Chinese Chemical Letters 33 (2022) 4776-4780

Contents lists available at ScienceDirect

GCL. "%

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Electrochemical reaction mechanism of porous Zn;Ti3Og as a ®)
high-performance pseudocapacitive anode for Li-ion batteries iy

Weijie Cheng?, Qi Feng®<*, Zhanglin Guo®, Guanjun Chen?, Yong Wang?, Lixiong Yin?,

Jiayin Li?, Xingang Kong®*

aSchool of Materials Science and Engineering, Shaanxi University of Science and Technology, Xi'an 710021, China
b Graduate School of Engineering, Toin University of Yokohama, Kanagawa 225-8503, Japan
¢ Department of Advanced Materials Science, Faculty of Engineering, Kagawa University, 2217-20 Hayashi-cho, Takamatsu-shi 761-0396, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 29 September 2021
Revised 9 December 2021
Accepted 4 January 2022
Available online 8 January 2022

Keywords:

Zl’lzTi303

Lithium-ion battery

Electrochemical reaction mechanism
Theoretical capacity
Pseudocapacitance

Zn,Ti30g, as a new type of anode material for lithium-ion batteries, is attracting enormous attention
because of its low cost and excellent safety. Though decent capacities have been reported, the electro-
chemical reaction mechanism of Zn,Ti;Og has rarely been studied. In this work, a porous Zn,Ti3Og anode
with considerably high capacity (421 mAh/g at 100 mA/g and 209 mAh/g at 5000 mA/g after 1500 cy-
cles) was reported, which is even higher than ever reported titanium-based anodes materials including
Li4TisOq,, TiO, and Li,ZnTi30g. Here, for the first time, the accurate theoretical capacity of Zn,Ti3Og was
confirmed to be 266.4 mAh/g. It was also found that both intercalation reaction and pseudocapacitance
contribute to the actual capacity of Zn,Ti3Og, making it possibly higher than the theoretical value. Most
importantly, the porous structure of Zn,Ti3Og not only promotes the intercalation reaction, but also in-
duces high pseudocapacitance capacity (225.4 mAh/g), which boosts the reversible capacity. Therefore, it
is the outstanding pseudocapacitance capacity of porous Zn,Ti3Og that accounts for high actual capacity
exceeding the theoretical one. This work elucidates the superiorities of porous structure and provides an
example in designing high-performance electrodes for lithium-ion batteries.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a kind of clean energy, the application of lithium ion bat-
tery (LIBs) is becoming more and more common in our lives, es-
pecially in these areas of pure electric vehicles, now-ubiquitous
man-carried electronics and smart grids [1,2]. It is urgent to de-
velop LIBs with high reversible capacity, great long-cycle stability
and excellent performance at large current density [3]. Recently,
it has been found that the introduction of pseudocapacitive charge
storage into LIBs is an effective way to fabricate ultra-fast charging-
discharging rate LIBs. Thanks to the synergy between the battery
reaction and pseudocapacitance, it can ensure high rate perfor-
mance and bring additional capacity [4]. Meanwhile, the behav-
ior of pseudocapacitance was generally presented in materials with
porous structures and nanomaterials [5-8].

Traditional Ti-based anode materials for LIBs, such as Li4Ti5O13,
TiO, and Li,ZnTi3Og as typical intercalation type anodes materials
have caught much attention thanks to their cheap manufacturing
costs, good sustainability, environment protecting, and good safety
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[9-13]. Recently, Zn,Ti3Og a new Ti-based material with cubic de-
fect spinel structure, has entered the field of view of scholars when
used as anode material for LIBs. Its electrochemical properties were
first reported by Hong et al. in 2010 [14], and the capacity of
Zn,Ti30g nanowires reached to about 400 mAh/g at 100 mA/g,
which is much higher than that of these traditional Ti-based mate-
rials just like LizTi5sOq5 (175 mAh/g), TiO, (335 mAh/g), Li,ZnTi3Og
(227 mAh/g) and MLi;TigOq4 (about 240 mAh/g). However, up to
now, there are only few literatures on the electrochemical prop-
erties of Zn,Ti30g and its electrochemical reaction mechanism is
only speculated according to its capacity voltage curves and volt-
ampere cycle curves. Liao et al. deemed that both Ti and Zn were
involved in the electrochemical reaction [15,16]. While Wang et al.
believed that only Ti was involved in the electrochemical reaction
during charging-discharging [17]. Therefore, besides achieving high
performance, it is necessary to study on electrochemical reaction
mechanism that accounts for high performance.

Recently, we have reported the porous network Zn,Ti;Og plate-
like nanoarchitecture [18] via the in situ topotactic reaction of lay-
ered Hqp7Tii7304-H,0 precursor [19-21], and deeply researched
its formation mechanism. The preliminary study of electrochem-
ical properties indicated that such porous network Zn,Ti3Og
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Fig. 1. Rate performance (a) of P-ZTO and B-ZTO. (b) Performance comparison with other Zn,Ti3Og (ZTO) reported in recent years [14-17,22]. (d) Long cycle performance of
P-ZTO and B-ZTO. EIS analysis of two samples before charging-discharging (c) and after 100 cycles at 100 mA/g (e).

platelike particles presented a high specific capacity (421 mAh/g
at 100 mA/g), and its reversible capacity still remained 209 mAh/g
at 5000 mA/g during 1500 cycles, which greatly exceeded that of
the commercial Li4TisO;, anodes material. Though the high per-
formance was achieved, the reasons and mechanism were barely
discussed and still unclear. In this paper, we further studied the
electrochemical reaction mechanism of porous Zn,Ti3Og particles.
For the first time, we accurately confirmed its electrochemical re-
action equation and calculated its theoretical intercalation capac-
ity via first-principles (Some scholars believe that the theoretical
capacity of Zn,Ti3Og is 466 mAh/g, but no evidences are avail-
able. As we calculate here, the accurate theoretical capacity of
Zn,Ti30g should be 266.4 mAh/g rather than 466 mAh/g). For the
phenomenon that its actual capacity exceeds the theoretical inter-
calation capacity, it is confirmed that it is due to the generation
of a large number of pseudocapacitance behavior in the charging-
discharging process. Meanwhile, through the analysis of the corre-
lation between morphology and electrochemical performance, we
found that the porous structure not only brings much pseudoca-
pacitance capacity but also promotes its intercalation reaction. So,
the porous Zn,Ti3Og has a better rate performance and higher re-
versible capacity due to the synergistic effect of pseudocapacitance
and enhanced intercalation reaction. The experimental details are
shown in Supporting information.

The sample preparation flowchart is shown in Fig. S1 (Support-
ing information). To highlight the advantages of porous Zn,Ti3Og
(P-ZTO), the Zn,Ti30g bulk sample (B-ZTO) was selected as a com-
parison. The XRD patterns of two Zn,Ti3Og samples prepared by
different methods are shown in Fig. S2a (Supporting information),
where both samples show pure Zn,Ti;Og phase (JCPDS No. 87-
1781). While big difference in morphology can be observed in
SEM and TEM images. The sample prepared by the ion-exchange
method shows a plate-like morphology with evenly distributed
mesoporous on the surface (Figs. S2b and d in Supporting infor-
mation). On the other hand, the reference sample prepared by the
molten salt method (B-ZTO) consists of bulks (Figs. S2c¢ and e in
Supporting information). More characterization information of P-
ZTO and B-ZTO was shown in Fig. S3 (Supporting information).
In the SEM image of P-ZTO (Fig. S3a), it can be observed that its
thickness is about 20 nm. In the TEM photographs of P-ZTO (Figs.
S3b-d), there are a particularly large number of evenly distributed
holes. The Brunauer-Emmett-Teller (BET) analysis of the two sam-
ples showed that the specific surface area of P-ZTO was 40.6 m?/g,
which was much larger than that of B-ZTO (6.7 m2/g). Meanwhile,
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the result showed that the pore size of P-ZTO was about 10 nm
(Figs. S3e and f).

Fig. 1 shows the electrochemical performance of electrodes fab-
ricated using P-ZTO and B-ZTO. In the rate performance test, the
P-ZTO has a higher reversible capacity than that of B-ZTO at the
same current densities from 100 mA/g to 5000 mA/g. Particularly,
at current density of 100 mA/g, the reversible capacity of the P-
ZTO can reach to 421 mAh/g, while only 140 mAh/g for that of B-
ZTO (Fig. 1a). We compared our high-capacity results with those of
previous reports. As summarized in Fig. 1b, one can find that the
capacities achieved for P-ZTO under different current densities are
higher than ever-reported values [14-17,22], proving the advantage
of the mesoporous structure of P-ZTO.

Moreover, as shown in Fig. 1d, in the long-term cycle process
at the high current density of 5000 mA/g, although the coulombic
efficiencies are quite similar, the capacity of P-ZTO is stable to be
209 mAh/g after 1500 cycles, which is much higher than that of B-
ZTO sample (50 mAh/g). What is more, the EIS analysis are shown
in Figs. 1c and e. The result shows that the electrolyte resistance of
two samples is similar, while P-ZTO has significantly lower charge
transfer resistance than that of B-ZTO [23]. Since the gap between
particles is an important factor affecting the charge transfer resis-
tance, we analyzed that the lower impedance of P-ZTO is due to its
special porous plate structure. The charge can be rapidly transmit-
ted on the flat surface of the P-ZTO. While as B-ZTO is composed
of bulks, there is a large gap between each bulk, which is not con-
ducive to charge transmission. These results indicate that besides
the high capacity, P-ZTO also possesses high cycle stability at high
current density, manifesting its potential for practical application,
especially in quick charge for electric vehicles.

Fig. S4a (Supporting information) presents the capacity voltage
curve of P-ZTO. The discharge capacity in the first turn reaches 700
mAh/g, but attenuates to 450 mAh/g in the second cycle. This phe-
nomenon can be attributed to the formation of solid electrolyte in-
terface (SEI) layer on the electrode surface during the first charge-
discharge, resulting in part of consumption of Li* ions and the ir-
reversible capacity loss. This phenomenon occurs in most anode
materials [24]. As the charge-discharge continues, the reversible
capacity of electrode material gradually reached 421 mAh/g and
remained stable. At the same time, it can be observed that there
are two platforms around 0.5 V and 1.5 V, respectively. In the
volt-ampere cycle curves (Fig. S4b in Supporting information), the
first lap also exhibits a remarkable difference compared with the
second lap and third lap. The cathode peak at 0.6 V in the first
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Fig. 2. (a) XRD pattern of the P-ZTO at the different charging-discharging stages. The XPS spectra of Ti (b) and Zn (c) elements at different charging-discharging stages of

P-ZTO.

cycle was caused by SEI, which is not observed in the subsequent
volt-ampments cycle. In the second and third cycle curves, two
groups of redox peaks at 1.55/1.4 V and 0.5/0.27 V can be assigned
to the evolution of Ti*t/Ti3+ during charging and discharging [25].
The capacity voltage curves and volt-ampere cycle curves of B-ZTO
show the similar phenomenon as discussed above (Figs. S4c and d
in Supporting information).

For better understanding the high capacity and high stability
of P-ZTO, as the prime target of this work, the electrochemical
reaction mechanism was studied. Firstly, the structure and mor-
phology evolution of P-ZTO during the charging-discharging pro-
cess were investigated. The half-cells were activated via 100 cy-
cles of charging-discharging, and then disassembled at the spe-
cific potentials corresponding to the redox peaks in the voltametric
cycle. In general, for electrode materials of LIBs, obvious changes
in morphology and volume occur during the conversion or alloy-
ing reaction [26,27], while not for intercalation reaction [28]. The
SEM images (Fig. S5 in Supporting information) display that P-ZTO
electrode materials at different electrochemical reaction stages re-
mained the pristine platelike morphology, which suggests that the
battery reaction of P-ZTO should be only intercalation reaction.
And to confirm this, the XRD test was carried out at seven dif-
ferent charging-discharging stages according to the capacity volt-
age curve shown on the right (Fig. 2a). The diffraction peaks at
43.4° and 50.7° are assigned to copper foil used for electrode as-
sembling. It’s clear that all the samples from different stages still
remain the pure Zn,Ti3Og phase. This result confirms that there is
no phase transformation during charging and discharging process,
which also excludes the possibility of conversion reaction and al-
loying reaction, agreeing well with the above SEM results. For fur-
ther understanding the electrochemical reaction mechanism, the
above samples were characterized by XPS (Fig. S6 in Supporting
information) and the spectra of Ti and Zn elements of P-ZTO at
different charging-discharging stages are shown in Figs. 2b and c.
The initial Ti 2p XPS spectrum shows two peaks at 458.3 eV and
464.3 eV, corresponding to Ti*t 2p3p, and Ti** 2p, /2> Tespectively.
When the P-ZTO electrode discharged from 3 V to 1.4 V after 100
cycles, the Ti 2p peaks can be fitted to four peaks. The peaks at
457.6 eV and 463.0 eV should be attributed to Ti3* 2p;, and Ti3*
2pyp, and the peaks at 458.3 eV and 464.3 eV are corresponding
to Ti** 2p3, and Ti** 2p;), identifying the co-existence of Ti**
and Ti*+ at this stage. Continuing to discharge to 0 V, the curve
can be fitted to only two peaks located at 457.6 eV and 463.0 eV,
which means the Ti** is fully reduced to Ti3+. When the electrode
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Fig. 3. Ground-state structures of xZn,Ti30g with x = 0, 1, 2, 3 and 4 from (a) to
(e). (Green ball: Li, red ball: O, blue ball: Ti, gray ball: Zn).

charged to 3 V from 0 V, the binding energy of Ti 2p returned back
to 458.3 eV and 464.3 eV, corresponding to Ti** 2ps;, and Ti**
2py, respectively, which implies the Ti** are oxidized to Ti** ions
[25]. However, under the different charging-discharging stages, the
Zn 2p XPS spectra remain the same and two peaks at 1021 eV
and 1044 eV belonging to Zn?* 2p3, and Zn?* 2p, respectively.
The constant valence indicates that zinc ions are not involved in
the redox reactions and only titanium ions work in the charging-
discharging process.

Based on the above results, it’s sure that the battery reaction in
P-ZTO electrode material is pure intercalation reaction, the same
with that of LiyTisO,, as previously reported [29]. The intercala-
tion reaction can be written as Eq. 1:

(1)

Though the high capacity was achieved and the electrochemical
reaction mechanism was elucidated here, the study on Zn,Ti3Og
materials is still insufficient. For example, the theoretical specific
capacity is still unknown. Therefore, here for the first time, we
calculated the theoretical specific capacity with the help of first-
principles DFT calculations [30-33], as shown in Fig. 3. It is found
that the maximum number of inserted Lit in the unit cell is 4.
Once we have determined its reaction formula and the maximum
number of inserted Li*, we can calculate its theoretical capacity
according to Eq. 2 [34]:

Zl‘lzTi303 +XxLit +xe™ — LiXanTi303

C = mF/3.6M (2)
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Fig. 4. Cyclic voltammetry of P-ZTO at different scan rates (a) and corresponding peak current versus square root of scan rates (b). Pseudocapacitance contribution ratio of
P-ZTO at scan rates of 0.1 mV/s (c), 1.0 mV/s (d) and their summary histogram (e). Capacity voltage curve and intercalation capacity calculation at 100 mA/g of two ZTO (f).
The dQ/dV curve analysis of two ZTO (g). Total capacity and capacity contribution of each lithium storage behavior (h).

where C is the specific capacity (mAh/g), m is the number of
Li atoms in the final discharge product, F is the Faraday con-
stant (96,485 C/mol), and M is the mole weight of Zn,Ti30g
(402.43 g/mol). The theoretical specific capacity of Zn,Ti3Og elec-
trode is calculated to be 266.4 mAh/g. It is quite interesting that
the actual capacity achieved (421 mAh/g) in our experiment is
much higher than that from theoretical specific capacity.

It has been proved that the porous materials, when working as
electrodes, are prone to generate pseudocapacitance, which con-
tributes to a significant increase in electrode material capacity [35-
37] and this may explain the observation in our study. To con-
firm the existence of the pseudocapacitance behavior in our P-
ZTO electrode, volt-ampere cycle texts at different sweeping speeds
were carry out and the results are shown in Fig. 4a. According to
the peak current and sweeping speed, we do the linear fitting via
Eq. 3 [38]:

I=ax1’

3)

where i is the peak current, v is the sweeping speed, and a and b
are adjustable parameters. When b value is 0.5, it is indicated that
Li* intercalation process is the dominant process. When the value
of b is close to 1, it is suggested that the reaction mainly comes
from the surface capacitance effect, namely pseudocapacitance. Af-
ter linear fitting, as shown in Fig. 4b, we calculated b; = 0.77
and b, = 0.75 at two lithium intercalation stages (0.27 V and
1.5 V) respectively. These results imply that the pseudocapacitance
and intercalation reaction act together in charging-discharging
processes.

Through the analysis of volt-ampere-cycle measurements at dif-
ferent rates, the pseudocapacitance contribution can be quantified.
Using the above concepts, the current response at fixed potential
can be expressed as shown in Eq. 4 [39]:

i(V) = kv + kov'/? (4)

kiv and k,v!/2 correspond to the current contribution of surface
capacitance effect and intercalation process, respectively. To sim-
plify the calculation process, Eq. 4 can be translated into Eq. 5:

l.(V)/U”2 = k]l/]/z + k2

(5)

At a certain potential, the current value was measured under
each scan rate. A plot of i/v!/2 versus v!/2 allowed the calculation
of k, from the y-intercept, and k; from the slope of Eq. 5. Thus,
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by determining k; and k,, we can quantify the pseudocapacitance
contribution at different working currents [40,41]. By the integral
calculation, we obtained the percentage of pseudocapacitance con-
tribution for P-ZTO at different scan rates. At a low sweep rate of
0.1 mV/s, the pseudocapacitance contribution reaches up to 67.34%
(Fig. 4c), and it is clear that with the working current increasing,
the proportion of pseudocapacitance increases and finally becomes
dominant in the total capacity (95.21%), which must be the reason
for the excellent rate performance of P-ZTO [42] (Fig. 4d). Its pseu-
docapacitance contribution at different scan rates can be found in
the summary histogram, and they are 67.34%, 73.51%, 84.5%, 91.37%
and 95.21% at 0.1, 0.2, 0.5, 0.8 and 1.0 mV/s, respectively (Fig. 4e).
In this work, the P-ZTO anode not only shows a much higher ca-
pacity than that of B-ZTO, but also a better performance than other
popular Ti-base anode materials under high current density as well
as higher contribution proportions of pseudocapacitance (summa-
rized in Table S1 in Supporting information) [43-46]. Besides, the
same pseudocapacitance tests for the B-ZTO are shown in Figs. S7
and S8 (Supporting information). To our surprise, B-ZTO also has a
large amount of pseudocapacitance behavior. Therefore, other anal-
yses will be conducted to explore why P-ZTO has a higher capacity
than ZTO of other morphologies.

In order to highlight the performance advantages brought by
its porous structure, we quantified the capacity contribution of
each reaction [47,48] of P-ZTO and B-ZTO. After 100 stable cy-
cles at 100 mA/g, the reversible capacity of P-ZTO and B-ZTO
are 421 mAh/g and 136 mAh/g, respectively (Fig. 4f). Fig. 4g is
the dQ/dV curve obtained from the capacity voltage curves in
Fig. 4f. The peaks of 0.40-0.85 V and 0.86-1.40 V represent the
two stages of intercalation for P-ZTO, while the B-ZTO interca-
lation occur at 0.33-0.66 V and 0.94-1.14 V. According to our
calculation, the intercalation capacities of P-ZTO and B-ZTO are
195.6 mAh/g and 55.2 mAh/g, respectively, reaching 86.39% and
20.72% of the theoretical intercalation capacity (266.4 mAh/g). At
the same time, the pseudocapacitance capacities of P-ZTO and B-
ZTO are 225.4 mAh/g and 81 mAh/g, respectively, accounting for
53.56% (P-ZTO: 421 mAh/g) and 59.55% (B-ZTO: 136 mAh/g) of
their reversible capacity (Fig. 4h). In other words, although B-
ZTO has a large proportion of pseudocapacitance, the contribution
value of pseudocapacitance and intercalation capacity is too small,
which leads to the performance of B-ZTO is far inferior to that of
P-ZTO.
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On one hand, the mesoporous provide rapid channels for
lithium ions to pass through, enhancing the intercalation reaction.
On the other hand, they also provide more attachment sites to ad-
sorb lithium ions [49], resulting in increased surface capacitance
contribution (pseudocapacitance). While these advantages are not
observable in B-ZTO and other Ti-based materials without such
a porous structure. It is believed that P-ZTO has the potential to
work as a new type pseudocapacitive lithium-ion anodes electrode
material. Moreover, the elucidated electrochemical reaction mech-
anism will provide ideas in designing more highly efficient porous
electrode materials.

In summary, we reported a high-performance porous Zn,Ti3Og
anode for lithium-ion batteries and deeply studied the electro-
chemical reaction mechanism. The porous Zn,Ti;Og anode showed
a capacity of 421 mAh/g at 100 mA/g, the highest value for the
reported Zn,Ti3Og-based anodes, while only 140 mAh/g for bulk
Zn,Ti30g. Moreover, the porous Zn,Ti3Og kept a capacity of 209
mAh/g at 5000 mA/g after 1500 cycles, indicating its outstanding
cycling stability. For studying the mechanism of the high perfor-
mance of the porous Zn,Ti3Og, we calculated the theoretical ca-
pacity of Zn,Ti3Og by DFT calculation, showing 266.4 mAh/g, lower
than the achieved actual capacity. With comprehensive characteri-
zations, we confirmed that both intercalation reaction and pseudo-
capacitance contribute to the capacity of Zn,Ti3Og. The designed
porous structure of Zn,Ti3Og not only promotes the intercalation
reaction, but also induces high pseudocapacitance capacity of 225.4
mAh/g, boosting the reversible capacity. Therefore, the pseudoca-
pacitive behavior of porous Zn,Ti3Og highly promotes the actual
capacity, which could provide ideas in designing other porous elec-
trodes for lithium-ion batteries.
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