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ABSTRACT: The development of SiOx electrode with high mass
loading, which is an important prerequisite for practical lithium-ion
batteries, remains an arduous challenge by using existing binders. Herein,
we propose a three-in-one design strategy for binder systems in all-
integrated SiOx electrodes. “Hard” poly(furfuryl alcohol) (PFA) and
“soft” thermoplastic polyurethane (TPU) are interweaved into 3D
conformation to confine SiOx particles via in-situ polymerization. In
the electrode system, PFA works as a framework and TPU servers as a
buffer, and H-bonding interactions are formed between the components.
Benefiting from the three-pronged collaborative strategy, PFA-TPU/SiOx
electrode exhibits an areal capacity of 2.4 mAh cm−2 at a high mass
loading of >3.0 mg cm−2 after 100 cycles. Such a binder system is also
extended to other potential metal oxides anode with high mass loading,
e.g., Fe2O3 and SnO2, thus shedding light on rational design of functional polymer binders for high-areal-capacity electrodes.

Silicon-based materials, e.g., silicon (Si) and silicon
suboxide (SiOx, 0 < x < 2), are the promising anode
candidates for high-energy-density lithium ion batteries

(LIBs). Further efforts have manifested that SiOx is the prime
alternative to Si since SiOx is very effective to accommodate
the defects of Si on cycling performance.1,2 During the first
lithiation, the uptake of Li by SiOx generates a uniform mixture
of Si/Li2O/Li silicates (e.g., Li4SiO4 and Li2Si2O5) at
nanoscale. The Li2O/Li silicates are dispersed uniformly
among formed nano-Si, which offers high specific capacity
for the SiOx anode.

3,4 Meanwhile, the inactive Li2O/Li silicates
serve as a buffer to effectively alleviate the volume variation of
the nano-Si material during cycling and stabilize the interface
between anode and electrolyte.5−7 Due to safety concerns, the
volume variation of industrial LIBs is generally limited less
than 20% and the corresponding volume change for the anode
is better lower than 30%.1 Nevertheless, non-negligible volume
variation (∼200%) impedes practical application of SiOx

anodes. The construction of robust binders is an admirable
method to maintain the structure integrity of Si-based anodes
with reduced volume variation during cycling.8−11 However, it
is still vital to develop multipronged design strategies for

binder systems in SiOx anodes with high mass loading for
practical high-energy-density LIBs.11−14

Three auspicious strategies have been widely adopted for
binder design.15 The first one is to construct an inter-
penetrated 3D network. Binders with interpenetrated 3D
structures exhibit strengthening mechanical properties, thus
preserving the integrity of the whole electrode. In addition, the
3D network facilitates charge transportation and contributes
the formation of a stable SEI layer. The second one is to tune
mechanical properties. The elastomer is an interesting polymer
type for LIBs since it mitigates the expansion of active
materials; however, excessive elasticity allows unrestricted
expansion of active materials. The unrestricted expansion
results in a prolonged migration path of Li+ ions and further a
decreased rate performance for active materials.11 In
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comparison with the elastomer, stiff polymers effectively
restrict volume variation and maintain the integrity of
electrodes. However, high mechanical stiffness makes the
electrode brittle, especially under high mass loading.16 The
integration of the two different types of polymers leads to a
great binder system. The elastomer serves as a buffer to
tolerate severe volume change of active materials, while stiff
polymer constructs a framework to keep electrode integrity.
The third one is the creation of H-bonding interactions.
Compared with van der Waals force and covalent bond, the
hydrogen bond is strong enough while retaining its dynamic
nature.17 The strong interaction and dynamic nature of the
hydrogen bond is thought to offer a self-healing effect to
rejuvenate broken interactions, dissipate mechanical stress and
maintain electrode structure. Importantly, silanol groups (Si−
OH) on the SiOx surface can be readily used to form a
hydrogen bond with polar functional groups, such −OH,
−COOR/−COOH, and −NH2. Although each strategy has
been well used for Si-based materials, it remains challenging to
achieve precise binder systems, i.e., integrating three strategies
into one and simultaneously enhancing electrode performance,
for Si-based anodes with high mass loading.
Generally, the realization of multipronged strategy requires

painstaking procedures, for which a facile route is highly
needed. Integrating the fabrication of polymeric binder with
the preparation of electrode through an in-situ polymerization
route to obtain all-integrated electrodes can simplify electrode
preparation process.18,19 Herein, we introduce a binder system
for all-integrated SiOx anode with high mass loading by
utilizing a three-in-one design strategy. “Hard” poly(furfuryl
alcohol) (PFA) and “soft” thermoplastic polyurethane (TPU)
chains which possess rich polar functional groups have been
integrated into 3D interconnected conformation via in-situ
polymerization. The “hard” refers to high stiffness of stiff
polymers and the “soft” means high elasticity of elasto-
mer.8,20,21 Scheme 1 shows the working mechanism of this
three-pronged collaborative strategy, i.e., 3D network con-
struction, hard/soft effect, and H-bonding interactions, are
simultaneously rolled up. Taking advantage of this binder
system, the SiOx electrode exhibits a high areal capacity of 2.4

mAh cm−2 at high mass loading (>3.0 mg cm−2) after 100
cycles, which is significantly improved in comparison with
cases by using carboxyl methylcellulose (CMC), PFA, and
TPU. In addition to SiOx anodes, the binder system can be
generally applicable for other high mass loading oxide anodes
including Fe2O3 and SnO2.
Hydroxyl methyl group (−CH2−OH) endows FA with

facile acid-catalyzed polymerization (Figure S1a).22,23 Over
reaction time, a transparent yellow liquid (FA) becomes a gel
(polymerization for 30 min, Video S1) and further form stiff
black resin (polymerization for 60 min, Video S2) under the
catalysis of oxalic acid. Fourier-transform infrared spectroscopy
(FTIR) performed to explore the FA polymerization kinetics
(Figure S2). The polymerization results in the decrease in
peaks, especially for the − OH stretching band at 3432 cm−1,
since the −CH2−OH group enables acid-catalyzed polymer-
ization of FA to PFA.24 Molecular weights of time-dependent
PFA were determined by gel permeation chromatography
(Table S1). N-methyl-2-pyrrolidone was used as the agent for
both FA and TPU, the FA monomers can penetrate into the
elastic TPU hydrogel and in-situ polymerize under acid
catalysis, thereby, forming an interpenetrated 3D network.
When served as binder for commercial SiOx particles (Figure
S3), the formed 3D network wraps the SiOx particles and
prohibits the aggregation of particles, thus forming well-
dispersed electrodes. Figure S4 shows the thermogravimetric
curves of the as-prepared PFA-TPU/SiOx electrode. For a
further analysis of morphological characteristics of the PFA-
TPU/SiOx electrode, an easy-to-apply confocal laser scanning
microscope (CLSM) was used to image the microstructure
(Figure 1). The upper and bottom rows display the 3D images
and the intercepted cross-section images, respectively. As
displayed in Figure 1, Rhodamine B-tagged PFA excited with
561 nm and flourescein iso-thiocyanate-stained TPU excited
with 488 nm present red and green, respectively. Distinct
distribution of PFA and TPU in the whole electrode is
reflected in the CLSM images. As expected, PFA and TPU
interpenetrate each other uniformly and continuously, forming
a 3D network to confine the SiOx particles (Figure 1c). The
3D interpenetrated network is also demonstrated by the ortho
view (Figure S5) and visual video (Video S3) of CLSM.
In the PFA-TPU binder system, hard PFA and soft TPU are

interweaved to alter he mechanical properties of the binder
system (Video S4). A stress−strain curve for PFA resin in
Figure 2a (purple line) shows a typical profile of stiff polymer.8

The sharp decrease refers to the tearing of the PFA resin when
the stress is exceeded. The fracture of PFA resin takes place at
the strain of 6.5% after a two-phase increase under the tensile
stress of 1.8 MPa. As an elastomer, soft TPU is easily
deformable under low tensile stress (Figure 2a, black line and
Figure S6). When working as the binder for SiOx anode, the
“hard/soft” effect of this polymer binder system was
demonstrated by nanoindentation test. Typical load-displace-
ment curves of the electrodes are shown in Figure 2b. At the
same indentation depth, the load applied on PFA-TPU/SiOx
electrode is higher than that of the TPU/SiOx electrode and
lower than that of the PFA/SiOx electrode. The hardness
(Figure 2c) and elastic modulus (Figure S7) versus indentation
depth of the samples are compared. The PFA/SiOx electrode
possesses the highest hardness and elastic modulus compared
to other electrodes, while the TPU/SiOx electrode displays the
lowest hardness and modulus. In general, electrodes with a
high elastic modulus are quite brittle and tend to fracture

Scheme 1. Schematic Illustration of the Three-in-One
Design Strategy for Binder in SiOx Anode with High Mass
Loading: (1) Constructing Interpenetrated 3D Network, (2)
Introducing Hard/Soft Effect to Tune Mechanical Property,
and (3) Creating H-Bonding Interactions
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under high stress, while a low elastic modulus represents an
easy deformation under low stress.25,26 After integrating soft
TPU into hard PFA, SiOx electrodes with the composite
binder exhibit mediocre hardness and modulus, suggesting a
trade-off between hard PFA and soft TPU. To investigate
adhesive strength of binders, conventional 180° peeling tests
were carried out (Figure 2d and Figure S8). TPU-based
electrodes exhibit higher adhesion strength (1.76 N) than that
of PFA based electrode (0.83 N). This observation is ascribed
to the fact that PFA possess higher modulus than that of TPU.
The adhesion strength of a material is inversely proportional to
its modulus.27 PFA-TPU/SiOx electrode shows the highest
peeling force (1.83 N) and no big fluctuation in the peeling
curve, indicating strong adhesion with SiOx active material,
super P and the copper base.28

When PFA incorporates with TPU, H-bonding interactions
can be formed between them. Fourier-transform infrared
spectroscopy (FTIR) supports the formation of hydrogen
bonds between PFA and TPU (Figure 3a). Regarding the
combination, the FTIR spectrum of PFA-TPU exhibits the
characteristic peaks of PFA and TPU. Specially, the analysis of

the FTIR spectrum shows a massive shift (12 cm−1) of the N−
H stretching mode of the N−H groups of the TPU (3334
cm−1) in comparison to that of the PFA-TPU (3322 cm−1),
which demonstrates the formation of hydrogen bond between
PFA and TPU.29,30 To understand the interactions between
polymer molecular and SiOx, we optimized the adsorption
configuration by density functional theory (DFT) calculation
(Figure 3b−d). The upper part shows the isolated molecular
structure. Herein, TPU has been divided into two parts: TPU-
m and TPU-n segments. There are a large number of H atoms
surrounding these molecules when O atoms are on the surface
of amorphous SiOx, suggesting potential hydrogen bonding
interactions among them. We found that the H atoms interact
with the O atoms of amorphous SiOx with negative adsorption
energies of −1.12 eV (PFA), −0.93 eV (TPU-m), and −0.23
eV (TPU-n), respectively, demonstrating the spontaneous H-
bonding interactions between PFA-TPU binder and SiOx.
To explore the effectiveness of the PFA-TPU binder on

high-mass-loading SiOx anodes, electrochemical properties of
SiOx electrodes with the PFA-TPU binder were investigated by
assembling Li half-cells. Prior to testing as an anode binder, the

Figure 1. Characterizations of 3D network: CLSM images of PFA-TPU/SiOx electrodes with binders of (a) PFA, (b) TPU, and (c) PFA-
TPU. The upper row is the 3D images, and the bottom row is the cross-section images (length: 200 μm).

Figure 2. Characterizations of hard/soft effect: (a) strain−stress curve of the polymers and (b) load-indentation depth curve, (c) hardness,
and (d) peeling test results of the electrodes.
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electrochemical stability of PFA-TPU was evaluated by CV
(Figure S9). The CV scan of PFA-TPU discloses that this
binder is electrochemically stable, which is indicated by the
featureless profile without noticeable oxidation/reduction
peaks. Figure 4a presents the cycling performances of SiOx
electrodes with different binders. The PFA-TPU/SiOx
electrode shows the best cycling performance compared with
the electrodes using CMC, TPU, and PFA binders, and it
maintains an areal capacity of 2.4 mAh cm−2 after 100 cycles.

The optimized ratio of hard PFA and soft TPU is 3:1 (Figure
S10). The superior cycling performance of the PFA-TPU/SiOx
electrodes are related to the 3D binder network interacting
with the SiOx active materials and improved mechanical
properties tuned by hard/soft polymer systems. This stable
performance is also confirmed by CV curves of the PFA-TPU/
SiOx electrode (Figure S11). Figure 4b displays the first
discharging/charging profiles of SiOx with various binders. The
first discharging/charging capacities of the PFA-TPU/SiOx

Figure 3. Characterizations of H-bonding interactions: (a) FIIR spectra of PFA, PFA-TPU, and TPU. Adsorption configuration for (b) PFA,
(c) TPU-m, and (d) TPU-n over the amorphous SiOx surface. White, brown, red, dark blue, and light blue spheres represent H, C, O, Si, and
N atoms, respectively.

Figure 4. Electrochemical performance of SiOx electrode with PFA-TPU binders under high mass loading (>3.0 mg cm−2). (a) Cycling
performance at 100 mA g−1. (b) First charge−discharge curves. (c) Coulombic efficiencies from 2 to 20 cycles. (d) EIS measurements. (e)
Cycling performance of the PFA-TPU/SiOx electrode at different mass loadings at 100 mA g−1.
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electrode are 2120.7/1222.2 mAh g−1, indicating an initial
Coulombic efficiency (ICE) of 57.6%. The ICE of PFA-TPU/
SiOx electrode is higher than those of the CMC/SiOx (53.8%)
and TPU/SiOx electrodes (25.1%). Although ICE of the PFA-
TPU/SiOx electrode is relatively lower than that of the PFA/
SiOx electrode (63.5%) for the first cycle, its Coulombic
efficiency increased rapidly and reached a higher Coulombic
efficiency than that of the PFA/SiOx electrode at the fifth cycle,
verifying its superior interface stability in subsequent cycles
(Figure 4c). Noting that ICE of PFA-TPU/SiOx electrode is
not high and low ICE is also the intrinsic shortcoming of SiOx-
based anode materials. High ICE of the PFA-TPU/SiOx

electrode can be obtained via prelithiation,31 and the
prelithiation is our ongoing work. Here we focus on
constructing a binder system for SiOx anodes with high mass
loading, which has rarely been reported before.

Interfacial properties of the PFA-TPU/SiOx electrode were
studied by electrochemical impedance spectroscopy (EIS)
measurements (Figure 4d and Figure S12). As presented in a
Nyquist plot, there are two depressed semicircles in high-
medium-frequency region, corresponding to resistances of the
solid-electrolyte interphase (RSEI) and charge transfer
(Rct).

32,33 PFA-TPU/SiOx electrode shows a small semicircle,
which is close to that of the PFA/SiOx electrode. This trifling
increase of the resistances is caused by introducing the TPU
polymer since the TPU leads to a high resistance (Figure S12,
black line). Here, it should be mentioned that the PFA-TPU/
SiOx electrode shows a slightly inferior performance on ICE
and EIS tests in comparison to those of the PFA/SiOx

electrode, but the PFA-TPU/SiOx electrodes still present
substantially superior cycling performance, which prove the
effectiveness of our binder design strategy for the SiOx

electrodes. Areal capacities of PFA-TPU/SiOx electrodes

Figure 5. Electrode morphology change. Top-view SEM images of PFA-TPU/SiOx electrode (a) before cycle and (b and c) after 50 cycles at
various magnification. Cross-section SEM images of PFA-TPU/SiOx electrode (d) before cycling, (e) after 1st lithiation, and (f) after 1st
delithiation. The scale bar is 10 μm.

Figure 6. Stability of the SEI layers in PFA/SiOx and PFA-TPU/SiOx electrodes. XPS spectra of C, O, and F 1s peaks on the surface of SiOx
anode with (a)−(c) PFA and (d)−(f) PFA-TPU binders before cycle and after 30 cycles. The top and bottom traces in each panel
correspond to the SiOx anode before and after 30 cycles, respectively.
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with various active materials mass loadings are disclosed in
Figure 4e. The PFA-TPU/SiOx electrodes retain decent areal
capacity about 1.5 mA h cm−2 under the mass loading of 4.9
mg cm−2 after 70 cycles.
To further comprehend remarkably enhanced electro-

chemical performance of SiOx anodes using the PFA-TPU
binder, the morphology and structure of the PFA-TPU/SiOx
electrode before and after cycling were studied. As illustrated
in Figure 5a−c, the surface morphology of the PFA-TPU/SiOx
electrode before and after cycling is similar. No apparent cracks
or pulverized particles on the electrodes are observed,
suggesting that the PFA-TPU binder has satisfied mechanical
capability to accommodate the stress induced by volume
changes in SiOx particles during lithiation−delithiation. Panels
d−f of Figure 5 show cross-section scanning electron
microscopy (SEM) images of PFA-TPU/SiOx electrode before
cycling, at the end of first lithiation, and at the end of first
delithiation, respectively. The thickness of the fully lithiated
electrode after first discharge expands to 60.3 μm from its
origin state (47.3 μm), which shows a ∼27.5% volume change.
Upon charging, the thickness of the lithiated electrode
decreases to 50.7 μm, presenting a volume variation of 7.2%.
Transmission electron microscopy (TEM) images also confirm
the robust mechanical capability of the binder system, in which
SiOx particles are confined in the binder matrix without losing
contact both before and after cycling (Figure S13).
Ideal binder should contribute to construct a stable solid-

electrolyte interphase (SEI) on the surface of the SiOx anode
materials. Electrode surfaces are wrapped with binders at the
pristine state, while covered with SEI layers after cycling. X-ray
photoelectron spectroscopy (XPS) was carried out to under-
stand the effect of binders on the formation of the SEI layer.
Obviously, Li 1s and F 1s peaks, which originate from the
formed SEI layer, are observed for the cycled electrodes in the
XPS survey scan (Figures S14). Figure 6 shows the high-
resolution spectra of the C 1s, O 1s, and F 1s. Characteristic
peaks of CC (284.3 eV), CH (285.1 eV), CO (286.2
eV), and carboxylate (289 eV) are observed (Figure 6a,d).34

Importantly, an additional peak at 290.1 eV occurs in the
cycled electrodes, which is attributed to the formed SEI layer
components such as semicarbonate (ROCO2Li) and carbonate
(Li2CO3).

35 Comparison of C 1s spectra of cycled PFA-TPU/
SiOx electrodes with that of cycled PFA/SiOx electrodes shows
that the intensity of the peak corresponding to the SEI layer
components is reduced in the cycled PFA-TPU/SiOx electro-
des. This proves that the cycled PFA-TPU/SiOx electrode has
a thinner SEI layer, which is because the PFA-TPU binder is
well coated onto SiOx particles surface and consequently,

parasitic reactions at the SiOx/electrolyte interface are
inhibited. This result is also verified by O 1s spectra (Figure
6b,e). In O 1s spectra of initial electrodes, PFA/SiOx
electrodes exhibit only one peak evolution at 533.4 eV,
which is assigned to the CO bond just because PFA simply
provides CO bonds. In addition to the CO bond, the C
O bond at 531.8 eV, which originates from TPU, appears in
the PFA-TPU/SiOx electrodes. The CO bond is weak
because the content of TPU in the binder system is low. After
30 cycles, the spectra of both electrodes show a significant
difference due to the formation of SEI layer. Typical SEI
species of ROCO2Li (531.6 eV) and Li2CO3 (532.4 eV) are
detected. The relative ratio of the Li2CO3 peak intensity in the
cycled PFA-TPU/SiOx electrode is smaller than that of the
cycled PFA/SiOx electrode, which is consistent with the
observation from C 1s above. For F 1s spectra, there are no F-
containing species in both the initial PFA-TPU/SiOx electrode
and the PFA/SiOx electrode (Figure 6c,f). After 30 cycles, the
electrodes contain a peak at 685.2 eV from LiF and a peak at
687.5 eV from LixPFyOz. Importantly, the LiF peak intensity is
strong for the cycled PFA-TPU/SiOx electrode. LiF, as an
effective passivation layer, is known to have a low Li ion
diffusion barrier. Thus, the higher-LiF-containing SEI layers in
the PFA-TPU/SiOx electrode could be more ionically
conductive and allow a stabilized electrode.
In order to reveal the universality of this binder system in

enhancing electrochemical performance of metal oxide anode
materials, commercial Fe2O3 (Figure S15) and SnO2 (Figure
S16) powders, which have high specific capacities and large
volume expansions, are examined following the same test
parameters with SiOx. Figure 7a shows the cycling performance
of the PFA-TPU/Fe2O3 electrode with a high mass loading
(3.0 mg cm−2) after activation treatment. It exhibits stable
cycling for 100 cycles with a steady CE per cycle. The areal
capacity of the PFA-TPU/Fe2O3 anode achieves 2.4 mAh cm−2

after 100 cycles. In addition, this PFA-TPU composite binder
system also effectively stabilizes the electrochemical cycling of
SnO2 anodes. As displayed in Figure 7b, the PFA-TPU/SnO2
electrode with a SnO2 mass loading of 3.4 mg cm−2 can charge
and discharge well and delivers a high areal capacity of 1.7
mAh cm−2 after 100 cycles. In this study, active materials
loadings of the metal oxide anodes are ultrahigh. The capacities
of metal oxides anodes are more susceptible to fade with their
mass loading increases since reduced Li-ion diffusion and more
complicated reactions occurred on the electrodes. Encourag-
ingly, high areal capacity is maintained under high mass
loading by using our binder, suggesting potential application of
our PFA-TPU binder in LIBs.

Figure 7. Electrochemical performances of metal oxide anodes with high mass loading after activation treatment. (a) Cycle retention of the
PFA-TPU/Fe2O3 electrode with Fe2O3 loading of 3.0 mg cm−2 at 200 mA g−1. (b) Cycle retention of the PFA-TPU/SnO2 electrode with
SnO2 loading of 3.4 mg cm−2 at 100 mA g−1.
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In conclusion, this work uncovers an efficient strategy with
regard to advanced binder design for SiOx anode with high
mass loading. With the use of the designed PFA-TPU binder,
the SiOx electrode shows a strong capability to preserve the
electrode stability; thus, a high areal capacity of 2.4 mAh cm−2

at a high mass loading is achieved. The following reasons could
contribute to this stable electrochemical performance: (1) 3D
interpenetrated network formed via in-situ polymerization
provides high adhesion to build a robust electrode; (2) two
chains interlinked by a hydrogen bond are synergistic to
accommodate the volume change of SiOx, in which hard PFA
acts as the skeleton and soft TPU serves as the filler; (3) strong
interaction and dynamical stretchability of hydrogen bonding
between PFA-TPU and SiOx exhibit a self-healing effect to
restore broken interactions and buffer mechanical stress. Such
a binder system is also effective for other metal oxide anodes
with high mass loadings, e.g., Fe2O3 and SnO2. This work
offers a promising strategy to design effective binders for
anodes with a high mass loading and opens up new avenues for
practical realization of metal oxide-based LIBs.
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