration containing high
Young’s modulus materials in both the inner and outer
layers is denoted as “HH.” Similarly, configurations with
low Young’s modulus in both inner and outer layers are
denoted as “LL,” and those with a high (low) Young’s
modulus inner layer and a low (high) Young’s modulus
outer layer are labeled as “HL” (“LH”).

All parameters used in this simulation are detailed in
Tables I and I1.

The concentration, DIS, and deformation distribution
of the four configurations were calculated using this 1D
electrode diffusion model. The number of ions inside the
material was guaranteed to be exactly the same for differ-
ent configurations [Fig. 2(a)]. Among all configurations,
HH shows the lowest deformation [Fig. 2(b)], relatively
low radial stress distribution [Figs. 2(c) and 2(e)], and low-
est tangential stress [Figs. 2(d) and 2(f)] along the radius.
Therefore, a DHEMM is proposed to alleviate electrode
deformation and DIS during cycling.

II1. SYNTHESIS AND CHARACTERIZATION

To validate the effectiveness of the DHEMM method,
VTPs were synthesized. V,05 was selected as the elec-
trode active material while TiO, and PPy were chosen
as the high-modulus modification materials on the inner
and outer layer, respectively. For comparison, the Vs and
VTs were also synthesized and tested, as described in
the following sections. The fabrication process of Vs and
VTs involved electrospinning [Fig. S1 in the Supplemental
Material [31]] and sintering. To obtain VTPs, we used vac-
uum chemical vapor deposition for in sifu polymerization
of PPy on VTs.

A. Sample preparation
1. Synthesis of the TiO, sol

Tetrabutyl titanate, acetic acid, and acetylacetone were
dissolved in ethanol as the mixture was stirred magnet-
ically. While stirring, ethanol and deionized water were
added dropwise to form a uniform TiO; sol.

2. Precursor of Vs and VTs

To prepare Vs, 12 wt % poly(-vinylpyrrolidone) [PVP,
weight-average molecular weight (Mw) ~ 1300 000] and
8 wt % vanadium(IV)-oxy acetylacetonate [VO(acac);]
were dissolved in dimethyl formamide. The mixture was
magnetically stirred at 60 °C for 12 h, yielding a homoge-
neous green solution.

To prepare VTs, 12 wt % PVP (Mw ~ 1300 000) and
9.2 wt % VO(acac); were dissolved in dimethyl for-
mamide. The mixture was magnetically stirred at 60 °C
for 12 h and yielded a homogeneous green solution. After
3 ml of TiO; sol was added, the mixture was magneti-
cally stirred for 3 h to disperse the TiO; sol in the solution,
yielding a homogeneous green-yellow solution.

3. Fabrication of Vs, VTs, and VTPs

The precursor solution was loaded into a 10-ml syringe
for electrospinning, and the system was set up using a
23 gauge stainless needle. The high voltage and distance
between the aluminum foil collector and needle were
approximately 12 kV and 19 cm, respectively. The flow
rate was set to 1 ml/h. In the high electric field, the as-spun

TABLE I. Properties of the trilayer diffusion model.
Young’s modulus (Pa)
Inner Middle Outer
Configuration material material material
HH 10° 107 10°
HL 10° 107 10°
LH 10% 107 10°
LL 108 107 10°
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TABLE II.

Properties of materials.

Parameters (units) Inner material

Middle material Outer material

Poisson’s ratio v 0.30 [22]
Partial molar volumes € (m? mol™!) 0

Diffusion coefficient D (cm? S™1) 0
Thickness R (m) 0.35x 1077

0.30 [22] 0.30 [22]
3.497 x 107° [22] 0

2.20 x 10713 [32] 2.18 x 10712 [32]
0.65 x 1077 0.84 x 1078

Vs and VTs were collected on the aluminum foil. Heating
both types of nanofibers (NFs) in air at a rate of 1 °C min~!
to 400 °C and maintaining the temperature for 2 h caused

the as-spun NFs to oxidize into Vs and VTs. Furthermore,
chemical vapor deposition was used to coat a layer of PPy
on VTs to form VTPs. VTs were treated with hydrochloric
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FIG. 2. Distributions of (a) ion concentration, (b) deformation, (c) radial, and (d) tangential stress in all four configurations of trilayer
structure, and (e) radial and (f) tangential stress of active material in the middle layer. 7, is the radius of the interface between middle

material and outer material.
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FIG. 3.

SEM images of (a) as-spun VTPs and (b) sintered VTPs. (c),(d) TEM images and (e),(f) corresponding HRTEM images of

VTPs. (g) STEM and STEM EDS elemental mapping of the VTPs, and relative intensities of vanadium, titanium, nitrogen, oxygen.

acid vapor (HCI, 0.5 ml 36 wt %) under vacuum at room
temperature for 1 h to facilitate PPy oxidative polymeriza-
tion at the surface of the NFs. Then, 1 ml of pyrrole was
polymerized in vacuum conditions at room temperature for
1 h to obtain uniform VTPs.

B. Material characterization

The morphological features of the prepared NFs
were studied using field-emission scanning electron
microscopy (Philips-XL-30FEG) and transmission elec-
tron microscopy (TEM, JEOL-1230). Thermogravimetric
and differential scanning calorimetry (TG DSC) mea-
surements were carried out using an SDT Q600 with
a heating rate of 10 °C min~! in flowing air. Fourier-
transform infrared (FTIR) spectroscopy was performed
using a Bruker TENSOR27 within a range from 400 to
4000 cm~!. X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out in a PHI-5300 ESCA1610
SAM instrument equipped with a Mg Ko x-ray excitation
source (1253.6 eV) at 10 kV and 10 mA. The crystal phase
structure was examined by x-ray diffraction (XRD) using
a RigakuD/Max-C diffractometer with Cu Ko radiation
(L = 1.5406 A) between 5° and 60°.

The elasticity modulus was determined using the SPAM
technique. SPAM was performed using the Veeco DI 3100

(Veeco, Santa Barbara, CA, USA) system modified with
acoustic vibrations, which was developed by the Insti-
tute of Acoustics, Tongji University [33,34]. A probe with
a tip (silicon) radius of 10 nm and an elastic constant
of 0.07791 N/m was used for imaging in contact mode
with the scanning rate of 1.03 Hz. The equipment has
a precision such that the difference between actual and
measured values does not exceed 5% and an accuracy
such that the systematic error is less than 0.01% after
calibration [35].

C. Electrochemical characterization

The working electrodes were prepared by blending the
samples (Vs, VTs, and VTPs) with a carbon back as a con-
ducting agent and polyvinylidene difluoride as a binder at
a weight ratio of 7:2:1 in N-methylpyridine solvent, which
were uniformly pasted on aluminum foil after stirring for
12 h. After drying under vacuum at 120 °C for 8 h, the elec-
trodes were cut into disks with a diameter of 12 mm with a
loading of 0.38 £ 0.06 mg/cm?. The cells were assembled
in an argon-filled glove box with water and oxygen con-
tent less than 1 ppm. The configurations of the assembled
cells included vanadium oxide materials, Li and a liquid
electrolyte [1M LiPFg in ethylene carbonate and dimethyl
carbonate (volume ratio 1:1)]. A polypropylene membrane
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(a) XRD patterns and (b) FTIR spectra, (c) full survey XPS spectra of VTPs, VTs and Vs. High-resolution XPS spectra of

(d) N Ls and (e) C 1s of VTPs. (f) High-resolution XPS spectra of V 2p3,, of Vs, VTs, and VTPs.

(Celgard 2500) was used as a separator, and lithium metal
was used as the counter electrode. Then, the cells were
aged for 24 h before electrochemical measurements were
taken. The test instruments for electrochemical experi-
ments were a LAND cell-testing system and CHI660C
(Chenghua, Shanghai) electrochemical workstation. Elec-
trochemical impedance spectroscopy (EIS) measurements
were performed at frequencies from 0.01 Hz to 100 kHz.
The high-rate performance was investigated at current
densities of 100, 200, 400, 800, and 1600 mA g~'. These
tests were performed at room temperature, and the specific

capacity was calculated based on the mass of active
materials.

IV. RESULTS AND DISCUSSION

A. Experiments

Figure 3 provides the structural details of VTPs using
SEM, TEM, and high-resolution TEM (HRTEM). Figure
3(a) displays the morphology of as-spun VTPs, which
exhibits relatively smooth surfaces similar to the as-spun
Vs [Fig. 15(a) in Appendix B] and as-spun VTs [Fig. 15(b)

024079-6
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FIG. 5. SEM images before lithiation of (a) Vs, (b) VTs, (c)
VTPs and after lithiation of (d) Vs, (e) VTs, (f) VTPs.

in Appendix B]. However, after sintering at 400 °C (1 °C
min~!) for 2 h, the morphologies of all samples change
from smooth to rough [Figs. 3(b), 15(c), and 15(d) in
Appendix B].

This rough morphology arises from the large mass loss
that occurs during the sintering process, which can be
proved by the TG DSC curve with a peak at 307.2°C
for Vs and 294.2°C for VTs [Fig. 16 in Appendix B].
This mass loss can be attributed to the decomposition
of VO(acac), and the degradation of PVP. The second
mass loss accompanied by a peak at 430.2 °C for Vs and
440.6 °C for VTs is caused by the crystallization of V,0s5
[36]. The endothermic peak appearing at 668.7 °C and
674.7°C may result from the melting of V,0s crystals
[37].

During the sintering process, the V,0s and TiO,
nanoparticles grow gradually and form 1D nanowires
[Fig. 3(c)]. Clear lattice fringes with spacings of 0.58 and
0.34 nm can be observed [Figs. 3(e) and 3(f)], correspond-
ing to the (200) and (110) planes of the orthorhombic V,05
phase.

The heterogenous structure of V,0s and TiO, are
demonstrated in Fig. 3(e). The well-defined lattice fringes
with spacing of 0.32 nm are accurately indexed to the (100)

plane of the tetragonal TiO, phase. Similar results can
also be seen in TEM and HRTEM images of Vs and VTs
[Figs. 15(e)-15(h) in Appendix B]. As a protective layer,
PPy grows on the outer side of VTs [Fig. 3(d)]. It displays
a uniform coating layer on the VTs matrix with a thickness
of approximately 8.40 nm [Fig. 3(f)], which is further sup-
ported by energy-dispersive x-ray spectroscopy elemental
mappings of the high-angle annular dark-field scanning
transmission electron microscopy (STEM) [Fig. 3(g)].
Successful preparation of VTPs is indicated by the uni-
form concentration of the Ti and V elements in the inner
layer, as well as the distribution of the N element in the
outer layer. Figs. S2—S4 in the Supplemental Material [31]
show the SEM images of Vs, VTs, and VTPs before lithia-
tion. The corresponding statistics of fiber diameters for Vs
(243.75 £ 5.08 nm), VTs (172.01 +3.30 nm), and VTPs
(188.83 £ 3.03 nm) are shown in Tables SI-SIII in the Sup-
plemental Material [31]. The difference in the mean values
of VT and VTP diameters is almost twice the thickness
of the PPy coating observed in Fig. 3(f), which proves the
correctness of statistical processes.

XRD patterns were used to determine the crystallinity of
Vs, VTs, and VTPs. All diffraction peaks [Fig. 4(a)] of Vs
are in accordance with the orthorhombic V,05 phase [Joint
Committee on Powder Diffraction Standards (JCPDS) No.
41-1426]. In addition to the characteristic peaks corre-
sponding to V,0Os, there are extra diffraction angles at
27.4° and 36.0° in the XRD patterns of VTs and VTPs,
corresponding to the TiO, phase (JCPDS No. 76-0317).
The FTIR spectra of Vs, VTs, and VTPs are examined
in Fig. 4(b). In the spectrum of Vs, there are two major
bands at 586 and 819 cm~!, which are attributed to sym-
metric and asymmetric stretching modes (vs and v,) of
V—O—V, respectively [38,39]. The peak at 1042 cm™! is
attributed to the stretching vibration of the terminal V = O
bond [39]. The peaks at 914, 1045, 1329, and 2916 cm™!
are ascribed to the C—H deformation vibrations and C—H
stretching [40,41]. In the spectrum of VTPs, the C—C
bond (1472 ecm™!) and C = C bond (1551 cm™') in the
pyrrole ring are observed, suggesting the formation of PPy
[41]. Absorption bands at approximately 1381, 1626, and
3433 cm~! are caused by O—H bonds from absorbed
water [42,43]. In the spectrum of VTs and VTPs, the
peak at 436 cm™! is ascribed to the O—Ti—O bond,
corresponding to the characteristic peak of TiO, [44].

Figure 4(c) shows the full survey XPS spectra of VTPs,
VTs, and Vs. The Ti 2p peak (464.1 eV) in Fig. 4(c)
from TiO; is detected in VTs [45]. Compared with VTs
and Vs, a N 1s peak is detected in VTPs, which is the
characteristic peak of PPy. The N 1s spectrum [Fig. 4(d)]
can be deconvoluted into three peaks centered at 397.8,
399.6, and 400.2 eV, corresponding to =N—, —N—H,
and —N—H™ bonds, respectively [46]. The C s spec-
trum of VTPs [Fig. 4(e)] can be deconvoluted into three
peaks corresponding to the C—C (284.8 eV) and C = O
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FIG. 6. Frequency distribution histograms of VTP diameter (a) before and (b) after lithiation, VT diameter (c) before and (d) after

lithiation.

(288.4 V) bonds and the =C—N™* (286.5 €V) group in
PPy [46]. Figure 4(f) displays the V 2p3, spectra of three
samples [12]. The V>7 ratio in various valence states (V37,
V4*, and V1) of VTPs (32.6%) is lower than that in VTs
(35.4%) and Vs (85.9%), suggesting that a certain amount
of V3* species is reduced to V4 when PPy and TiO,
are introduced to the surface and interior of V,05. All of
these findings suggest the presence of TiO, and PPy in
VTPs.

Figure 5 shows the morphological changes of Vs, VTs,
and VTPs after lithiation. Figures 5(a)-5(c) depict the
nanostructure of the three samples before lithiation. As
shown in Fig. 5(d), the fiber morphology of Vs disappears
after lithiation due to the significant volume change that
can easily lead to structure breakage [47]. In contrast, the
fiber structural integrity of VTs and VTPs [Figs. 5(¢) and
5(f)] is well preserved after lithiation, demonstrating the
effectiveness of high-modulus protective layers. As shown
in Tables SIV and SV in the Supplemental Material [31],
by measuring the diameter of 100 fibers before and after
lithiation [Figs. S5-S7 in the Supplemental Material [31]],
the diameter change after lithiation for VTPs is signifi-
cantly smaller than that for VTs [Fig. 6]. The diameters
of VIPs and VTs are 212.04 4= 3.59 and 227.40 &+ 3.22 nm,
respectively, after lithium-ion insertion. The corresponding
box plots are also provided [Fig. S8 in the Supplemental
Material [31]]. As a result, there is a significantly lower

volume expansion (26.09%) for VTPs compared to VTs
(74.77%). This finding implies that the DHEMM strategy
is a more effective approach than a single modification in
inhibiting volume expansion, ultimately preventing elec-
trode breakage.

B. Numerical simulations

In order to prove the correctness of our theory, we used a
1D model based on the equilibrium and diffusion equations
previously mentioned to obtain the distribution of DIS and
deformation of Vs, VTs, and VTPs after lithiation [Fig. 7].

The elastic modulus of the electrode is a decisive param-
eter in DIS distribution through the lithium-ion diffusion
model. To achieve high-resolution imaging and study the

(a)

-

Vs

Pyrrole ~ -
o
In situ polymerization

VTs VTPs

® e @ @y
=0 =0 VN

FIG. 7. (a) Schematic of the structure of Vs, VTs, and VTPs,
and schematic of deformation in (b) Vs, (c) VTs, and (d) VTPs
after lithiation.
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mechanical properties of micro regions in a nondestructive
manner, a SPAM image system was constructed by apply-
ing acoustic vibration to the probes of a scanning probe
microscope (DI3100) [Fig. S9 in the Supplemental Mate-
rial [31]]. Figures 17(a)-17(c) in Appendix B show the
fibrous characteristics of Vs, VTs, and VTPs via atomic
force microscopy (AFM).

Figures 17(d)-17(f) in Appendix B show the SPAM
deflection error images (DEIs) of the three samples. DEI
measurements are imaged using the difference between the
detection signal and the deflection setting values, which
can reflect the changes in surface height and are especially
sensitive to height mutations. Thus, more high-resolution
information related to the subsurface and surface can be
observed. Moreover, unlike other surface testing equip-
ment, SPAM phase images can directly show the elastic
distributions, which can reveal the spatial distribution of
the modulus [Figs. 17(g)-17(i) in Appendix B]. The sur-
face image of VTPs is brighter than those of Vs and VTs,
indicating that the VTPs have a higher elastic modulus
[Fig. 17(1) in Appendix B].

The initial force curves of three samples [Figs. 8(a)-8(c)]
obtained by SPAM were formed by controlling the move-
ment of the probe through the scanning tube and they
reveal information on the elasticity of the samples. The
abscissa recorded the displacement of the probe over one
period of motion, while the ordinate recorded the deflec-
tion distance of the cantilever beam. On the basis of
force-distance curves, the Hertz model was used to calcu-
late and analyze the contact effect between the probe and
the sample under static force to elicit the equation of equiv-
alent elastic modulus E, static force Fy, tip radius R and
indentation depth 8. These four quantities are related as

600 0 150

Force curves of (a) Vs, (b) VTs, and (c) VTPs measured by SPAM.

(c) 200
2 100 9.76x10° Pa
5 o
-é -100
§ -200
-300
300 450 600 0 150 300 450 600
Z (um) Z (um)
follows [35]:
4 k
Fy= —§E VRS3, (6)
in which
1 1—v? 1—?
— = Ly —2). (7
E* E E,

The radius of tip curvature R is set to 1078 m, v; (Pois-
son’s ratio of the tested material) is listed in Table III, v,
(Poisson’s ratio of the tip) is set to 0.28, and £ (the mod-
ulus of the tip) is set to 1.70 x 10" Pa. The initial force
curve is the relation of the deflection error (d) and can-
tilever deflection (Z). Through coordinate transformation,
Fj and § can be acquired via mathematical relations

§=7—d, 3
Fo = kd, 9)

where k is set to 0.07791 N/m. Based on these relations,
the force-distance curve data were processed in MATLAB to
acquire the elastic modulus of the sample.

The moduli obtained by measuring Vs, VTs, and VTPs
are 1.29 x 107, 1.62 x 107, and 9.76 x 10® Pa, respectively
[Figs. 8(a)-8(c)]. As the SPAM is the characteristic test for
surface properties, the moduli of V,05 and PPy layer can
be obtained as 1.29 x 107 and 9.76 x 10® Pa, respectively.
For more precise calculation, the modulus of TiO,, which
is in the interior of VTs and VTPs, was approximated to
the referenced data (2.30 x 10'! Pa) [29].

Meanwhile, the molar ratio V:Ti=5:1 [Table IV in
Appendix B] was measured via energy dispersive x-ray

TABLE III.  Properties of materials.
Parameters (units) TiO, V,05 PPy
Young’s modulus (Pa) 2.30 x 10! [29] 1.29 x 107 9.76 x 10%
Poisson’s ratio v 0.28 [48] 0.30 [49] 0.43 [50]
Partial molar volumes € (m?® mol~!) 0 3.497 x 1076 [22] 0
Diffusion coefficient D (cm? S71) 0 2.20 x 10713 [32] 2.18 x 10712 [32]
Thickness R (m) 0.35x 1077 0.65 x 1077 0.84 x 1078
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FIG. 9. Radial distributions of deformation in (a) Vs, (b) VTs, and (c) VTPs, radial stress of (d) Vs, (e) VTs, and (f) VTPs, tangential

stress of (g) Vs, (h) VTs, and (i) VTPs.

spectroscopy. Therefore, the radius of the TiO, layer is
about 35 nm considering the cell volume. The thickness
of the V,0s layer is about 65 nm. The material properties
of V,0s, TiO,, and PPy are listed in Table II1.

During the simulation of Vs, VTs, and VTPs, we kept
the overall numbers of ions embedded in the materials con-
sistent for all three structures, as described previously. The
lithium-ion concentration in Vs, VTs, and VTPs decreased
progressively from the outside to the inside of the NFs
[Fig. 18(a) in Appendix B], which is consistent with the
law of ion diffusion. Additionally, the difference between
each ring element in stress is caused by the gradient
distribution of the lithium-ion concentration.

Stress gradually accumulates pointing to the center of
the fiber and eventually causes the material to break, which
is the main reason for electrode failure. For VTs, to obtain
the same number of lithium ions inside the material, more
diffusion time is required than for Vs since the TiO, inside
the material does not participate in lithium-ion transport.
For VTPs, the diffusion time is approximately the same
but slightly smaller than that for VTs because PPy has
a larger diffusion coefficient. Owing to its excellent con-
ductivity, the presence of the outer conductive polymer
has no negative effect on ion transmission. In fact, the
overall lithium-ion concentration in each ring element in

the material is pulled down in this case because of the extra
coating under the same discharge capacity, which leads to
a significantly smaller deformation than for the other two.

After a certain amount of ion embedding [Fig. 18(a)
in Appendix B], the VTPs exhibit minimal overall defor-
mation, while the overall deformation of Vs is signifi-
cantly greater than that of the other two [Figs. 9(a)-9(c),
and 18(b) in Appendix B]. The radial and tangential
stresses are shown in Figs. 18(c)-18(f) in Appendix B,
with the corresponding sectional distributions illustrated in
Figs. 9(d)-9(i), respectively. As shown in Figs. 18(c) and
18(e) in Appendix B, the radial stress in the TiO, layer is
smaller than zero, which means it is compressive stress,
while that in the V,0s layer is tensile stress. This result
shows that the inner support material can effectively sup-
press the tendency of the V,05 layer to expand towards
the center. Meanwhile, in the presence of TiO,, the tan-
gential stress of the V,0s5 layer is much smaller because
the center takes most of the stress [Figs. 9(g)-9(i), 18(d),
and 18(f) in Appendix B]. The higher Young’s modulus
of TiO, compared to V,0s allows it to withstand greater
stress without breaking. This concentration of pressure on
the protective layer with a higher modulus, rather than on
the active material, contributes to the increased mechani-
cal strength of the electrode. However, as a free boundary,
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the V,0s layer of VTs is still at risk of rupture because
the radial stress in this case actually increases [Figs. 9(d)
and 9(e)]. For VTPs, the radial stress and tangential stress
of the PPy layer are larger than those in the V,0Os layer
[Figs. 9(f) and 9(i)], which shows that the presence of an
outer layer can effectively inhibit the expansion of the inner
V,0s5 layer. Meanwhile, the radial stress and tangential
press in the V,05 of VTPs are the lowest compared with
those in Vs and VTPs, resulting in a highly stable structure
during lithiation [Figs. 18(e) and 18(f) in Appendix B].

In summary, our results indicate that combining an inter-
nal support material and external coating material is more
effective in improving the overall mechanical properties
of the electrode and inhibiting expansion during lithiation,
compared with using a single modification layer or relying
solely on pure active materials.

Figure 10 illustrates the numerical and experimental
normalized expansion rates of Vs, VTs, and VTPs. The
numerical normalized expansion rates for Vs, VTs, and
VTPs were found to be 159.31%, 126.16%, and 100.00%,
respectively. Additionally, our analysis of the samples’
volume change during the lithiation process revealed that
the most significant volume change in Vs led to nanostruc-
ture breakage [47] while the volume change trend for VTs
(286.58%) and VTPs (100.00%) was consistent with the
numerical results [Fig. 10]. The congruence between the
numerical and experimental outcomes confirms the effec-
tiveness of the DHEMM approach in improving electrode
stability.

C. Electrochemical performance

The electrochemical test results further confirm that the
structural stability of VTPs is greatly enhanced during
the charge and discharge cycle. The cyclic voltammo-
grams of VTP cells have three obvious reduction peaks
in first cycle [Fig. 11(a)]: 3.38, 3.17, and 2.27 V (versus
Li/Li* redox couple), in accordance with the phase trans-
formations from «-V,0s5 to &-Liy5V,0s, §-Li; V205, and

y-Liy 0V;,0s, respectively [S1]. The intercalation of the
first Li occurs in two steps [52],

V,05 4+ 0.5Li" 4 0.5¢~ — Lig5V,0s, (10)
Lio_sVzOs + OSLI+ + 0.5¢ — Li1_0V205, (1 1)

in good agreement with the cathodic peaks at 3.38 and
3.17 V. The cathodic peaks at 2.27 V demonstrate the
intercalation of the second lithium ion through the reaction

Li ¢V,05 + 1.0Li" + 1.0~ — Li; ¢V,0s5. (12)

Three pairs of cathodic and anodic peaks correspond-
ing to the other two electrodes (Vs, VTs) appear at
3.37/3.44,3.17/3.25,2.25/2.56 V and 3.38/3.43, 3.18/3.24,
2.29/2.43 V [Figs. 19(a) and 19(b) in Appendix B], indi-
cating their lithium ions’ deembedding behavior is similar
to that of the VTPs. The cyclic voltammetry profiles of
Vs demonstrate gradually weaker oxidation-reduction cur-
rent during the three cycles due to the destruction of the
electrode material [Fig. 19(a) in Appendix B]. However,
the modification with the high-elastic-modulus protective
layer in VTs and VTPs prevent significant changes in
their oxidation-reduction current during the three cycles,
verifying their superior structural stability compared to
Vs. Compared to the poor capacity residual ratio of
Vs [Fig. 19(c) in Appendix B] and VTs [Fig. 19(d) in
Appendix B], the charge and discharge curves for the 50th
and 100th cycles overlap with each other for VTPs [Fig
11(b)], indicating its good cycling stability over prolonged
cycling.

EIS [Fig. 11(d)] illustrates that the charge-transfer resis-
tance of VTPs (1249 ) is lower than that of VTs
(141.1 ) and Vs (615.6 2). Adding TiO, can prevent the
aggregation of V,0s nanoparticles and preserve a more
electroactive surface, thereby contributing to the lower
charge-transfer resistance observed for the VT electrode.
Additionally, the PPy coating increases the conductivity
of the materials, so VIPs can exhibit enhanced eclectrode
reaction kinetics and high rate performance [41]. In order
to observe the rate performance of the three samples, cells
were tested from 100 mA g~! to 1600 mA g~! and back
to 100 mA g~' [Figs. 11(c) and 11(e)]. The capacity of
the VTPs was approximately 198.2 mAh g~! at 1600 mA
g~ and 259.7 mAh g~! back to 100 mA g~!, showing the
best rate performance. The capacity of Vs and VTs was
5.6 mAh g~! [Fig. 11(e) in Appendix B] and 145.6 mAh
g~ at 1600 mA g~! [Fig. 11(e) in Appendix B], respec-
tively, which indicates a poor rate performance consistent
with the EIS.

After 100 cycles at a current density of 100 mA g~!, the
VTPs demonstrated a capacity retention of 253.7 mAh g~!,
which means 91.9% of their initial capacity of 276.1 mAh
g~ ! was preserved, as depicted in Fig. 11(f). This suggests
an enhanced structural stability of VTPs, as substantiated

024079-11



JIANG et al. PHYS. REV. APPLIED 20, 024079 (2023)
(a) 0.08 — (b)
0.1mvs $4.0-
0.03 4 344V _
g =351
= 0.00+ -
g 2301
£ _003. S
5-003 ” £25)
—0.06- 2% S
227V 220y TV . 100" 50" 1
2.0 2.5 30 35 4.0 0 50 100 150 200 250 300
Voltage (V vs Li*/Li) , Specific capacity (mAh g™)
10
c d ~
(L 40] 0.8 02 Ag" (d) 20.
>+ : —=— Vs A~
< 35 \ 5] VI ////
£ S3OTN _ 151 = VTPs
Z’, \ c o
> 30 1 = 1 0 i el
s / N ’/
T 254
g / 05 el
a -
a0 1.6 04 0.1 |
T T T T 1 . 0.0 T — T r
0 50 100 150 200 250 300 0 200 400 600 800 1000 1200
© Specific capacity (mAh g™) Z'(Q)
e)
_? 320 @ 041 02 O1Ag-1
300838 . ;
T 240]5°°° 333333338388@900900054“00 0.8 16 39898888893
=2 9200000000888883888880000000000
_é- 160'0 Py 90000000900
5 9000000000
3 80; ° Vs
8 s VTs °
;f—f 04 oo o VTPs 900000000
g 0 10 20 30 40 50 60
1) Cycle number
(f) o 360 5
= 3, o
R e . sssessassassssasssgrsssnatent 100
7T 2999333, )JJ\)J)JJJ);JJJ)JJJJJ\;)JJJ)JJJJ 900 Foy
:;-; J)J“3$33$°JJ°°°33¢04N»,NN unu.n,nau.nauuuuua““““““wgi:gf/’o) %
g 180- a.;\,_naeoJaao»uaaNaw»m“uooaoag,”a““ 71.6 % ‘©c
o > Vs “““Z-;ogao;u- 50 %
S 90{ - VTs o g
= s VTPs 0.1Ag™" =
1o} 0 T T T T 0 ©°
(‘,3)' 0 20 40 60 80 100 3
Cycle number o
FIG. 11. (a) Cyclic voltammograms of first, second, third cycles of samples at a scan rate of 0.1 mV s~!, (b) galvanostatic charge-

discharge (GCD) profiles of first, 50th, 100th cycles at 0.1 A g~! of VTPs and (c) GCD profiles of various current densities from 0.1 to
1.6 A g! of VTPs. (d) Nyquist plots of Vs, VTs, and VTPs. (e) Rate performances of Vs, VTs, and VTPs from 0.1 to 1.6 A g~L. (f)
Cycling performance of V, VT, and VTP cells at a current density of 100 mA g~! between 2.0 and 4.0 V.

by their well-maintained morphology with distinct lattice
fringes of V,05 and the PPy coating layer even after
100 cycles, as observed in Figs. 20(a)-20(c) in Appendix
B. In contrast, Vs and VTs showed disrupted fiber mor-
phology with no visible lattice striping after 100 cycles,
as depicted in Figs. 20(d)—20(i) in Appendix B. Conse-
quently, Vs and VTs experienced a faster decline in capac-
ity in comparison to VTPs, with decay rates of 49.6% and
71.6%, respectively, of their initial capacity, as illustrated
in Fig. 11(f).

V. CONCLUSION

In this research, we utilized a lithium-ion diffusion
model to investigate the impact of different modulus dis-
tributions in a trilayer material on DIS and deformation of
active materials during lithiation. Based on our findings,
we proposed that an active material with inner and outer
high-modulus protection layers can suffer smaller DIS and
deformation during lithiation and improve the structural
stability of electrode. With the DHEMM strategy as a
guide, the VTPs, which have an inner TiO, layer and outer
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FIG. 12. Schematic of a single-layer nanofiber.

PPy coating layer as high-modulus modifications, exhibit
the lowest diameter change compared to materials without
any protective layer modification (Vs) or those only with
a single high-modulus protective inner layer (VTs) after
lithiation. Simulation analysis for Vs, VTs, and VTPs indi-
cated that an outer PPy coating and an inner TiO, layer on
the V,0s layer effectively suppressed both radial and tan-
gential stresses, resulting in minimal deformation during
charge and discharge. Hence, the VTP electrode exhib-
ited a stable structure and enhanced cycling stability with
a high capacity retention rate of 91.9% after 100 cycles at
a current density of 100 mA g=!.

Simulation and experimental findings indicate that the
design of a trilayer structure based on DHEMM can
achieve structural stability of electrodes. This provides
guidance for the development of protective composites
that reduce the deformation and DIS of electrodes during
lithiation. Specifically, it is enlightening in the design of
electrode materials such as SiO; and SnO,, which expe-
rience notable alterations in volume during the process of
lithiation.
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APPENDIX A: DETAILED MATHEMATICAL
PROCESS

List of symbols
Symbol Description (Units)

r,0,z Cylindrical coordinates

o, Radial stress (Nm~2)

o/ Tangential stress (Nm~2)

0. Body stress (Nm™2)

o Hydrostatic pressure (Nm~?2)

__fe

Material 1 I——Iza
® Material 2 LI
FIG. 13. Schematic of a two-layer nanofiber.
E Young’s modulus (Nm~2)
v Poisson’s ratio
& Radial strain
& Tangential strain
Q Partial molar volumes (m*mol™})
C Concentration (molm™—2)
Cavgi Average concentration in component i (molm™3)
u Displacement (m)
r Radius (m)
Y Surface/interface stress (Nm~2)
T Deformation-independent  residual  surface/
interface stress (Nm~2)
A and e Surface Lamé constants (Nm™!)

Surface/interface modulus

Chemical potential (KJmol™h)

Gas constant (Jmol 'K 1)

Absolute temperature (K)

Molar fraction of lithium ion
Lithium-ion flux (molm=2s~!)
Mobility of lithium ions

Diffusion coefficient (cm?s™!)
Surface lithium-ion flux (molm~2s~1)

SUERNIE R

As shown in Fig. 12, mechanical equilibrium can be
treated as a static equilibrium problem because mechanical
equilibrium is reached more quickly than diffusion equilib-
rium. The stress components must satisfy the equilibrium
equation if body force is neglected [22],

do, n 2(0r = 0) _

0. Al
dr r (AD)

Considering the influence of lithium-ion concentration,
constitutive equations of the two stress components in the
cylindrical coordinate system can be written as [53]

E Q
o, = T ndTw [s, +vep — (1 + v)§Cj| ,

E Q
Ug:m[f}g"‘vsr_(l—‘rv)gc]. (A2)
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Under the small-deformation hypothesis, radial strain &,
and tangential strain ey can be expressed in terms of
displacement u,

. du
Tdr

u
& &g = — (A3)
Substituting Egs. (A3) and (A2) into (A1), the differential

equation for u can be written as

rzﬂ—i—r@

A4
dr? dr (A4)

(1+ )Qrzdc
—u= V)—r"—.

3 dr
The analytical form of displacement u can easily be
obtained using the Euler equation

Q1 [ A
u=(1—|—v)§—f Crdr + — + Br. (AS)
rJ,. r

1

The constants, 4 and B can be determined later by bound-
ary conditions. Substituting Eqs. (A4) and (A2) into (A1),
the analytical form of the two stress components can be
written as

Q1 [ E 4 E
o’r=——E—/ C}’dl"— - Bv

37, l+vrr 1-—v

QE1 er EC+ £ + E B
og = —FE— rdr — — —
P73 3 l+vr2 1—v

(A6)

We can obtain the analytical form of the two strain compo-
nents using Egs. (A3) and (AS5) and (A6),

Q I A
e=0+v)= ——f Crdr+C| — = + B,
3 2/, 2

0

Q1 [ A
89=(1+V)——/ Crdr+ — + B. (A7)
352 r2

ro

For a two-layer cylinder, as shown in Fig. 13, there should
be four constants determined by boundary conditions,

10

2c

® Material 1 {
Material 2 2b ‘
Material 3 | 2 a

FIG. 14. Schematic of trilayer nanofiber.

FIG. 15. SEM images of as-spun (a) Vs and (b) VTs, sintered
(c) Vs and (d) VTs. TEM images of (¢) Vs and (f) VTs. HRTEM
of (g) Vs and (h) VTs.

namely 4; and B; in material 1 and 4, and B, in mate-
rial 2. Note that the whole material is fixed on the current
collector, which indicates u = 0 at r = 0.

In this case, there are two boundaries to consider, which
are the interface between the core material and shell
material at » = a and the surface between shell mate-
rial and electrolyte at » = b. Here we have a surface
stress-strain constitutive relationship. For isotropic elastic
surfaces/interfaces, we have [22],

QC QC
So =T + 2(As + ) (SO_T) =T+K(89_T)a

(A8)
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FIG. 16. TG DSC profiles of (a) Vs and (b) VTs in air.

where Sy is surface stress, A, and u, are the surface
Lamé constants, K can be defined as surface/interface
modulus, and t is the deformation-independent residual
surface/interface stress. The term QC/3 in the equation
mainly reflects the strain (material expansion) caused by
ion insertion.

At the outer surface, radial stress must satisfy the
machine mechanical equilibrium [22],

_ 25(9 |r:b
b .

(A9)

Ur|r=b =

In this case, we assume the materials are perfectly bounded
at the interface. Hence, for the interface between two mate-
rials, deformation and the two components of strain should

30
1004 2942 °C ——Weight (%)
- ——DSC (W g 25
o0 120 _
S 15
= =
5 % 106
[0 wn
= - O
40- 0
0]
20- =
0 200 400 600 800

Temperature (C)

be continuous,

Ui |r=a = u2|r=a- (AIO)
In order to obey the generalized Young-Laplace equation
[22], there should be a pressure difference on each side
of the interface where the two materials are in contact, so
there should be a sudden change in the radial stress at the
interface, and we have

2S6 |r=a

o'lr|r:a - o'2;’|r:a = - .
a

(All)

From Egs. (A9)«A11), we can obtain the three constants
By, 45, and B,. Using Eqs. (A5)—(AS8), we can obtain a
group of linear equations as follows:

1 1 !
a? B,
1 2K, 1 2K\ 1
0 2 =223 || 5
11—, bE, 14+, bE, ) b?
1 2K, 1 E 1 E 1 Az
1—111 aE] 1—U2E] 1—{—1)2E1a2
Q1Cay
—(1 4 v
6
QZCavg2 2K, K292C|r=b
_ 1- 22 R (PR b _
- [ U Vz)] o (rz 3 ) A =0, (A12)

Qlcavgl |:1 2[<1
6

where Cayg (r) = (2/1%) [y C()r'dr’ [15]

- a_E1(1 + v1)] -

2 KIQIC|r=a
aE1 3
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FIG. 17. AFM topography of (a) Vs, (b) VTs, and (c) VTPs. Deflection error images of (d) Vs, (e) VTs, and (f) VTPs. SPAM phase

images of (g) Vs, (h) VTs, and (i) VTPs.

It is clear that Bj, 4, and B, depend on the follow-
ing five dimensionless constants: (K,/bE,) and(t,/bE>),
which mainly describe the surface stress at the inter-
face between the outer surface of the material and the
electrolyte, and (Kl/aEl), (‘L'l/aEl), and (Ez/El), which
mainly describe the surface stress between material 1 and
material 2. Since the surface modulus K and residual
surface stress T can be either positive or negative, their
values do not influence the curve shape but only the signs.
Hence, we simply set K = 10 N/m and t = £0.2 N/m
in order to ensure the rationality of the results [22], which

TABLE IV. Element ratio of VTs.

Element Wt % At %
C 88.95 92.41
(0] 9.12 7.11
Ti 0.31 0.08
A% 1.61 0.40

are applied to the calculation of the following trilayer
structure.

Consider a cylinder with a trilayer structure as shown
in Fig. 14: we have six boundary-dependent constants,
namely A, By in material 1, 4,, B, in material 2, and A3,
B3 in material 3. Correspondingly there should be three
boundaries. Based on the previous argument, 43 =0, and
the boundary conditions can be written as,

o | 2S9|r=b
—ph = —
rir b 5
Ui |r=a = u2|r=a:
2S€|r=a
alrlrza - 02r|r=a = - a )
u3|r=c = u1|r=c;
2S0|r:c
O3¢lr=c — Olplr=c = — PR (A13)

which is
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FIG. 19. Cyclic voltammograms of first, second, third cycles of (a) ¥ and (b) VT cells at a scan rate of 0.1 mV s~!. Galvanostatic
charge-discharge (GCD) profiles of first, 50th, 100th cycles of (c) ¥, (d) VT cells at 0.1 A g~!. GCD profiles of various current densities

from 0.1to 1.6 A g~! of (e) Vand (f) VT cells between 2 and 4 V.

Diffusion equation

As the driving force of lithium-ion diffusion, the chem-
ical potential x in an ideal solid solution can be written as
[54]

= po+RTInX — Qoy, (A15)

in which u is the chemical potential, w( is a constant, R
is the gas constant, 7 is the absolute temperature, X is the
molar fraction of lithium ions, and o3, is the hydrostatic
pressure.

Axial stress o, can be considered to be zero because of
the generalized plane strain condition. Hence, hydrostatic

pressure can be written as,

Lo+ 05+ 02) £ te - 2ac
= (o, D= (& +e—=
Oh = RO TOT O = 3T 73

Q 2EB
=——FEC+

5 TRt (A16)

Hence, the diffusion flux of lithium ions can be written as
[19]

J=—-MCVpu. (A17)
From the definition of the diffusion coefficient, we have

D = MRT. (A18)

024079-18



HIGH-MODULUS MODIFICATIONS...

PHYS. REV. APPLIED 20, 024079 (2023)

FIG. 20. SEM images of (a),(b) VTPs, (d),(e) VTs, and (g),(h) Vs after 100 cycles. HRTEM images of (c) VIPs, (f) VTs, and (i) Vs

after 100 cycles.

Combining Egs. (A15) and (A17), diffusion flux can be
written as

— QC Q2C
J =-D(vCc-"Zvg,)=-D|[1+2ZZE)vC]|,
RT 9RT
(A19)

where (Q?E)/(9RT) is a positive constant that reflects the
effect of hydrostatic pressure on the diffusion flux. Owing
to the constant current condition, the initial condition can
be written in the following form [19]:

aC
T yv.T =0 (A20)
at
If we let & = (Q2E)/(9RT), we have
aC 2C 2 aC aC\?
Z=D|(1+600—=+Z0+00—+06(=—) |.
ot |:(+C)3r2+r(+c)8r+ (8r>i|
(A21)

Owing to the constant current condition, the initial condi-
tion can be written in the following form:

C(r,t=0) = Cy,
D(1+60C)LC(r=10,1) =0,

(A22)
D +6C)2C(r=b.) = J,.

In addition, to satisfy the continuity condition, for a two-
layer cylinder [22],

Cl(r =a, t) = CZ(V =a, t)a

71)(r =a,t) = ?2(,, — a0, (A23)

For a trilayer structure, we add one more boundary condi-
tion,

G@r=at)=Ci(r=a,b,

Lr=a,0) =1, (=a,. (A2

Likewise, we can obtain other boundary conditions to
acquire the constants 4 and B. Obviously, it is difficult
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to obtain an analytical solution to the equations above.
To solve these nonlinear equations, the finite-difference
method is applied. Additionally, time and location need to
be discretized. In addition to the several mechanical prop-
erties of the material itself and the diffusion characteristics
of lithium ions, DIS also depends on the charging current
density Js, charging time (diffusion time) , surface modu-
lus K, and residual surface stress T based on the previous
discussion. For the charging current density J;, we can sim-
plify the calculations using a dimensionless treatment. In
the following discussions, the dimensionless current den-
sity j, = (Jsb)/(D1Cmayx) is introduced. When j, = 0.25,
the actual current density can be calculated by the specific
material properties. Under this condition, the number of
lithium ions in the nanofiber remains 4.50 x 10~'! mol per
unit length.

APPENDIX B: MORE DATA FOR Vs, VTs, AND
VTPs

Figure 15 shows SEM images of as-spun and sintered
Vs, VTs, along with TEM, and HRTEM images of Vs,
VTs. Figure 16 shows TG-DSC profiles of Vs and VTs
in air. Figure 17 shows AFM topography, deflection error
images and SPAM phase images of Vs, VTs and VTPs.
Figure 18 displays the simulation results depicting the
radial distribution of lithium-ion concentration, deforma-
tion, radial stress, and tangential stress of Vs, VTs, and
VTPs. Figure 19 displays electrochemical properties of V
and VT cells, which includes cyclic voltammograms and
GCD profiles. Figure 20 shows SEM and HRTEM images
of Vs, VTs and VTPs after 100 cycles. We use EDS to
obtain the element ratio of VTs. Specific element ratio of
C, O, Ti and V is shown in Table IV.
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