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ABSTRACT: For the first time, a well-defined all-solid-state lithium battery (denoted as ASS-LTO/L1)
assembled by an electrode of lithium titanate (Li4TisO12, LTO), a metal-organic framework (MOF) of
wetted quasi [Zn4O(bdc)s] and a metallic lithium foil is prepared in this work, in which the wetted quasi
[Zn4O(bdc)3] is not only employed as a separator but also used as the solid-state electrolyte. The initial
charge and discharge capacities of the as-prepared ASS-LTO/Li at 0.2 C are as high as 187.4 and 286.4
mAh-g !, respectively, corresponding to a Coulombic efficiency of about 65.4%. More importantly, the
discharge capacity of ASS-LTO/Li after 100 cycles at 1 C is still as high as 125 mAh-g!. After a thorough
characterization, the greatly attenuated CV peak area, the evidently increased charge transfer resistance, as
well as the decomposition of the quais [ZnsO(bdc)s] during cycling, are analyzed to be the main reasons
providing the ASS-LTO/Li with an evident decay of the electrochemical performance in the long-term test
of 100 cycles at 1 C. An all-solid-state battery (denoted as ASS-Gr/Li) that is constructed by a pure graphite
electrode (abbreviated as Gr), a wetted quasi [Zn4sO(bdc)3], and a metallic lithium foil is also prepared in
this work. The initial discharge capacity of ASS-Gr/Liat 0.2 A-g ! is about 169 mAh-g ™!, a value evidently
lower than the theoretical value of graphite (372 mAh-g!). The discharge capacity of ASS-Gr/Li at 1.0
A-g ! is about 24 mAh-g!, which decreases to about 12 mAh-g! after 100 cycles. Although the battery
performances of the above two newly developed batteries are poor as compared to the state-of-the-art
all-solid-state lithium batteries reported recently, this work sheds light on a novel approach for the further
exploration of all-solid-state lithium battery.
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1. Introduction

Lithium-ion batteries (LIBs), due to their high energy density, long cycle life and absence of memory
effect, have been regarded as third-generation energy storage systems, which play a significant role in the
development of today’s human society [1]. In general, a conventional LIB is constituted by an anode, an
electrolyte solution, a separator, and a cathode [2]. Thermal runaway, which usually occurs when the LIBs
are subjected to the internal short circuits, overcharging, or mechanical damage, is regarded as the main
reason to generate safety issues of LIBs [3]. With further research, the decomposition of the electrolyte
solution of a LIB is also investigated as one of the direct reasons causing safety accidents of LIBs [4].
Therefore, developing all-solid-state lithium batteries is thought to be one of the most feasible ways to
prevent accidents of LIBs, such as explosions from occurring [5].

An all-solid-state lithium battery (denoted as ASS-Li battery) is generally constituted by a cathode, an
anode, and a solid-state electrolyte [6]. Due to the absence of a battery separator and the electrolyte solution,
besides the relatively higher energy density, the high security of the ASS-Li battery is considered to be an
irreplaceable advantage of other batteries [7]. Thus, exploring novel ASS-Li batteries has become a
research hotspot in the lithium battery research field [8]. On the basis of the literature survey results,
generally, the cathode materials of ASS-Li batteries mainly include LiNio.sMni.504 [9], LiCoO2 [10],
xL12MnO3-(1-x)LiMO2 (M = Co, Mn, Ni) [11], LiCoPOs4 [12] and LiNiPO4 [13], and, the main anode
materials of ASS-Li batteries usually refer to the graphite [14], LiaTisO12 [15], silicon [16] and lithium
metal [17]. Ordinarily, the solid-state electrolytes (SSEs) used in an ASS-Li battery are primarily
categorized into three major types, i.e., inorganic solid-state electrolytes (ISSEs), polymer solid-state
electrolytes (PSSEs), and composite solid-state electrolytes (CSSEs) [18]. Furthermore, the inorganic
solid-state electrolytes were usually divided into three categories [19], namely, oxide-based, sulfide-based,
and halide-based inorganic ISSEs. Polymer solid-state electrolytes were also classified into three classes:
solid polymer electrolytes, gel polymer electrolytes, and composite polymer electrolytes [20].

Compared to other kinds of SSEs, the high mechanical strength, high physical and chemical stability,
and high safety enable the inorganic solid electrolytes to stand out from the ordinary SSEs [19]. For
example, Seetawan’s group [21] prepared a LFP (LiFePOa4)/Li battery using cubic-LiosLaosTiOs as the
solid-state electrolyte, revealing that the initial discharge capacity of LFP/10 wt% LLSro.09TTa0.0003/Li full
battery at 0.1 C was 156 mAh-g”', and the discharge capacity of the as-prepared battery at 1 C was
maintained to be about 93 mAh-g ! after 100 cycles. A sulfide-based all-solid-state lithium-ion battery
(ASSLIBs) of NCMS88-S/LisPSsCl/LiaTisO12 was prepared by Wu’s group [22], which delivered,
respectively, a discharge capacity of 200.7 mAh-g ' at 0.01 C and 150.0 mAh-g " at 1 C. Sun’s research [23]
team synthesized a series of iodide solid electrolytes (SEs, LixYIs+x (x = 2, 3, 4, or 9) ), reporting that the
prepared SEs of LisaY17 could be used as the solid-state electrolyte to prepare an ASSLIBs Li-S battery. In
Sun’s work [23], the resultant battery with an S (sulfur) loading of 2.04 mg-cm 2 delivered a discharge
capacity over 900 mAh-g ! at 0.225 mA-cm 2.

Polymer solid-state electrolytes, due to their unique advantages such as excellent flexibilities, a certain
degree of scalability as well as and the good processabilities, are also a kind of promising solid-state
electrolyte, which is generally considered to be one of the closest solid-state electrolytes to realizing the
commercial solid-state lithium batteries [24]. For example, Yuan’s group [25] prepared a composite skeleton
that was integrated by boron nitride nanofibers (BNNFs) and lithiated nafion (Linafion) mosaics, via which a
honeycomb-like skeleton PH-BN/LN containing poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), boron nitride nanofibers (BNNFs) and lithiated Nafion (Linafion) was fabricated, further
revealing that the discharge capacity of the solid-sate battery that was constructed by Li, solid-state
electrolyte (SSEs) of PH-BN/LN and NCM811 was about 65 mAh-g ' at 1 C. Yao et al. [26] prepared a novel
dual-polymer@inorganic network CSE (DNSE@IN) through a sequential nonhydrolytic sol-gel reaction, via
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which the DNSE@IN based Li/LiFePOs cell was produced. In Yao’s work [26], the initial discharge capacity
of the Li/DNSE@IN/LFP cell was as high as 164.6 mAh-g ' at 0.1 C. Xue’s group [27] develop a novel
poly(benzoxazine-propylene-oxide)-based gel polymer electrolyte (GPE) (PBz-PO-GPE), revealing that the
PBz-PO-GPE 2000 assembled LiFePO4||Li full cells delivered an initial discharge 140.7 mAh-g ! at 2 C rate.

Being different from inorganic solid-state electrolytes and polymer solid-state electrolytes, the
properties of excellent interfacial compatibility and good flexibility are regarded as the main merits of using
the composite solid-state electrolytes (also called organic and inorganic composite solid electrolyte) to
establish the all-solid-state lithium batteries [28]. For instance, Gao’s group [29] blended a highly ionically
conductive LissLasZrisTao1Nbo4O12 (LLZTNO) filler into a poly(ethylene oxide) matrix, generating a
novel composite solid-state electrolyte (CSSE), finding that the conductivity of the prepared CSSE, namely,
PEO (polyethylene oxide)-LiTFSI (lithium bis(trifluoromethanesulfonyl)imide)-10% LLZTNO (i.e.,
PL-LLZTNO10%), was as high as 0.36 x 10~* S-cm™! at room temperature. In Gao’s work [29], the
discharge capacity of LFP/PL-LLZTNO10%/Li cell was measured to be about 158.3 mAh-g' at0.2 C, a
relatively higher capacity value. Although, as introduced above, the research works on solid-state
electrolytes have made significant progress in recent years, the relatively higher interface resistance, poor
thermal stability and the lower ion conductivity are, respectively, studied as the main drawbacks of ISSEs,
PSSEs, and CSSEs [28,30,31]. In other words, exploring new SSEs is still a challenge in the research field
of all- solid-state lithium batteries [32].

As a novel kind of material, the material with a metal-organic framework (namely, MOF), because of
its unique advantages, such as the higher specific surface area, the tunable pore structures, as well as the
rich chemical reactivity [33], has been paid much attention ever since its inception [34]. The metal-organic
frameworks-5 (MOF-5) is a kind of zinc-based MOF, in which the benzene dicarboxylic acid is employed
as the crystal bifunctional bridging ligand and the [Zn4O]%" inorganic moiety as the vertex [35]. The MOF-5,
primarily due to its large pores and high surface area, has been considered one of the most well-known
compounds of MOFs, and is extensively applied in various research fields. For example, Zhang’s group [36]
constructed a customized hydrophobic porous shell of NTU-COF on the particularly fragile MOF-5 via a
“plug-socket anchoring” strategy, revealing that the complete CO2/N2 separation under humid conditions
was well achieved by the newly developed structure of NTU-COF/MOF-5. Farzad et al. [37] investigated
the interactions between the derived MOF-5 and phenolic compounds via molecular dynamics (MD) and
well-tempered metadynamics (WTMD) simulation methods, indicating that F-MOF-5 was a more suitable
adsorbent than MOF-5 and CH3-MOF-5 for phenolic pollutants removal from the environment. Balarak’s
group [38] combined magnetic nanoparticles of Fe3O4 with an organic-inorganic framework of MOF-5,
forming a novel substance of MOF-5@Fe304, which, as a photocatalytic activating agent, exhibited an
outstanding degradation performance towards AB113. Shokry et al. [35] prepared metal-organic
framework-5 (MOF-5) and cobalt-doped MOF-5 via a solvothermal method for detecting greenhouse gases,
reporting that MOF-5 doped with a 10 wt% ratio of cobalt showed the highest sensor device response
toward N20. Although MOF-5 has been used in some research areas, MOF-5, especially the MOF-5 of
[Zn4sO(bdc)s], has not yet been employed as a solid-state electrolyte to assemble ASS-LTO/Li and
ASS-Gr/Li, to our knowledge.

In the present work, firstly, a kind of MOF (also called MOF-5), namely, [ZnsO(bdc)s], was carefully
prepared according to the previous work [39]. Although the presence of a benzene ring and C=C in
[Zn4O(bdc)s] was effectively indicated by the FTIR results, EDS results indicated that the as-prepared
sample was a quasi [ZnsO(bdc)s] rather than a pure [ZnsO(bdc)s]. After that, the wetted quasi [ZnsO(bdc)s3]
was employed as both the separator and the solid-state electrolyte to assemble an all-solid-state lithium
battery of LTO/Li (ASS-LTO/L1). The as-prepared ASS-LTO/Li delivered an initial discharge capacity of
286.4 mAh-g ! at 0.2 C. Interestingly, when the resultant ASS-LTO/Li battery was cycled for 100 cycles at
1 C, its discharge capacity was still maintained to be about 125 mAh-g”'. The obtained wetted quasi
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[Zn4O(bdc)3] was also used to prepare an all-solid-state lithium battery of Gr/Li (ASS-Gt/Li). The initial
discharge capacity of ASS-Gr/Li at 0.2 C was measured to be about 169 mAh-g™!, an acceptable value.
However, as the applied current density was increased to 1.0 A-g”!, ASS-Gr/Li exhibited a discharge
capacity of 24 mAh-g!, which decreased to approximately 12 mAh-g! after 100 cycles, indicating poor
long-term high-rate performance. It is admitted that the electrochemical performances of both ASS-LTO/Li
and Gr/Li were poor as compared to the state-of-the-art all-solid-state lithium battery. Nevertheless, this
pioneering work was not only very helpful for expanding the application areas of MOF but also very
beneficial for the development of all-solid-state lithium batteries.

2. Experimental
2.1. Materials

Acetylene black (denoted as AB) was bought from Anhui Zesheng Technology Co., Ltd. (Hefei,
China). The copper foil, the binder of PVDF (polyvinylidene fluoride) and graphite were all donated from
Hebei Lingdian New Energy Technology Co., Ltd. (Tangshan, China). N-methylpyrrolidone (NMP), zinc
acetate ((CH3COO)2Zn), triethylamine ((CH3CH2)3N), terephthalic acid (TPA), dimethylformamide (DMF)
and methanol (CH3OH) were all purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin,
China). The electrode material of lithium titanate (Li4TisO12, LTO) was provided by Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). The 1M LiFP6 electrolyte solution used in
assembling the batteries was supplied by Nanjing Mojiesi Energy Technology Co., Ltd. (Nanjing, China).
The lithium foil and battery testing molds were bought from Tianjin Liangnuo Technology Development
Co., Ltd. (Tianjin, China).

2.2. Preparation of the Quasi [Zn+O(bdc)3]

Firstly, 2.125 g of TPA was dissolved in 50 mL of DMF, generating a solution. Immediately, 1 mL of
triethylamine ((CH3CH2)3N) and 3 mL of deionized water were successively added to the above resulting
solution so as to prepare solution A. At the same time, 0.625 g of zinc acetate ((CH3COO)2Zn) was
dissolved in 62.5 mL of DMF, leading to the formation of solution B. Subsequently, solution A was slowly
added dropwise into solution B while stirring. More specifically, it will take 30 min to complete the above
mixing process. At the end of the above mixing process, the resulting solution was still stirred at 1000 rpm
for another 4 h so as to acquire a white suspension solution. After being well filtered, the obtained white
precipitates were rinsed successively using 100 mL of DMF and 50 mL of methanol, aiming to prepare a
well cleaned product. At last, the resulting white solid was dried in air at 80 °C for 6 h to produce the final
product of [Zn4O(bdc)s] [39]. As shown by the structural diagram of [Zn4O(bdc)3] (ZnsO13C24H12) shown
in Figure 1, Zn?", O, benzene ring, and C=C were present in [Zn4O(bdc)3], which endowed the as-prepared
[Zn4O(bdc)s] a certain level of conductivity, also being the reason urging us to use [ZnsO(bdc)s] as both the
separator and the solid electrolyte for the all-solid-state lithium batteries.
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Figure 1. Structural diagram of the target product of [ZnsO(bdc)s] (ZnsO13C24H 2).

2.3. Preparation of ASS-LTO/Li and ASS-Gr/Li Batteries

Prior to the assembly of the batteries, the LTO [40] and graphite electrodes [41] were successively
prepared carefully. A mixture containing LTO, PVDF, and AB was carefully placed in an agate mortar, in
which the mass ratio of LTO (0.3 g), PVDF (0.0375 g), and AB (0.0375 g) was 8:1:1. Then, the resulting
mixture was thoroughly ground for 10 min, aiming to form a uniform mixture. Subsequently, several drops
of NMP were added dropwise into above resultant mixture while stirring so as to prepare a mud like paste.
Next, the resulting paste was carefully applied to a copper foil surface using a piece of glass. Soon
afterwards, the resulting paste coated copper foil was dried in a vacuum oven at 120 °C for 6 h to remove
the volatile solvents as much as possible. After being cooled naturally to room temperature, an LTO
electrode (the diameter of the LTO electrode was about 9.67 mm) was prepared successfully. The
preparation process of the graphite electrode, except for using graphite to replace LTO, was the same as that
of preparing the LTO electrode.

The preparation process of ASS-LTO/Li was as follows. Firstly, an LTO electrode was carefully
placed on the inner surface of a battery shell of a coin cell, and then, 3 drops of 1M LiFPs were dropped onto
the surface of the LTO electrode, generating a wetted LTO electrode. Here, the electrolyte solution of 1M
LiPF¢ was prepared through dissolving a proper amount of LiPF¢ in a mixed organic solvent consisting of
ethyl methyl carbonate (EMC), ethylene carbonate (EC), dimethyl carbonate (DMC) and vinylene
carbonate (VC) (the volume ratio of EMC, EC, DMC and VC was 1:1:1:1). Subsequently, 0.02 g of
[Zn4O(bdc)3] powder was carefully spread evenly on the surface of the wetted LTO electrode forming a
[Zn4O(bdc)3] powder layer with a thickness of about Imm. Soon afterwards, 0.1 mL of 1M LiPFs was again
dropped on the surface of the resultant [ZnsO(bdc)s3] powder layer to prepare a well wetted [ZnsO(bdc)s]
powder layer. And then, a lithium foil was placed carefully on the wetted [Zn4O(bdc)s] powder layer.
Thereafter, an iron sheet-shaped back-up plate and the other battery shell of the coin cell were successively
coated on the surface of the lithium foil. Finally, the resulting coin cell was well sealed in a home-made
battery mold to end the preparation process of the ASS-LTO/Li. Summarily, as shown in Figure 2, the
newly assembled lithium battery of ASS-LTO/Li had a sandwiched structure, in which a lithium foil, a
wetted [ZnsO(bdc)s] powder layer and a conventional LTO were tightly compressed together. The
assembly process of the ASS-Gr/Li battery, besides using graphite to substitute for LTO, was identical to
that of preparing the ASS-LTO/Li battery. It should be noted that all the assembly processes of both



Green Chem. Technol. 2026, 3(1), 10001. doi:10.70322/g¢t.2026.10001 6 of 22

ASS-LTO/Li and ASS-Gr/Li batteries were accomplished in a nitrogen-filled glove box. Apparently, for
ASS-LTO/Li and ASS-Gr/Li batteries, LTO and graphite were employed as the positive electrode, and
lithium foil was utilized as the negative electrode. Here, the current rate applied to the ASS-LTO/Li battery
was calculated based on the theoretical capacity of LTO (1 C =175 mA-g ).

GLi  \— ‘
u .-_IJJI'll‘i'l.l'l'II!IIIIiIIiJ1-.‘
or B ' .‘ - -

\V_J/

ITO/Li = v

u Copper foil . Graphite

[Zn,0(bdc);] ~ LTO
B Lithium foil

Figure 2. The assembly process for ASS-LTO/Li and ASS-Gr/Li batteries.

2.4. Characterizations

The functional groups existing in the studied samples were characterized by FTIR (Fourier Transform
Infrared Spectroscopy, Nicolet iS50, USA). The chemical components of the studied samples were
preliminarily examined through analyzing XRD patterns that were measured on a X-ray diffractometer
(XRD, X-ray diffractometer, Rigaku SmartLab, Japan). EDS (energy-dispersive X-ray spectra, Phenom
Pharos G2, The Netherlands) was utilized to roughly determine the element contents of the studied samples.
The surface morphology of the studied samples was observed by the SEM images that were measured on a
scanning electron microscopy (SEM, scanning electron microscopy, S-4800, Japan).

The battery performances of both ASS-LTO/Li and ASS-Gr/Li were evaluated on a galvanostatic
charge-discharge tester of CT-3008W-5V20mA-S4 (Shenzhen Neware Electronics Co., Ltd., Shenzhen,
China). Other electrochemical measurements, such as cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), were all carried out on a CHI660E electrochemical workstation (Shanghai
Chenhua Apparatus, Shanghai, China). The potential ranges of CV measurement for the ASS-LTO/Li and
ASS-Gr/Li were, respectively, 1.0-2.5 V and 0.01-3.00 V. And the frequency range and amplitude of
alternating current (AC) used for recording the Nyquist plots were, respectively, from 0.1 Hz to 10° Hz and
10 mV. It should be emphasized that all experiments were performed at room temperature, and no special
protective devices were used while conducting the experiments.

3. Results and Discussion
3.1. Characterization of [Zn4sO(bdc)s]

The FTIR spectra of the as-synthesized [Zn4O(bdc)s] are shown in Figure 3. The broad and distinct
absorption band positioned at 3444 cm™! was usually attributed to the stretching vibration of —OH groups
[42]. According to the previous work [43], the absorption band located at 1591 cm™! originated from the
asymmetric stretching of the carboxylic group, and the peak positioned at 1387 cm™! was caused by the
symmetric stretching of the carboxylic group in 1,4-benzene dicarboxylic acid. The small absorption band
at 1016 cm™! resulted from the stretching of the C=O group [44]. In general, the sharp and narrow
absorption band at 745 cm™! originated from the out-of-plane bending of the aromatic -C—H group [45].
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Additionally, the absorption band at 542 cm™! was reported to be from the Zn-O stretching vibration of the
tetrahedral Zn4O metal cluster [35]. Thus, the presence of the carboxylic group, the phenyl group, as well as
the Zn-O group in the as-prepared sample was strongly indicated by the above FTIR spectra, preliminarily
evidencing the successful preparation of [ZnsO(bdc)s].

—— [Zn,0(bdc),]

=— — — 1591
=— — — 1387

Transmittance%

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Figure 3. FTIR spectra of the prepared [ZnsO(bdc);].

The SEM images of the as-prepared samples are shown in Figure 4. Apparently, as shown by the 10
pm-scaled image, many irregular particles with a size ranging from 5 um to 50 pm were displayed clearly,
which substantially indicated that the as-prepared [ZnsO(bdc);] was micromaterials rather than
nanomaterials [46]. As shown by a 1 um-scaled image, a rhomb-shaped particle with a smooth and dense
surface was exhibited clearly. Here, the dense surface of as-prepared [ZnsO(bdc)s3] was also thought of as a
merit of the as-prepared [Zn4O(bdc)3], which probably could prevent the direct contact between the positive
electrode and negative electrode, being very helpful for the assembly of an all-solid-state lithium battery.

Figure 4. SEM images of the as-prepared [ZnsO(bdc)s]. The scales for the left and right SEM images were 10 um and 1 pm,
respectively.

The EDS pattern of the as-prepared [Zns+O(bdc)s] is illustrated shown in Figure 5, in which the peaks
assigned to C, O, and Zn elements are all explicitly presented. The atomic contents of C, O and Zn were
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about 72%, 23% and 4%, respectively, showing an atomic ratio of C:0:Zn 18:5:1, be different from the
theoretical atomic ratio of pure [ZnsO(bdc)s] (ZnsO13C24H12) (C:0:Zn = 6:3.25:1), indicating that the
as-prepared sample in this work was a quasi [Zn4O(bdc)3] rather than a pure [ZnsO(bdc)s]. In other words,
the prepared sample was a new substance being various from the previously prepared [ZnsO(bdc)s3].

Element | Weight(%) | Atomic(%)

C 56.67 72.06

O 2471 23.59

Zn 18.63 4.35

Zn
(0
j Zn Zn 7n

N\

E/keV

Figure 5. The EDS spectra of the as-prepared [Zn4sO(bdc)s].

3.2. Electrochemical Performance of ASS-LTO/Li

Figure 6 displays the initial charge-discharge curves of the ASS-LTO/Li battery at 0.2 C, in which the
potential region is from 1.0 V to 2.5 V versus Li/Li". Apparently, the voltage plateaus were respectively
centered at around 1.59 V and 1.54 V in the charging and discharging process. The shape of the charging
and discharging curves was almost identical to that of the conventional LTO/Li battery that was assembled
by LTO, electrolyte solution, separator, electrolyte solution, and the metallic Li foil [47]. This result
strongly indicated that the lithiation and delithiation process of the ASS-LTO/Li was the same as that of the
traditional LTO/Li battery. In other words, the usage of the wetted quasi [ZnsO(bdc)s] as both the separator
and the electrolyte did not affect the charging and discharging mechanism of the traditional LTO. The
initial charge and discharge capacities of the ASS-LTO/Li at 0.2 C were 186 and 288 mAh-g ™!, respectively,
corresponding to a coulombic efficiency of about 66%. Obviously, both the charge and the discharge
capacity have exceeded the theoretical capacity of the commercial LTO (175 mAh-g™') [48,49], which
substantially indicated that some part of the wetted quasi [ZnsO(bdc)3] has participated in the charging and
discharging process of the newly prepared ASS-LTO/Li. Also, the discharge capacity value of 288 mAh-g™!
was significantly larger than that of pure LTO/Li [40] reported previously. That is, the initial charge and
discharge performance of ASS-LTO/Li was comparable to that of the conventional LTO/L1 battery.
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Figure 6. The initial charge-discharge curves of ASS-LTO/Li at 0.2 C.

The rate capabilities of the newly developed ASS-LTO/Li were also measured, and the results are
shown in Figure 7. In this experiment, the applied current rates were successively 0.2, 0.5, 1, 3, 5, and 10 C,
and in each rate test, the ASS-LTO/Li was cycled for 5 cycles. Evidently, the discharge capacity decreased
evidently with increasing applied current rates. The average discharge capacities at 0.2, 0.5, 1, 3, 5, and 10
C were, respectively, about 210, 167, 150, 91, 59, and 0.8 mAh-g!. Interestingly, as the current rate was
restored to be 0.2 C, as shown by the rightmost line, the average discharge capacity of ASS-LTO/Li was
still recovered to be about 177 mAh-g™!, showing a relatively higher capacity retention rate of about 84%.
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Figure 7. Rate capabilities of the newly assembled ASS-LTO/Li.
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The relationship between the discharge capacity and cycling number for the as-prepared ASS-LTO/Li
at 1 Cis displayed in Figure 8 with the intention to study its long-term cycling performance. As can be seen,
the initial discharge capacity of the ASS-LTO/Li at 1 C was 171 mAh-g™!, which decreased to 125 mAh-g™!
after 100 cycles, corresponding to a capacity retention of approximately 73%. It was worth noting that the
discharge capacity value of 125 mAh-g™! measured here was almost identical to that of the conventional
LTO/Li (126 mAh-g ') [50] (the conventional LTO/Li battery was assembled with LTO, electrolyte
solution, separator, electrolyte solution and lithium foil, as has been well described in Ref. [40]). That is,
the long-term cycling performance of the ASS-LTO/Li was commensurate with that of the traditional
LTO/Li battery. In addition, as shown by the upper curve, the coulombic efficiency (CE) of the
ASS-LTO/Li was maintained over 98% in the whole cycling test period, implying that almost no electric
energy loss occurred in the total testing period.
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Figure 8. Long-term cycling performance of the newly prepared ASS-LTO/Li at 1 C.

To analyze the possible reasons endowing the ASS-LTO/Li an electrochemical performance decay, the
following experiments were carried out. The FTIR spectra for the electrode material of LTO before and
after the test of 100 cycles at 1 C are shown in Figure 9, in which pattern a and a’, respectively, correspond
to the electrode material of LTO before and after the test of 100 cycles at 1 C. In pattern a, the absorption
bands at 3440 cm™' and 1611 cm™' were all assigned to the stretching vibration of the ~OH bonds,
suggesting that a large number of —OH groups were immobilized on the surface of LTO [51]. The
absorption band positioned at 1317 cm™' was regarded as a typical band of LTO, attributed to the
asymmetric stretching vibration of the Li-Ti—O structural unit [52]. The absorption bands at 774 cm™! and
521 cm™! were respectively ascribed to the asymmetric and symmetric stretching vibrations of the Ti—O
bond [53], and the band at 439 cm ™! was due to the presence of the bending vibration of the Ti—O bond [54].
All in all, the FTIR shape of pattern a was almost identical to that of the pure LTO [52], which strongly
demonstrated that no impurities were contained in the starting electrode material of LTO. For the electrode
material of LTO after the test of 100 cycles at 1 C, as shown in pattern a’, four novel absorption bands,
respectively centered at 1496, 1425, 860, and 667 cm ™! were clearly displayed in pattern a’. Generally, the
absorption bands at 1496 cm™' and 1425 cm™! were attributed to the stretching vibration of C=C of the
benzene ring [35], and the absorption bands at 860 cm™' and 667 cm™!' were ascribed to the out-of-plane
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bending vibration of C—H bond of the benzene ring [46]. That is, the presence of the above four absorption
bands in pattern a’ substantially indicated that the wetted quasi [Zn4sO(bdc)3] was decomposed to some
smaller molecules after the test of 100 cycles at 1 C, which was thought to be one main reason causing the
electrochemical performance decay of the ASS-LTO/Li.
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Figure 9. FTIR spectra for the electrode material of LTO before (pattern a) and after (pattern a') the test of 100 cycles at 1 C.

The XRD patterns, including the standard XRD pattern of LTO, of the electrode material of LTO before
and after the test of 100 cycles at 1 C are given in Figure 10. For pattern a, the characteristic diffraction peaks
of LTO were all clearly displayed, that is, the diffraction peaks located at 26 of 18.5°, 36.0°, 43.8°, 47.8°,
57.9°, 63.5° and 66.8° were respectively assigned to the (111), (311), (400), (331), (511), (440), and (531)
crystallographic plane of Li4TisO12 (JCPDS No. 75-1602) [55], indicating that no other crystal substances
were contained in the starting electrode material of LTO. Apparently, the XRD pattern for LTO after the
long-term test, not only in terms of diffraction peak position but also with regard to the diffraction peak
intensity ratios, was nearly the same as that of the starting electrode material of LTO, which substantially
indicated that the crystal structure of LTO was not destroyed in the 1 C-rated 100 cycle test.

The CV (cyclic voltammetry) curves of the ASS-LTO/Li before (curve a) and after (curve a’) the test of
100 cycles at 1 C are given in Figure 11, in which the voltage range is from 1.0 V to 2.5 V, and the potential
scanning rate is 1 mV-s™!. Evidently, the CV curve shape of curve a was very similar to that of the pure LTO
[40,56], that is, the redox peaks in curve a corresponded to the following electrode reactions [57], Li4TisO12
+ xLi" + xe > LisTisO12. That is, for curve a, the electrochemical oxidation peak at 1.8 V corresponded
to the extraction of Li* from LTO, correspondingly, and the electrochemical reduction peak at about 1.3 V
was assigned to the insertion of Li* into LTO. In the case of curve a’, although an electrochemical oxidation
and an electrochemical reduction peak also, respectively, emerged in the positive potential scanning and
negative potential scanning, both the oxidation and reduction peak current attenuated greatly as compared
to the case of curve a, for example, the electrochemical oxidation peak current of curve a (2.0 mA) was
significantly higher than that of curve a’ (0.7 mA), which strongly indicated that the extraction rate of Li"
from LTO before the test of 100 cycles at 1 C was greatly faster than that occurring after the test [58]. In
addition, the CV peak area of curve a was dramatically larger than that of curve a’, which strongly indicated
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that more amount of Li" was transferred in LTO before the test of the 100 cycles at 1 C, since the CV peak
area was generally proportional to the amount of ions/electrons transferred in the electrode reaction [59].

- S
- - = —_
T m = I

= o < L@ a
“o A ‘k A e
~
)
N
-; a'
5 L. A LA —
N
=
o]

| S S

10 20 30 40 50 60 70 80
20/degree

Figure 10. XRD patterns for the electrode material of LTO before (pattern a) and after (pattern a’) the test of 100 cycles at 1 C
where the standard XRD pattern of LTO is also presented.

—a
2F — '
1k

<

=

== O}
1t
2F

10 12 14 1.6 18 20 22 24 26
E/V (vs. Li/ Li")

Figure 11. CV curves of the ASS-LTO/Li before (curve a) and after (curve a’) the test of 100 cycles at 1 C.

The Nyquist plots of the ASS-LTO/Li before (curve a) and after (curve a’) the test of 100 cycles at 1 C
are illustrated in Figure 12. As shown by curve a, a semicircle appearing in the higher frequency region was
followed by a sloped line appearing in the relatively lower frequency region. Interestingly, after the test of
100 cycles at 1 C, a similar curve, also constructed by a semicircle and a sloped line, was displayed.
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Generally, the diameter of the semicircle was tantamount to the value of the charge transfer resistance (Rect).
Therefore, before the long-term test, the value of Rt was as low as about 33 Q, which was augmented to
around 58 Q after the long-term test of 100 cycles at 1 C.
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Figure 12. Nyquist plots of the ASS-LTO/Li before (curve a) and after (curve a’) the test of 100 cycles at 1 C.

3.3. Electrochemical Performance of ASS-Gr/Li

To expand the application scope of the prepared quasi [ZnsO(bdc)s3], a graphite/Li battery that
contained a graphite electrode, the as-prepared quasi [ZnsO(bdc)s], and a metallic Li foil was also
assembled, which was denoted as ASS-Gr/Li. The initial charge-discharge profiles of ASS-Gr/Li at 0.2
A-g ! are shown in Figure 13, in which the potential range was from 0.01 to 3.0 V versus Li/Li*. In the
charging curve, a sloped voltage plateau appeared in the potential region ranging from 0.19 V to 0.45 V,
which was followed by a nearly vertical line emerging in the potential limit ranging from 0.65 V to 3.0 V.
Correspondingly, in the discharging curve, a vertical line appeared in the potential range from 2.1 V to 1.0
V, which was followed by a gentle voltage plateau appearing in the potential region ranging from 0.12 V to
0.01 V. Summarily, the shape of the curves shown in Figure 13 was almost identical to that of the pure
graphite electrode [60]. That is to say, for the battery of ASS-Gr/Li, graphite, rather than the newly prepared
[Zn4O(bdc)s], was still the main substance to extract/insert Li". The initial charge and discharge capacities
of the ASS-Gr/Li at 0.2 A-g! were 166 and 169 mAh-g !, respectively, corresponding to a coulombic
efficiency of about 98.2%, a value close to 100%. Frankly speaking, the initial discharge capacity of 169
mAh-g! was lower than that of conventional graphite batteries [61]; therefore, more work is required to
improve the initial charge and discharge performance of the newly assembled ASS-Gr/Li in the near future.
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Figure 13. The initial charge-discharge curve of ASS-Gr/Liat 0.2 A-g™'.

The rate performance of ASS-Gr/Li was also measured, and the results are shown in Figure 14. In the
rate test, the applied current density values were successively 0.2, 0.4, 0.6, 0.8, and 1.0 A-g!, and in each
rate test, the battery of ASS-Gr/Li was cycled for 5 times. Evidently, the discharge capacity of ASS-Gr/Li
decreased markedly with increasing the applied current density. The average discharge capacity values of
ASS-Gr/Li at 0.2, 0.4, 0.6, 0.8, and 1.0 A-g ' were 129, 47, 34, 27, and 23 mAh-g !, respectively.
Interestingly, as the applied current density was returned to 0.2 A-g™', the average discharge capacity of
ASS-Gr/Li was still retained to be about 116 mAh-g™!, showing a capacity retention rate of 90%. Apparently,
in the rate tests, the average discharge capacity values of the ASS-Gr/Li were all lower than 50 mAh-g ! once
the applied current density was higher than 0.4 A-g ™!, showing a relatively poor rate capability.

180
160

sk sk ek
R S N S
(=] —J (—] [—]
T T T T
|
|
]
|
|

04Ag!

Capacity/mAhg-1
=)
(—]

" 0.6Ag!

=
=
]
>
¥
N

08A¢g 1
EEEEE 1.0Ag
(1]

(%)
(]
T

0 5 10 15 20 25 30 35 40
Cycle number

=]

Figure 14. Rate capabilities of ASS-Gr/Li.
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The cycling performance of ASS-Gr/Li at 1.0 A-g™! for 100 cycles was also studied, and the results are
shown in Figure 15. As can be observed, the discharge capacity of the ASS-Gr/Li decreased gradually with
increasing cycling number. For example, the initial discharge capacity of the ASS-Gr/Li was 24 mAh-g™!,
which was reduced to about 12 mAh-g ! after 100 cycles, corresponding to a capacity retention ratio of
about 50%. Meanwhile, as shown by the upper curve in Figure 15, the coulombic efficiency (CE) of the
ASS-Gr/Li in the whole cycling test was always higher than 90%, which substantially indicated that the
electric energy loss occurred in the cycling period was negligible.
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Figure 15. Cycling performance of ASS-Gr/Li at 1.0 A-g™! for 100 cycles.

To analyze the possible reasons endowing the as-prepared ASS-Gr/Li an evident decay in the
electrochemical performance, the following experiments before and after the test of 100 cycles at 1.0 A-g !
were systematically conducted. Figure 16 shows the FTIR spectra of the electrode material of graphite
before (pattern b) and after (pattern b’) the test of 100 cycles at 1.0 A-g'. No evident difference between
pattern b and pattern b’ was found which effectively indicated that the chemical components of the graphite
were not altered even after the 1.0 A-g™! 100 cycle test, that is, the broad absorption band at 3432 cm ™! was
attributed to the stretching vibration of ~OH group [51], and the absorption band at 1627 cm™! was stemmed
from the bending vibration of C—OH [62]. Additionally, the intensity of the band at 3432 cm™! for pattern b
was obviously higher than that of the band for pattern b’, which strongly indicated that the polarity of
graphite before the long-term test was greater than that of graphite after the long-term test. Generally
speaking, the graphite with a higher polarity was conducive to the insertion and extraction process of polar
ions of Li" [63]. As a result, the electrode material of graphite delivered a better electrochemical
performance during the beginning period of the long-term test.
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Figure 16. FTIR patterns for the electrode material of graphite before (pattern b) and after (pattern b’) the test of 100 cycles at 1.0
Agl

Figure 17 shows the XRD patterns of the electrode material of graphite before (pattern b) and after
(pattern b’) the test of 100 cycles at 1.0A-g™!, in which the standard XRD pattern of graphite is also
presented. Prior to the test of 100 cycles at 1.0 A-g™!, as shown by pattern b, the diffraction peaks
observed at 26 of 26.5° and 54.7° were, respectively, indexed to the (002) and (004) crystal planes of
graphite (JCPDS No. 8-415) [64]. The presence of the sharper diffraction peaks in pattern b strongly
implied that the crystallinity of the graphite before the test was high, which was thought to be very
favorable to the directional shifting of ions to some degree [65]. After the experiment of 100 cycles at 1.0
A-g!, as shown by pattern b’, only a very small diffraction peak at 26.5° was displayed, and the
diffraction peak at 54.7° vanished totally. The comparison of the XRD patterns for graphite before and
after the long-term test strongly indicated that graphite particles with a higher crystallinity have been
converted into graphite particles with a rather lower crystallinity after the test of 100 cycles at 1.0 A-g!,
which probably was a reason providing ASS-Gr/Li an evident cycling performance decay [66].
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Figure 17. XRD patterns for graphite before (pattern b) and after (pattern b') the test of 100 cycles at 1.0 A-g™.
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The CV (cyclic voltammetry) curves of the ASS-Gr/Li battery before (curve b) and after (curve b’) the
test of 100 cycles at 1.0 A-g~! are shown in Figure 18, in which the potential scan rate was 1 mV-s™!, and
the potential range was from 0.01 V to 3.00 V. In curve b, a sharp electrochemical oxidation CV peak (also
called as anodic peak) accompanied by a shoulder-shaped small peak (at about 0.26 V), was displayed at
about 0.32 V, which was generally due to the deintercalation of Li" from the graphite [67,68].
Correspondingly, an electrochemical reduction CV peak (also called as cathodic peak), accompanied by a
shoulder-shaped small peak (at about 0.10 V) was exhibited at about 0.01 V, which was usually attributed
to the intercalation of Li" into the graphite material [69]. The CV curve shape of curve b was very similar
to that of the pure graphite electrode [70], which substantially indicated that graphite, instead of the newly
prepared quasi [Zn4O(bdc)3], was the main lithium storage material. After the long-term test, as shown by
curve b’, only an anodic CV peak at 0.44 V and a cathodic CV peak at about 0.01 V were displayed in the
CV curve. The presence of both anodic and cathodic peaks in the CV curves strongly indicated that the
graphite electrode still had the ability to undergo both the insertion and extraction processes of Li'.
Evidently, compared to the area of the CV peak (curve b) before the long-term test, the area of the CV peak
(curve b’) shown after the long-term test was significantly smaller, which effectively demonstrated that the
amount of Li" transferred in graphite after the long-term test was less than that occurring before the
long-term test. That is, with increasing the cycling number, for the newly prepared ASS-Gr/Li, the lithium
storage capacity of graphite dramatically decreased, probably being one major reason causing an evident
electrochemical performance degeneration of ASS-Gr/Li.
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Figure 18. CV curves of the ASS-Gr/Li before (curve b) and after (curve b’) the test of 100 cycles at 1.0 A-g ™!

The Nyquist plots of the ASS-Gr/Li before (plot b) and after (plot b’) the test of 100 cycles at 1.0
A-g! are illustrated in Figure 19. Apparently, the change trend of the Nyquist plot shape for ASS-Gr/Li
was almost the same as that of ASS-LTO/Li, that is, prior to the long-term test, the Ret value of
ASS-Gr/Li was as low as about 40 Q, which was increased to be about 178 Q after the test of 100 cycles
at 1.0 A-g!. It was worth noting that the Ret value of 40 Q for ASS-Gr/Li was significantly lower than that
of the graphite-derived material of mild expanded graphite microspheres (MEGMs) [71]. Therefore, the
greatly enlarged Rct was analyzed to be one main reason ruining the long-term electrochemical
performance of the newly prepared ASS-Gr/Li.
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Figure 19. Nyquist plots of the ASS-Gr/Li before (plot b) and after (plot b’) the test of 100 cycles at 1.0 A-g™'.

4. Conclusions

In this work, two kinds of all-solid-state lithium batteries, namely, ASS-LTO/Li and ASS-Gr/Li, were
prepared, in which a wetted quasi MOF-5 containing Zn>", O~, benzene ring, and C=C, namely, quasi
[Zn4O(bdc)s] was employed not only as a separator but also as a solid-state electrolyte. To the best of our
knowledge, this is the first time to use a MOF as both a separator and a solid-state electrolyte to assemble
solid-state lithium batteries of LTO/Li and Gr/Li. The absence of a battery separator and electrolyte
solution was the greatest advantage of the newly prepared lithium batteries of both ASS-LTO/Li and
ASS-Gr/Li, which enabled this work to be very meaningful to the further development of all-solid-state
lithium batteries. Encouragingly, for the newly prepared ASS-LTO/L,, its initial discharge capacity at 0.2 C
was as high as 286.4 mAh-g !, and the discharge capacity of ASS-LTO/Li at 1 C after 100 cycles was still
close to 125 mAh-g™'. A characterization comparison before and after the test of the 100 cycles at 1 C
revealed that the greatly attenuated CV peak area and the evidently increased Rct value were the main
reasons endowing as-prepared ASS-LTO/Li an evident electrochemical performance decay. In the case of
the ASS-Gr/Li battery, its initial discharge capacity at 0.2 A-g"! was as high as about 169 mAh-g'.
Unfortunately, as the applied current was 1.0 A-g!, the discharge capacity value of ASS-Gr/Li decreased
from 24 mAh-g ! at the first cycle to 12 mAh-g ! at the 100th cycle, showing a rather poor long-term
cycling performance. Although the electrochemical performances of ASS-LTO/Li and ASS-Gr/Li,
especially that of ASS-Gr/Li, were not significant, this work was a pioneering work either from the
perspective of [Zn4O(bdc)s] MOF-5 utilization or in terms of the not usage of both battery separator and
electrolyte solution. All in all, this work was a groundbreaking work, being of far-reaching significance to
the exploration all-solid-state lithium batteries.
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