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Abstract

Polymeric binders play an important role in maintaining the integrity of electrodes and improving the electrochemical perfor-
mance of batteries. Unlike binders soluble in organic solvents, water-soluble binders are environmentally friendly and easy
to recycle. In this work, a comparative study on the effects of water-soluble cyclodextrin and organic-based PVDF binders
on the Li* intercalation/deintercalation of lithium-ion batteries with Li,ZnTi;Og anode is conducted for the first time. Com-
pared to a-cyclodextrin, y-cyclodextrin, and PVDF, LZTO with p-cyclodextrin binder exhibits larger Li* storage capacity,
better cycle stability, rate capability, and higher Coulombic efficiency, possessing a high electrical conductivity, low charge
transfer resistance, and fast lithium-ion diffusion coefficient. f-Cyclodextrin water-soluble binder not only makes the active
material difficult to separate from the current collector and facilitates favorable electrochemical kinetics but also maintains
good cycle stability at high temperatures. Utilizing these advantageous features, f-Cyclodextrin-based LZTO electrode shows
markedly improved reversible Li* storage performance compared to those of other binder cases.
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Introduction

High-performance energy storage devices play a significant
role in portable electronic devices, wearable devices, and
precision instruments. Up to now, a variety of innovative
electrochemical energy storage devices have been continu-
ously developed. Among these different devices, recharge-
able lithium-ion batteries (LIBs) have the exceptional elec-
trochemical performance to make them receive particular
attention [1-3]. Currently, the electrode of conventional
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LIBs is composed of active material, polymer binder, and
conductive carbon. In recent decades, active materials with
different crystal structures have been used in LIBs, such as
LiCo0,, Li;V,(PO,),, LiFePO,, LiNi, sMn, 5s0,, Li,TisOs,,
and graphite [4-9]. Although active materials directly deter-
mine the energy and power density of the LIBs, the inactive
polymer binders also play a critical role in facilitating elec-
tron transport and ion diffusion, holding the integrity of the
physical structure of electrode and maintaining the stable
long cycling performance for cells [10—13]. Therefore, a bat-
tery with superior electrochemical performance must rely on
high-performance binder.

As for commercial LIBs, polyvinylidene fluoride (PVDF)
is usually selected as the binder for the active material in
electrodes, which has the good binding capability, thermal
stability, and the ability to adsorb organic electrolyte [14,
15]. However, PVDF has obvious shortcomings in physi-
cal properties and chemical reactions: (1) need non-envi-
ronmentally friendly solvent. PVDF is required to dissolved
in N-Methyl Pyrrolidone (NMP), and NMP is volatile and
toxic; (2) prone to chemical reactions and produce by-
products. PVDF can react with lithium metal and Li,C4 to
form LiF and -(-C =C-F)- on the electrode surface via an
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exothermic reaction, which causes thermal runaway [16];
(3) PVDF is easy to swell and has low flexibility, which
causes active particles to fall off from the current collector
during long cycles [17]; (4) PVDF is costly and cannot be
recycled effectively [18]. To avoid these obvious shortcom-
ings, water-soluble binders become a good substitute among
different binder systems.

Compared with traditional PVDF binder, water-based
binders have unique advantages [19], including the following
points: (1) the mixing and stirring time with active materi-
als and conductive carbon is reduced by 50%; (2) it is not
easy to decompose at low temperatures (< 300 °C); (3) it has
good freeze—thaw resistance and excellent grinding stability;
and (4) it can be easily disposed at the end of battery life and
environmentally friendly. So far, a variety of water-based
binders have been discovered and used in lithium-ion batter-
ies and Li-S batteries [20]. CMC is a water-soluble material,
and CMC-based binders have been used in various electrode
active materials, such as graphite, SnO,, Li,TisO,, and
LiFePO, [21-23], and the electrochemical performance has
been significantly improved. Li et al. chose sodium carboxy-
methyl cellulose (CMC-Na) as the water-soluble binder for
lithium-ion batteries with good electrochemical performance
[24]. Furthermore, aqueous polymer binders such as CMC/
SBR, PAA, SA, and LA-132 [25-28] were also used as bind-
ers for sulfur in Li-S batteries. These binders can use poly-
mer functional groups to form covalent bonds with sulfur
particles to obtain stable electrodes and improve charge and
discharge performance. Besides, carboxymethyl cellulose
lithium [29], gelatin [30], carboxymethyl fenugreek gum
[31], poly(acrylic acid) [32], poly(methacrylic acid) [33],
poly(vinyl acid) [34], chitosan and chitosan oligosaccharide
[35], alginate [36], polymide [37], G4CMP [38], and sodium
alginate [39] have been selected as binders, which are appar-
ently improve rate properties and long cycling performance.

In order to solve the structural instability of Si anode in
lithium-ion batteries during multiple cycles, binders with
different structures and functions have been designed.
Hu et al. constructed a binder system with a double net-
work structure to maintain the Si electrode structure and
improve electrochemical performance by dispersing and
releasing unfavorable stress [40]. Jiao et al. designed a
double-wrapped binder with polyacrylic acid (PAA) inside
and bifunctional polyurethane (BFPU) outside to address
the large inner stress of silicon anode with drastic volume
changes during cycling, achieving a long cycling life [41].
Hu and coworkers reported a gradient hydrogen-bonding
binder, which effectively release the large stress of silicon
via the sequential bonding cleavage [42].

Cyclodextrin (abbreviated as CD) is a general term for
cyclic oligosaccharides produced by amylose under the
action of enzymes and contains 6—12 D-glucopyranose
units. Among them, molecules with 6, 7, and 8 glucose
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units are of great practical significance, which is called
a-cyclodextrin, B-cyclodextrin, and y-cyclodextrin,
respectively. Herein, we introduced for the first time cyclo-
dextrin polymer as a new Li,ZnTi;O4 anode water-based
binder. Compared with traditional binders, there are abun-
dant alcoholic hydroxyl groups on the outer surface of the
cavity. These alcoholic hydroxyl groups can make it not
only easily soluble in water, but also can be effectively
combined with active particles through noncovalent inter-
actions, thereby improving electrochemical performance
[11]. Also, cyclodextrin has good wettability to the elec-
trolyte and can reduce the interface resistance, thereby
improving the high rates of charge—discharge performance
of lithium-ion batteries.

Here is a brief introduction to Li,ZnTi;Ogz anode mate-
rial: cubic spinel belongs to titanium-based materials,
and the available capacity is higher than commercialized
Li,TisO,. The three-dimensional network formed by
Li-O and Ti-O is propitious to the Li* reversible interca-
lation/deintercalation. Moreover, the operating potential
of Li,ZnTi;Oy is around 0.6 V, which can avoid dendritic
lithium growing. Based on the above advantages, it is
regarded as promising anode candidate material in LIBs.

Herein, we studied systemically that the effects of the
binders a-cyclodextrin, f-cyclodextrin, and y-cyclodextrin
on electrochemical performance include long cycling sta-
bility, rate capability, and megathermal performance of
Li,ZnTi;Og4 (the specific molecular structures of binders
are presented in Fig. 1). Furthermore, the impacts of the
binders in the high temperature cycle performance were
discussed. For comparison, the cycling performance under
different test conditions of Li,ZnTi;O¢ with PVDF binder
and NMP solvent has also been investigated.

Experimental
Synthesis of Li,ZnTi;0; active materials

Here, all the raw materials in preparation procedure were
used directly without further purification. Li,ZnTi;Oq elec-
trode active material was synthesized through the solid-
state calcination process at high temperature. A typical
procedure is as following. 1.3658 g of TiO,, 1.2512 g of
Zn(CH;C00),-2H,0, 0.4212 g of Li,CO;, and 25 mL of
anhydrous ethanol were mixed and ball-milled in planetary
ball mill at 25 °C for 4 h. The white mixture was obtained
via evaporation at 80 °C for 12 h in electric drying oven.
Finally, Li,ZnTi;Oq active material was prepared by grind-
ing white dry powder and followed by sintering at 800 °C
for 5 h in muffle furnace under air atmosphere.
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Fig.1 a Structural formulas and graphical representations of
a-cyclodextrin, p-cyclodextrin, and y-cyclodextrin binders used in
this study. b Schematic illustration of Li,ZnTi;O4 and binder con-

Materials characterizations

X-ray diffraction (Rigaku D/max 2550, Cu Ka radiation)
and Fourier transform infrared spectrometer (Vertex70,
BRUKER OPTICS, 4000-400 cm ™' region) were conducted
on the as-prepared Li,ZnTi;04 and binders to confirm their
structure. Brunauer-Emmett—Teller surface areas and pore
size distribution (Barrett-Joyner-Halenda model) were tested
by BELSORP-mini (Microtrac BEL, analysis adsorptive:
N,). Field mission scanning electron microscopy (Philips
Quanta 200) and high-resolution transmission electron
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figurations for Li,ZnTi;Og-cyclodextrin and Li,ZnTi;Og-PVDF. The
phenomenon of cyclodextrin dissolved in ultrapure water after con-
cussion

microscopy (JEOL JEM-2100F) were used for micromor-
phology determination. X-ray photoelectron spectroscopy
(XPS, ESCALAB Xi*, Thermo Fisher Scientific) was used
for molecular structure and atomic valence of samples.

Electrochemical measurements
The electrochemical properties of Li,ZnTi;O4 with dif-
ferent binders were evaluated using CR2032 coin cells

assembled in a high purity argon filled glove box, with
H,0 and O, concentration being controlled to be lower
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1 ppm. The Li,ZnTi;Oy electrodes is composed of 80 wt%
active materials, 10 wt% acetylene black, and 10 wt%
binder (a-cyclodextrin, p-cyclodextrin, and y-cyclodextrin)
and evenly mixed in an agate mortar. After that, a certain
amount of ultrapure water was added into the mixed pow-
ders and continued to stir for 20 min. The resultant slurries
were coated on Cu foil and dried at 120 °C for 12 h under
vacuum. The CR2032 coin half cells consist of four parts,
which are Li,ZnTi;04 cathode, Li foil anode, microporous
polypropylene (Celgard 2300) membrane, and organic elec-
trolyte containing 1.0 M LiPF, in EC/DMC =50/50 (v/v).
As a comparison, the water-soluble cyclodextrin binders
replaced by polyvinylidene difluoride (PVDF) dissolved in
N-methyl pyrrolidone (NMP). Moreover, the loading of the
active materials is 1.0~ 1.2 mg for each tested coin cells.

Electrochemistry cycling tests were performed between
0.05 and 3.0 V using Neware Battery Charge and Discharge
Test System at different current densities. Electrochemical
impedance spectroscopy (EIS) tests were carried out on a
CHI660C electrochemical workstation.

Results and discussion

The structural formulas of a-cyclodextrin, f-cyclodextrin,
and y-cyclodextrin are displayed in Fig. 1a. a-Cyclodextrin,
B-cyclodextrin, and y-cyclodextrin binders are composed of
molecules of 6, 7, and 8 glucose molecules, respectively,
and has a cone-shaped hollow cylindrical three-dimensional
ring structure. In the hollow structure, the outer side is com-
posed of secondary hydroxyl groups and primary hydroxyl
groups, which is hydrophilic, while the cavity is formed
with hydrophobic regions due to the shielding effect of C-H
bonds. The formation processes of both LZTO with PVDF
binder and LZTO with cyclodextrin are shown in Fig. 1b.
First of all, solid cyclodextrin was added to ultrapure water
to form a transparent and uniform solution. Because the
y-cyclodextrin molecule has a large cavity pore, it is easy to
contact with other molecules to affect solubility. Besides, it
can be seen from the y-cyclodextrin that some y-cyclodextrin
solids still exist after vigorous stirring. In the second step,
LZTO is mixed with PVDF, a-cyclodextrin, $-cyclodextrin,
and y-cyclodextrin binders. The one-dimensional linear
structure of cyclodextrin can be in better contact with the
active material particles, while the cavity structure leaves
interval between the particles, allowing electrolyte to fully
penetrate into particles surface. In contrast, PVDF is in a
linear structure contact with LZTO active materials and has
poor adhesion.

As shown in Fig. 2a, the crystal structure of pristine
Li,ZnTi;Oq is illustrated. All the main diffraction peaks can
be indexed to the cubic spinel Li,ZnTi;Oq structure (JCPDS
no. 44-1037) with a space group [P4,32], and no extra
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diffraction peaks (e.g. TiO,, ZnO, and Li,0) are detected
according to the XRD results [43]. N, adsorption/desorp-
tion characterization based on Brunauer—Emmett—Teller and
Barrett-Joyner-Halenda were used for analyzing specific sur-
face area and pore size distribution of pristine Li,ZnTi;0q
nanoparticles. The specific surface area of Li,ZnTi;Oy is
3.0314 m? g~! (Fig. 2b), and the average diameter of pores
is 8.94 nm (Fig. 2c). Based on the result of SEM (Fig. 2d),
Li,ZnTi;Oq4 has a relatively obvious agglomeration phe-
nomenon after high temperature calcination, resulting in a
lower specific surface area. Furthermore, the stacked pores
between Li,ZnTi;Oy particles are clearly visible, which is
beneficial to the penetration of electrolyte and the transmis-
sion of lithium ions. As shown in TEM image (Fig. 2e), the
Li,ZnTi;O4 powder consists of irregular particles with diam-
eters of 80—150 nm. In the high-resolution HRTEM image
(Fig. 2f), the lattice spacing of 0.481 nm can be observed
clearly, corresponding to the (111) plane of the cubic spinel
structure of Li,ZnTi;Oq as indicated in XRD pattern.

The SEM images in Fig. 3a—d reveal the microscopic
morphology of various binders. The microscopic mor-
phology of a-cyclodextrin (a), p-cyclodextrin (b), and
y-cyclodextrin (c) is quite different from PVDF, showing
irregular blocky solids and large diameter. In contrast, the
microscopic morphology of PVDF is formed by the aggre-
gation of smaller particles. Figure 3e—h shows the morphol-
ogy of LZTO electrode pole piece with a-cyclodextrin (e),
B-cyclodextrin (f), y-cyclodextrin (g), and PVDF (h) binders.
It can be clearly seen that the cyclodextrin binders are uni-
formly mixed with LZTO particles, and there are more pores
between the particles, which facilitates the rapid migration
of lithium ions and the penetration of electrolyte. Differ-
ent from the cyclodextrin binder, the surface of the LZTO
pole piece based on PVDF binder forms a relatively compact
structure, which is detrimental to the function of lithium ion
and electrolyte.

The potential versus capacity profiles in the first cycle
for LZTO with p-cyclodextrin binder and PVDF binder are
presented in Fig. 4a—c and g—i. Obviously, the contour of
charge and discharge curves of LZTO with pB-cyclodextrin
binder and PVDF binder is basically the same, indicating
that the binder has no influence on the electrochemical
reaction process. For both electrodes, the discharge and
charge capacities gradually decreased with increase in
the galvanostatic discharge—charge current densities. The
LZTO with p-cyclodextrin binder exhibited obviously
better discharge/charge capacities than that of the PVDF
binderat 0.1 A g~', 1.0 A g7, and 3.0 A g7, respectively,
which can be attributed to the unique physical character-
istics. Moreover, the voltage plateau differences between
charge voltage and discharge voltage of B-cyclodextrin-
based LZTO electrode are 0.81 V, 1.03 V, and 1.27 V at
0.1 Ag7',1.0A g7, and 3.0 A g7}, respectively, while
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Fig.3 SEM images (top

view) of a-cyclodextrin,
B-cyclodextrin, y-cyclodextrin,
and PVDF binders, respec-
tively (a—d); SEM images

(top view) of LZTO elec-
trode pole piece surface

using different binders: e
a-cyclodextrin, f f-cyclodextrin,
g y-cyclodextrin, and h PVDF
binders

of PVDF-based LZTO electrode are 0.81 V, 1.07 V, and
148 Vat0.1 Ag™',1.0A g7, and 3.0 A g7!, respectively.
It is obvious that p-cyclodextrin-based LZTO electrode
has smaller polarization compared with PVDF-based
LZTO electrode, demonstrating better kinetic process and
desirable electrochemical reversibility [44]. Figure 4d—f
and j-1 display the corresponding differential capaci-
ties vs. voltage plots of LZTO with pB-cyclodextrin and
PVDF binders. It can be seen intuitively from the curve
outline in the figure that one couple of dQ/dV peak higher
1.0 V (vs. Li/Li%), corresponding to Li* intercalation and
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delithiation. Besides, one more peak below 0.8 V (vs.
Li/Li*) can be attributed to multiple restoration of Ti**
[45, 46]. Furthermore, based on the redox peak voltage
difference, the LZTO with p-cyclodextrin binder elec-
trode has a smaller voltage difference, and the result is
consistent with the charge and discharge curves, which
improve the charge-transfer kinetics. Fig. S1 shows the
charge—discharge profiles and corresponding dQ/dV pro-
files of LZTO with a-cyclodextrin (a) and y-cyclodextrin
(b). Through detailed comparison, the polarization of
LZTO with a-cyclodextrin and y-cyclodextrin is smaller
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than and close to LZTO with PVDF, further indicating that
the binder structure has a direct impact on electrochemical
performance.

The cycling performances of LZTO electrode with
four different binders (a-cyclodextrin, p-cyclodextrin,
y-cyclodextrin, and PVDF) were investigated by a series
of galvanostatic discharge—charge process at room tem-
perature. As displayed in Fig. 5a, the LZTO electrode with
B-cyclodextrin binder shows an initial discharge capac-
ity of 270.9 mAh g~!, which is higher than that using
a-cyclodextrin (220.9 mAh g™!), y-cyclodextrin (225.5
mAh g=!), and PVDF (203.3 mAh g~!) binders at current
density of 0.1 A g~!. Upon cycling, the LZTO electrode
with B-cyclodextrin binder still exhibits a higher discharge
capacity of 212.9 mAh g~! than that of the a-cyclodextrin

350

(190.1 mAh g"), y-cyclodextrin (188.9 mAh g=!), and
PVDF (175.3 mAh g~!) binders after 100 galvanostatic dis-
charge—charge cycles at current density of 0.1 A g~!. Even
at high current densities, excellent discharge capacity and
long cycling stability are also achieved for LZTO electrode
with p-cyclodextrin binder (Fig. Sb—e). The 500th discharge
capacities of the LZTO electrode with f-cyclodextrin binder
are about 169.1 mAh g~!, 166.5 mAh g~!, 140.2 mAh g™/,
and 90.9 mAh g~! at current densities of 1.0 A g~!, 2.0
Ag',40A g™! and 5.0 A g7}, respectively, much bet-
ter than the LZTO electrode with a-cyclodextrin (133.3
mAh g!, 124.9 mAh g=!, 97.8 mAh g~!, and 81.6 mAh
g7, y-cyclodextrin (139.6 mAh g=!, 118.1 mAh g !,
110.8 mAh ¢!, and 78.2 mAh g~!), and PVDF (108.1
mAh g™!, 729 mAh g7!, 49.4 mAh g~!, and 38.5 mAh g7!)

300 300
. -1 -
00 L (€)) Current density: 0.1 A g (b) Current density: 1.0 A g (O] Current density: 2.0 A g’
_‘w T 250 Tap 250 -
= N 2z ped
‘é 250 1 é <
= Z 200 E 200 |
£ z z f
B T Ry g
= p
£l 2150 |- =
o 5 ]
@
= &% &
£ S 100] ]
g o O LZTOw E O LZTO- z
a A LZTOB a A LZTO$ a
501 O LZTO« o | O LzToy
v _LZTO v LZTO
0 . . . I 0 " ) ) ) 0 n . . 1
0 20 40 0 80 100 0 100 200 300 400 500 0 100 200 300 400 500
Cycle number Cycle number Cycle number
300 300 350
. -1
@ Current density: 4.0 A g (e Current density: 5.0 A g” ®
_o2s0 - a0 - 300 -
‘oo oo A 1 g
= = 2 o 01Ag 01Ag
g 200 g 20| 0 LZTO« E LVM“MM 10Ag" 20 As" PO
z = g ]]:§$gﬁ %‘ 200 | 000000 s g 30A g i
£ £ y g O 00000d LN 50 A g
g g 150 v LZTO S [ R 000000000 oo
] g o 150 VWWWCC LA
< o =) < O T 00000000
g £ 0 k! Voo’
- = S 100 -
E] O S é 0o LZTO-a RN
2 A . A LZTO-B
50 30 50| o LZTO-y
O LZTOy o L1710 v
LZTO
0 A L L L 0 L L L L 0 L L L L L L
0 100 200 300 400 500 0 100 200 300 400 500 0 10 20 30 40 50 60
Cycle number Cycle number Cycle number
00 ¢ 300 600
DL T DIOEELICITIOI 100 L O D e OO EEE TR IALIES) 100 .
@ cre —o—LZTO
- 20 . 1 \\. - 250 . . 0 \ 500 |- LZTO-p
©0 Charge current density: 1000 mA g Lo o = Charge current density: 500 mA g 50 s
= . . | S o= . . B < Rs
< Discharge current density: 3000 mA g’ = < Discharge current density: 2000 mA g ! ~
£ 200 - 5 B 200 b = 40l Re W [
S I o - £ 3 « > S £ = /
£ - _ H60 & = — 460 2 E )
£ « 2% ] 2 S /
g 150+ (« £ g0 £ S350 °
g / S5 S 4
P Ju0 2 g Jo 2N d
5 100 - E 5 100 £ 200 |- [
= 2 = 2 4
2 El] H s
a 420 a 420 -0-0-9-0-,
01 | O Charge capacity (g) © S0 | O Charge capacity © 100 Lo e %00, %
Discharge capacity Discharge capacity (h) /f
0 L L L L 0 0 L L L L 0 | | I I I
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 200 500 600

Cycle number

Fig.5 Electrochemical performances of the obtained LZTO,
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g, 20A g7, 40 A g7!, and 5.0 A g7, respectively. f Rate per-
formances tested at various current densities ranging from 0.1, 1.0,
2.0, 3.0, and 5.0, back to 0.1 A g”'. g, h Cycling performances of
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LZTO electrode with p-cyclodextrin binder tested at different
rates: charged at 1000 mA g~ and discharged at 3000 mA g~' and
charged at 500 mA g~! and discharged at 2000 mA g~!. f Electro-
chemical impedance spectroscopy profiles of LZTO electrode with
B-cyclodextrin and PVDF binders
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binders, respectively. Moreover, the LZTO electrode with
p-cyclodextrin binder does not show significant fluctuations
during multiple discharge and charge cycles and has good
cycling stability.

To identify the robustness of a-cyclodextrin,
B-cyclodextrin, y-cyclodextrin, and PVDF binders, rate
performance of LZTO with various binders was measured
at different current densities ranging from 0.1 to 5.0 A g~
As displayed in Fig. 5f, the LZTO with p-cyclodextrin
binder among four samples possessed superior rate capabil-
ity. Highly reversible discharge capacities of 270.8, 212.9,
195.4, 185.5, and 164.6 mAh g_1 were obtained at 0.1, 1.0,
2.0,3.0, and 5.0 A g™}, respectively, much higher than that
of LZTO electrode with a-cyclodextrin, y-cyclodextrin, and
PVDF binders. Furthermore, the specific discharge capacity
of LZTO-B electrode can quickly increase to 193.4 mAh g~!
when current density was returned to 0.1 A g~!, which mani-
fests good lithium intercalation and deintercalation revers-
ibility. Therefore, the LZTO electrode with f-cyclodextrin
binder displayed ultrafast lithium storage and outstanding
long-term cycling stability at high current density, which
showed great potential for ultrafast lithium-ion battery.

Such tremendous electrochemical performance improve-
ment can be reasonably ascribed to the following functional
group and interrelationship between compounds advan-
tages: (1) the presence of hydroxyl groups on the surface
of the external cavity in cyclodextrin, which can form
hydrogen bonds with other functional groups, are benefi-
cial to the good adhesion of LZTO electrode material with
Cu current collector, improving cycling stability at high
discharge—charge current densities [19, 47]; (2) the one-
dimensional structure of cyclodextrin can effectively form
a unique network structure between active particles; and (3)
appropriate diameter of the cyclodextrin cavity is conducive
to the formation of non-contact spaces between active par-
ticles, which promotes the infiltration of organic electrolyte
molecule and provide the rapid lithium-ion transmission and
diffusion channels.

In order to enable energy storage devices to be safely
used under various conditions, it is necessary to withstand
fast charge or fast discharge as an electrode active material.
The results of the discharge capacities and the Coulombic
efficiencies for the LZTO electrode with p-cyclodextrin
binder within the voltage range of 0.05-3.0 V (versus Li/
Li%) after first cycle are shown in Fig. 5g, h. The second and
the 500th discharge and charge capacities of p-cyclodextrin-
based LZTO electrode are 174.2 mAh g~! and 173.8 mAh
g~! and 144.6 mAh g~! and 144.5 mAh g~!, with 99.8% and
99.9% Coulombic efficiencies, respectively, at 1000 mA g~!
charge and 3000 mA g~! discharge (Fig. 5g). Besides, at
500 mA g~! charge and 2000 mA g~! discharge, the LZTO
electrode with p-cyclodextrin binder exhibits an reversible
capacity of 192.3 mAh g~! and still gives a high reversible

capacity of 154.9 mAh g~! after 500 discharge—charge
cycles (Fig. 5h). Furthermore, p-cyclodextrin-based
electrode display better cycling stability and the capac-
ity fading is only 0.06 mAh g=! and 0.07 mAh g~! per
cycle within 500 cycles at discharge current densities of
3000 mA g~! and 2000 mA g~!. All results are shown that
B-cyclodextrin-based LZTO electrode has good electro-
chemical performance.

To further comprehend the enhanced rates and cycling
performance of the B-cyclodextrin-based LZTO electrode,
we investigated the impedance of the LZTO half cells with
p-cyclodextrin binder and PVDF binder via electrochemi-
cal impedance spectra measurement (EIS) measurements
before cycling (Fig. 51). The Nyquist plots of both elec-
trodes consist of three components, electrolyte resistance
(Ry), charge-transfer resistance (R,) in the high frequency
region, and Warburg diffusional impedance (Z,,) at low fre-
quency. The R and R, of the half-cell with B-cyclodextrin
binder (7.6 Q and 261.9 Q) are lower than that of the half-
cell with PVDF binder (7.8 Q and 382.6 Q). After 200 dis-
charge—charge cycles at 1.0 A g™/, the R, and R, of the two
binders increase correspondingly, but the f-cyclodextrin is
still less than PVDF binder (Fig. S2). Those electrochemical
impedance spectroscopy (EIS) results are again suggestive
that B-cyclodextrin binder can adhere LZTO particles onto
the current collector and increase transmission channels of
electrons, thus reducing polarization [48].

The comparison of the present work with other reported
LZTO electrodes with PVDF binder for lithium-ion batteries
with long cycling test at various current densities is sum-
marized in Table S1, demonstrating the advantages of such
a water-soluble binder among the reported results.

Considering the possible changes in the molecular struc-
ture of water-soluble binder, FT-IR analysis was conducted
on the p-cyclodextrin electrodes before and after cycle tests
to identify the change of main functional groups. As shown
in Fig. S2, the pristine pf-cyclodextrin spectrum shows the
characteristic absorption bands at 3378 cm™! (the stretch-
ing vibration peak of -OH on the glucose ring), 2925 cm™!
(> CH- and -CH,- stretching vibration), 1639 cm™ (>C=0
stretching vibration), and 1150 cm™' (-OH in-plane bend-
ing vibration). Besides, the absorption bands in the range
of 1450~1350 cm™" and 756 ~530 cm™" are related to the
C-O-H (C-C-H) in-plane and out-of-plane bending vibra-
tion and vibration of intramolecular ring and skeleton. These
characteristic bands of pristine -cyclodextrin exhibit few
changes after the long cycle test in Fig. S3, indicating that
B-cyclodextrin is stable during the charge—discharge process
[19].

For the binder itself, its important function is to firmly
bond the active material with the current collector so that
it will not easily fall off during multiple charge—discharge
cycles. To verify its firmness, we conducted multiple
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bending tests. It can be seen from Figure S4 that the LZTO
active material with pB-cyclodextrin or PVDF as the binder
is intact after 6, 15, and 30 times of bending, and it does
not fall off from the current collector. This result shows that
B-cyclodextrin has good fastness as a binder and is beneficial
to improve electrochemical performance. To further obtain
the adhesive strength of binders, the adhesion strength of
LZTO with B-cyclodextrin binder and PVDF binder elec-
trodes was investigated by peeling measurement. The
detailed test process and force versus displacement graph
are shown in Fig. S5. The average force required for the peel-
ing of the LZTO with p-cyclodextrin binder (0.89 N) was
higher when compared to that of LZTO with PVDF binder
(0.61 N). This result further shows that B-cyclodextrin
binder has better mechanical stability derived from func-
tional groups, which is beneficial to improve cycle stability
[11].
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X-ray photoelectron spectroscopy (XPS) technique was
further conducted to verify if there are crystal structure
changes for LZTO with p-cyclodextrin or PVDF electrodes
after the long cycle test. The C 1 s spectrum of LZTO with
PVDF electrode in Fig. 6a presents three obvious peaks at
284.27 eV, 286.14 eV, and 290.51 eV, corresponding to
-CF,-, -CH,-, and hydrocarbon pollutants [49, 50]. Fig-
ure 6b illustrates that the F 1 s spectrum of LZTO with
PVDF electrode consists of a main peak at 687.75 eV, which
corresponds to C-F bonds existing in the PVDF polymer
molecular structure. In addition, after multiple intercalation
and deintercalation of Li*, the peak intensity of C-F bonds is
reduced, and a new peak appeared approximately ~285.0 eV,
which can be attributed to the corrosion of PVDF by HF
[19]. The XPS results indicated that the chemical structure
of PVDF binder instability during high rates charge—dis-
charge process. Figure 6¢ and d present C 1 s and O 1 s
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Fig.6 XPS surface characterization of pristine electrodes and after multiple charge and discharge cycles. a C 1 s and b F 1 s spectra of LZTO
with PVDF electrode. ¢ C 1 s and d O 1 s spectra of LZTO with $-cyclodextrin electrode
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spectra of LZTO with B-cyclodextrin electrode, respectively.
Figure 6c¢ illustrates the core level XPS spectrum of C 1 s,
which can be fitted by two categories of binding energies:
284.3 eV corresponds to the nonoxygenated ring carbon
(C-C), and 286.7 eV is associated with the oxygen-contain-
ing carbon (C—OH and O-C-0), respectively [51]. In the O
1 s XPS, the intense peak located at 530.0 eV and 533.1 eV
are attributed to O-C =0 and carbon oxygen single bonds
(C—OH and O-C-0), respectively [40]. Compared with uncy-
cled electrode, the peak intensity and functional group posi-
tion of LZTO with B-cyclodextrin or PVDF electrode did
not change significantly, and no other new impurity peaks
appears after cycles, indicating that the chemical structure of
p-cyclodextrin is stable during long cycle process.

In order to compare the polarization phenomenon of dif-
ferent electrodes intuitively, the electrode of LZTO with
B-cyclodextrin and PVDF binders were evaluated by moni-
toring the open-circuit voltage rise of a fully discharged cell
after 24 h of storage at room temperature (Fig. 7a, b). Com-
pared with the discharge cut-off voltage, the open-circuit
voltage of LZTO with pB-cyclodextrin electrode is increased
by 0.51 V, which is lower than that of LZTO with PVDF
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electrode (0.53 V), which confirms that the LZTO with
B-cyclodextrin electrode has low resistance [51]. Figure 7c,
d illustrates the long cycling performance of the LZTO bat-
teries prepared with B-cyclodextrin and PVDF binders at
65 °C. The battery with the p-cyclodextrin binder exhibits
good cycling stability at current densities of 1000 mA g~!
and 2000 mA g~!, which is superior to the other one. The
Coulombic efficiency of LZTO with p-cyclodextrin binder
is above 97%, indicating high thermal stability. Moreover,
higher discharge capacities 232.2 mAh g~! (after 500 cycles)
and 210.3 mAh g~! (after 300 cycles) are achieved for the
LZTO battery with p-cyclodextrin binder compared with
that the PVDF binder (101.5 mAh g~! and 82.3 mAh g™ ).
The batteries of LZTO with p-cyclodextrin binder and
LZTO with PVDF binder were disassembled after 100 dis-
charge—charge cycles, and the materials on the Cu current
collectors were peeled off. The morphological change of
LZTO with f-cyclodextrin and PVDF binders’ electrodes
is shown in Fig. 8. Figure 8a, b shows the SEM image of
LZTO electrode with B-cyclodextrin binder, which indi-
cates the clean surface and surface integrity of the sample.
However, some by-product mixtures were covered on the
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Fig.7 a-b The storage performance evaluated by resting for 24 h after full discharge of LZTO with B-cyclodextrin and PVDF binders at room
temperature. Long cycling performance of LZTO with B-cyclodextrin and PVDF binders at 65 °C; ¢ 1000 mAh g~! and d 2000 mAh g!

@ Springer



680

lonics (2022) 28:669-682

Fig.8 SEM images of LZTO
with B-cyclodextrin (a, b) and
PVDF (¢, d) binders after 100
discharge/charge cycles at

65 °C. e Images of LZTO with
a-cyclodextrin, f-cyclodextrin,
y-cyclodextrin, and PVDF
electrodes were taken after the
delithiation at 25 °C and 65 °C

Cell
(After cycling at 65 °C)

Q Dismantling

surface of the LZTO electrode with PVDF binder, and nar-
row fissures appear simultaneously, as shown in Fig. 8c, d.
Furthermore, the electrodes were extracted from the coin
cell after cycles inside the glove box to see the difference
in the cycle stability at room and high temperature, and the
photos of electrodes are shown in Fig. 8e. The electrode
surface of LZTO with a-cyclodextrin, B-cyclodextrin, and
y-cyclodextrin binders exhibits good integrity and no sig-
nificant deformation and damage after cycling at 25 °C. In
contrast, the electrode surface of LZTO with PVDF binder
is severely deformed including active material peeled off
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from the copper collector after cycling. This result indicates
that the adhesion of the PVDF binder to the Cu current col-
lector is poor. In addition, the surface of the LZTO with
B-cyclodextrin binder electrode also exhibits completeness
and no obvious deformation, while PVDF binder has more
serious separation of active material from current collector
when the ambient temperature rises to 65 °C [35, 52]. The
consequence of this is that the transmission of electrons is
hindered, which has an effect on the electrochemical perfor-
mance. All the phenomenon indicates that the p-cyclodextrin
has a stronger adhesion than the conventional PVDF binder,



lonics (2022) 28:669-682

681

and the active material is closely connected to the current
collector.

Conclusion

In conclusion, the Li* storage capabilities of LZTO anode
in lithium-ion batteries with a-cyclodextrin, p-cyclodextrin,
and y-cyclodextrin water-based binders have been systemati-
cally studied. The water-soluble binder cyclodextrin mol-
ecule contains alcoholic hydroxyl groups, which enables it
to bond the active material and the current collector together,
thereby improving electrochemical performance. The LZTO
with B-cyclodextrin binder demonstrated the best Li* inter-
calation/deintercalation properties among all binders ben-
efited from its unique structural characteristic and stability in
electrolyte. The battery of LZTO with -cyclodextrin binder
displays higher specific capacity and good reversibility at
different charge and discharge current densities. Besides, the
battery with the p-cyclodextrin binder exhibits good thermal
cycling stability at 65 °C, and higher discharge capacities
199.1 mAh g~ (after 500 cycles) and 165.0 mAh g~! (after
300 cycles) at 1000 mA g~! and 2000 mA g~! are achieved.
Therefore, the use of B-cyclodextrin binder as a water-based
binder may lead to significant improvements to the develop-
ment anodes of rechargeable lithium-ion batteries.
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