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Organic materials offer the advantages of cost-effective, environmental benignity, and molecular
structural diversity as applications of electrode materials for lithium ion batteries. In fact, their lithium
storage behaviors in terms of dynamics and kinetics intrinsically lie in ion migration in solids. Thus the
solid forms including crystalline and amorphous states are crucial for the properties. In this study, a
conventional carbonyl type organic material, namely zinc terephthalate (ZnCgH40,), is obtained in both
well-crystalline and amorphous forms and applied as anodes for lithium ion batteries. ZnCgH404 with
amorphous structure shows higher lithium storage capacity and better capacity retention compared with
that of crystalline one. It is ascribed that the amorphous phase provides a higher lithium ion diffusion
coefficient than the crystalline one under the conditions of similar electronic conductivity.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion batteries outperform other rechargeable batteries
(e.g. Ni-MH, Pb-acid, vanadium redox) in terms of energy density
and power density, which makes them to dominate the markets of
portable electronics and provides the opportunities of applications
in electric vehicles and grid [1]. Pursuit of electrode materials with
low-cost, environmental friendly and sustainability is one of the
main targets. Fortunately, organic electrode materials cater for
these requirements. Various organic compounds including
carbonyl compounds, organiosulfur compounds, free radical
compounds, conjugated redox polymers have been reported as
cathodes or anodes via the mechanisms of “chemical bonding” and
electron rearrangements [2-7]. Among them, carbonyl compounds
are ideal organic anodes due to their moderate operational voltage
of 0.8 V vs. Li*/Li, which can effectively avoid the decomposition of
conventional carbonate-based electrolytes [8,9]. Scheme 1 shows
the lithium storage mechanism of one representative carbonyl
compounds, i.e. terephthalates, in which the carbonyl functional
groups absorb Li* and the electrons rearrange in the conjugated
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Tr-bond of the benzene and —COO— groups for the discharge
process, and vice versa for the charging process.

The mechanism mentioned above gives a good explanation for
the lithium storage behavior in its theoretical capacity and
addresses the importance of electronic structure. Thus, it seems
that the charge-transfer plays a crucial role in the lithium storage
mechanism. Nevertheless, lithium ions have to pass through the
solids of the electrodes from a microstructure point of view during
the discharge-charge process, which is actually the rate-determine
process [10]. Thus understanding the ion transport properties in
the solid phase is crucial for its electrochemical performance.
According to the state-of-the-art, various attentions have been
devoted to the relations between phases and performance [11].
MnO, polymorphs with different crystalline forms demonstrated
distinct electrochemical behaviors not only capacities but also
operational voltages [12,13]. Alkaline terephthalates, for example,
Li,CgH404 and K,CgH40,4 with similar molecular structures and
functional groups but different crystallography presented similar
operational voltage profile as anodes for lithium ion batteries, but
quite different rate performance because the latter one has a two-
dimensional lithium ion diffusion route rather than one dimension
route of Li,CgH404-type [ 14]. Moreover, it is interesting to find that
amorphous phase FePO, demonstrated a capacity of 140 mAhg™!
as cathodes while the trigonal quartz phase FePO, was almost
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Scheme 1. Lithium storage mechanisms for the terephthalates.

electrochemical inert [15]. It is suspected that the amorphous
phase gives a glassy form with isotropic nature that is favorable for
lithium migration, whereas the crystalline FePO, is too crowded
for the lithium ion to pass through its periodic rigid and robust
“atom cages”. Therefore, understanding the phase structure is
essential to mechanistic study and is helpful to further engineer to
improve its corresponding electrochemical properties.

In our previous study, we have synthesized a series of metal
terephthalates MCgH404 (M=Li,, K,, Ag,, Mg, Ca, Ba, Sr, Co)
[16-21]. It is interesting to find that cation varieties contribute a
great difference in physic-chemical properties. Substitution of Li*
with Ca?" can improve the thermal stability and alleviate the
solubility in the electrolytes so as to enhance the cycling
performance. Introducing of Co cation gives a multiple-electron
transfer with a capacity of more than 600 mAh g~'. Alkaline earth
metal cation-type MCgH404 (M=Ca, Sr, Ba) bring in different
crystallography in which SrCgH4 04 has the worst capacity
retention behavior due to unstable structure of the highly distorted
Sr-O octahedron. In this work, we focus on a new carbonyl-type
organic material, zinc terephthalate (ZnCgH404), which is also a
representative metal-organic framework material and can be
easily synthesized. Both of its crystalline form and amorphous
form are obtained. Their lithium storage behaviors are systemati-
cally studied. Although both of them have comparable electronic
conductivity at a magnitude of 10~7Sm™!, amorphous phase
displays higher capacity and better capacity retention compared
with that of crystalline phase as a consequence of a higher lithium
diffusion coefficient in the solids.

2. Experimental section
2.1. Materials synthesis

The preparation of zinc terephthalate (denoted as ZnTPA-2H,0)
was synthesized by a facile displacement reaction, similar to our
previous synthesis of MCgH404 (M=Mg, Co, Ca, Ba, Sr) [19-22].
Zinc nitrate and sodium terephthalate (NaTPA) were chosen as raw
materials. In typical synthesis, 0.01 mol Zn(NOs), and 0.01 mol
Na,TPA were dissolved in 50 ml de-ionized water separately under
continuously stirring at room temperature. Afterwards, zinc nitrate
solution was added dropwisely into the Na,TPA solution and white
precipitations in hydration form appeared immediately. The
mixture was put into a thermostatic drier box at 80°C for 5h to
insure a complete reaction. Subsequently, the white sediments
were centrifuged and washed with water and ethanol for several
times. The well-crystalline ZnTPA without crystal water was
prepared by annealing ZnTPA-2H,0 at the temperature of 300°C
for 1h under argon atmosphere. Amorphous phase ZnTPA was
formed by heating the crystalline one at 380°C for 1h. The
hydration form, crystalline form, and amorphous form of zinc
terephthalates were denoted as ZnTPA-2H,0, ZnTPA, and ZnTPA-
amor, respectively.

2.2. Materials characterization

The phases of ZnTPA-2H,0, ZnTPA and ZnTPA-amor were
determined by X-ray powder diffraction (XRD, \ = 1.54056 A, X'Pert
ProMPD) using Cu Ko radiation with a step size of 0.03°. TA
instrument Q500 was used in the thermo-gravimetric analysis
(TGA) under nitrogen atmosphere at a heating rate of 5°C from
room temperature to 600°C. A Field emission scanning electron
microscope (FEI NanoSEM 430) and Transmission electron
microscopy (FEI TecnaiF20 microscope) were applied in morphol-
ogy characterization. Raman spectroscopy was obtained with a
532 nm wavelength (Renishaw, inVia Reflexg).

2.3. Cell assembling and electrochemical test

The electrodes were prepared with a mixture of 60 wt% active
material, 30% carbon black and 10% PVDF binder in slurry form by
addition of N-methyl-2-pyrrolidine (NMP) as solvent. Lithium foil
was used as the negative electrode and polypropylene (PP) Celgard
2400 membrane was employed as the separator. 1M LiPFg
dissolved in ethylene carbonate (EC)/diethylene carbonate
(DEC)/dimethyl carbonate (DMC) (1:1:1 by volume) was used as
the electrolyte. 2032 coin cells were assembled in an argon-filled
glove box.

Instrument CT2001A (LAND Electronic Co.) was applied in
galvanostatic discharge-charge measurements within the range of
0.2-3.0V. The cyclic voltammetry (CV) curves were measured by
Solartron SI1287 at different scan rates. The powders were pressed
into pellets with a thickness of ~0.5 mm and a diameter of 13 mm
for the resistance measurements according to the Ohm'’s law via
applying a direct voltage and thus the electronic conductivity can
be calculated.

3. Results and discussion

Thermal stability of the as-prepared ZnTPA-2H,0 and ZnTPA has
been investigated by thermo-gravimetric analysis (TGA) under
nitrogen atmosphere from room temperature to 600 °C (Fig. 1a). It
is found that ZnTPA-2H,0 loses weight of 13.4% before 235°C,
which corresponds to a dehydration of 2 crystal water in per
formula unit. In line with the anhydrous ZnTPA, the ZnTPA-2H,0
also decomposes at 400 °C, which should finally form zinc oxide
and carbon. Its thermal stability is worse than that of CaTPA
(~500°C) [20] and CoTPA (~450°C) [21]. The phase structure of
ZnTPA-2H,0, ZnTPA, and ZnTPA-amor are collected by XRD as
displayed in Fig. 1b. According to the Rietveld refinement [23,24],
the as-synthesized ZnTPA-2H,0 is a pure phase with C2/c space
group (a=14.922A, b=5.030A, c=12.098A, B=103.82°). This
complies with the report of Mark Edgar et al. [25]. After calcination
at 300°C, the anhydrous ZnTPA is obtained with good crystalline.
While, there are no reports regarding its phase in the literature.
Under a higher annealing temperature at 380°C, the well-
crystalline phase converts into quasi-amorphous phase. In order
to well distinguish it from the well-crystalline one, we simply
denote the quasi-amorphous as amorphous phase. It is noted that
the amorphous phase has no carbon as indicated by a smooth
background in XRD and no characteristic carbon peaks in Raman
spectroscopy (not shown here). Annealing leading no long range
ordered crystal structure is a common phenomenon in the
terephthalats (e.g. NiTPA, FeTPA) [26]. Based on the refinement
results, the crystallography along [010] direction and molecular
structure of ZnTPA-2H,O are presented in Fig. 1c and d,
respectively. Basically, this structure consists of alternative
tetrahedral Zn-O inorganic layers and terephthalate organic layers.
The inorganic and organic layer distances are 7.50A and 6.10A,
respectively. Different from CoTPA and CaTPA [21,22], the Zn atoms
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Fig. 1. (a) Thermo-gravimetric analysis of ZnTPA-2H,0 and ZnTPA from RT to 600°C, (b) XRD patterns and Rietveld refinement with observed data points (red points),
calculated data (black line), Bragg positions (green bars) for as-obtained ZnTPA-2H,0, ZnTPA and ZnTPA-amor, (c) the crystal structure of ZnTPA-2H,0 along the [010]
projection. The O, Zn, C atoms are denoted by red, blue, black balls, respectively. H atoms are omitted, (d) Molecular structure of ZnTPA-2H,0 with bond lengths. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and surrounding O atoms shape in tetrahedron with dangling O
atoms rather than octahedrons. The carbonyl groups of C=0 and
C—O0 in ZnTPA-2H,0 demonstrate similar bond lengths (1.2730 A
vs. C—O 1.289A) indicating a conjugated feature. The —COO—
bond lengths vary in different terephthalate salts, which is
correlated to their electronegativity and cation radius [20]. Based
on its structure and thermal stability, it reveals that ZnTPA is more
likely a covalent compound.

The morphology of ZnTPA-2H,0, ZnTPA, and ZnTPA-amor are
visualized by scan electron microscopy (SEM). ZnTPA-2H,0
powders synthesized at 80°C have particle sizes in the range of
1-20 pm (Fig. 2a). Its morphology can maintain almost unchanged
after anhydrous process, revealing that there are no huge volume
changes (Fig. 2b). The formed ZnTPA has a sharp and smooth
surface suggesting that it has good crystalline and it is confirmed
by TEM study (Fig. 1d). After annealing treatment at 380°C, the
long-range ordered phase collapses into smaller size particles
(Fig. 1¢) and quasi-amorphous phase (Fig. 1e).

The zinc terephthalates were applied as electrode materials for
lithium ion batteries with lithium metal foils as counter electrodes.
Fig. 3a-c depict the cyclic voltammetry curves for the first four
cycles at a scan rate of 0.1mVs~! in 0.2-3.0V. All of the three
demonstrate a redox couple indexing to absorption/desorption
lithium at the electrochemical active carbonyl sites as elucidated in
Scheme 1. They share commons that there are quite high current
densities in the initial reduction process followed by steady
reduction-oxidation current, which gives information of low
coulombic efficiency in the first cycle and steady electrochemical
performance from the second cycle. As for amorphous zinc
terephthalate, it shows the smallest polarization (reduction peak

at 0.79V, oxidation peak at 1.05V) compared with the other two.
Pay attention that the above phenomenon is different from our
previous study of Ag,TPA, CoTPA [18,21], and there is no zinc
metallic particles formation in the electrochemical process as
absences of a reduction peak for Zn?*/Zn (typically at 1.2V vs.
Li*/Li) [27] in the cyclic voltammetry (CV). Fig. 3d presents the
initial galvanostatic discharge-charge curves at a current rate of
0.5C for zinc terephthalates. The theoretical specific capacities for
ZnTPA-2H,0 and ZnTPA are 202mAhg ' and 237mAhg !
respectively. Consistent with the CV results, amorphous ZnTPA
has the smallest polarization and gives an initial discharge capacity
of 626mAhg~! and a charge capacity of 237mAhg~!, the
corresponding coulombic efficiency (CE) is 38%. This CE is low. It
is common in organic electrodes [28-30]. Electrolyte decom-
positions and formation of SEI, dangling bonds and defect
structures as well as its dissolution into the electrolytes can
explain this low CE. Optimized the electrode components and the
synthesis procedures, surface modification as well as anode pre-
lithiation should be principally improved its CE [31,32].

The ZnTPA-2H,0 and ZnTPA give much lower charge capacity to
be 45mAh g ! and 93 mAh g, respectively. It is worth noting that
the discharge profiles of the crystalline phase demonstrate a
plateau shape (“two-phase” behavior) above 0.45V, subsequently a
slopy shape (“solid solution” behavior). As for the latter, it is
suspected that lithium ions are stored in the benzene layers or the
grain boundaries [33]. Actually, Armand et al. has also observed
this phenomenon in the well-known LiTPA material [8], but gave
no detailed explanations. Meanwhile, it is deserved to mention
that the crystalline structure of well-crystalline ZnTPA is preserved
after cycling evidenced by our XRD (not shown here). The
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Fig. 2. SEM images of (a) ZnTPA-2H,0, (b) ZnTPA, and (c) ZnTPA-amor; TEM images of (d) ZnTPA-2H,0 and (e) ZnTPA-amor.

discharge-charge profiles of ZnTPA-amor are different from the
crystalline one, which is a solid solution behavior in the whole
voltage window. This unique shape seems to be attributed to the
amorphous effect as amorphous LiFePO,4 and LiNigsMn; 50,4 thin
films have also evidenced similar curves [34,35]. The cycling
performance of these materials are measured and displayed in
Fig. 3e. As the carbon black takes up of 30 wt% in the electrodes, its
discharge-charge behavior was herein studied (Fig. 3f). The
capacities of zinc terephthalates are presented after deducting
the contribution of carbon black with an average capacity of
150mAhg ! in the voltage window 0.2-3.0V. The discharge
capacity of the ZnTPA-amor remains 180mAhg~! at 0.5C with
capacity retention of 66% (100th to 2nd), while the crystalline
ZnTPA displays a discharge capacity of 23mAhg~! at 0.5C with
capacity retention of only 16% (100th to 2nd). For the ZnTPA-2H,0,
it presents similar cycling performance with the crystalline ZnTPA,
which is analogue to the study of CaTPA [22,36]. All of these
findings provide that amorphous ZnTPA with chemical bonding
type reaction mechanism has the highest capacity and best durable
performance. In fact, it is reported that tin-based amorphous
oxides also yield a higher capacity than that of crystalline one [37].
While, it is different from the conventional intercalation materials
that amorphous structures cause bad electrochemical
performance and even electrochemically inert [34,35].

In order to investigate the phases influence on the kinetic
performance of zinc terephthalates, electronic conductivities of
these three materials are measured. We find that ZnTPA-2H,0,
ZnTPA and ZnTPA-amor have a comparable o, i.e. 5x1077Sm™},
1x1077Sm™! and 2x1077Sm™!, respectively. Meanwhile, CV
experiments with scan rates ranging from 0.1 to 0.4mVs~! are

imported to investigate the lithium ion transportation kinetic
behavior, which are shown in Fig. 4. It shows that the peak current
(Ip) increases with the increase of scan rates. Meanwhile, with the
increase of scan rates, the anodic peaks shift to higher potential,
and the cathodic peaks shift to lower potential, which is normally
called polarization. Fig. 4 plots the relation between the oxidation
peak currents and the square roots of the scan rates (v/?) for these
electrodes, which matches a linear relationship very well. This is a
typical behavior of diffusion-controlled process rather than
electrochemical reaction process. Therefore, the Li-ion diffusion
coefficient in the electrodes can be estimated by using Randles—
Sevcik equation expressed as [38,39]:

Ip = 0.4463n%2F32C,;SR2T'/2 D, %12

Where I, is the peak current, n is the charge transfer number, F is
the Faraday constant, Cj; is the Li-ion concentration, S is the surface
area of the electrode, R is the gas constant, T is the absolute

temperature, D;; and v are Li-ion chemical diffusion coefficient and
scanning rate, respectively. Thus the chemical diffusion coefficient
is proportional to the slope of Ip vs. v/2. From the linear slopes, it is
obvious that the ZnTPA-amor has the highest apparent Li-ion
diffusion coefficient, while the ZnTPA-2H,O has the lowest
apparent Li-ion diffusion coefficient. We believe that amorphous
structure provides isotropic lithium diffusion pathway and a short
lithium ion diffusion length. According to the equation D=d?t~!
[40,41], where D is the diffusivity, d is the diffusion distance, and t
is the diffusion time, thus a shorter diffusion length results in a
square rate higher diffusivity. Moreover, amorphous structure
provides a better electrolyte penetration causing better charge-
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Fig. 3. Cyclic voltammetry (CV) of (a) ZnTPA-2H,0, (b) ZnTPA, and (c) ZnTPA-amor for the first several cycles at a scan rate of 0.1 mV s~ in the voltage window of 0.2 V-3.0V,
(d) The initial discharge-charge curves and (e) capacity retention behavior of ZnTPA-2H,0, ZnTPA, and ZnTPA-amor at a current rate of 0.5C (2nd to 100th). (f) Galvanostatic
discharge-charge profiles for carbon black materials (Electrodes were prepared by 90 wt% carbon black and 10 wt% PVDF).

transfer kinetics between the electrolyte and the electrode
materials. All of these contribute to the high lithium ion diffusion
coefficient and the good performance of amorphous state ZnTPA.

4. Conclusions

Carbonyl-type organic material zinc terephathalates ZnCgH404
with well-crystalline and amorphous states are obtained and
applied as anodes for lithium ion batteries. The amorphous phase
is derived from the crystalline via a simple calcination process at

380°C. The functional groups —COO— in terephthalates are
electrochemical active sites to storage lithium. It is interesting to
find that the rate-determine factor for this solid organic materials
lies in the lithium ion migration process rather than charge-
transfer process. Amorphous ZnCgH40, with advantages of
isotropic and glassy nature presents a much better lithium storage
behavior in contrast with crystalline phase including a smaller
electrochemical polarization, a higher capacity (180mAhg™! vs.
25mAhg ! of crystalline one) and a more durable performance
with a higher lithium ion diffusion coefficient although they have
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an comparable electronic conductivity of ~10~7Sm™". This study
demonstrates the importance of engineering the phases to tune
the electrochemical performance, which can be extended to other
organic electrode materials. It also addresses the importance of
solid state ionic subject in the alkaline ion (i.e. Li*, Na*, K*) batteries
devices.
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