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A novel strategy for structural design of current-collector-free lithium ion batteries (LIBs) has been proposed,
MoO;/CNTs loading on the single side of a separator by a simple spin-coating method. LIBs with such a
MoO;-based composite separator eliminate the need for metal current collectors and exhibit an extra high
specific capacity (0.2C, ~1200 mA h g='"). Faster ion transport and lower charge transfer resistance (R)
of the composite separator were proved compared with the traditional MoO-based electrode, which results
in the increased special capacity. In addition, the pseudocapacitive effect caused by vacancies and narrow
interval in the MoO;/CNTs materials also contributes to the high specific capacity of the batteries. The highly
efficient ion and electron transport ability of the composite separator were proved in this study, and such a
novel design strategy would be an alternative for low-cost LIBs.

Keywords: Current-Collector-Free LIBs, Composite Separator, lon Diffusion Coefficient, Pseudocapacitive Effect, Charge
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1. INTRODUCTION

Kinds of energy storage materials and devices have
attracted great attention and deserve a great development
in recent years [1-5]. Among them, lithium ion batter-
ies (LIBs) provide an attractive landscape since their high
energy density, long lifetime cycle, and high operating
voltage [6-11]. In recent years, the issue of ion diffusion
and charge transport is widely studied and concerned in
the LIBs system [12, 13]. Most of the researches focus
on the design of electrode materials, such as hierarchical
nanostructure [14, 15], porous structure [16-19], hollow
structure [15, 20, 21], heterostructure [22, 23], two/one-
dimensional nanomaterials [14, 24, 25], materials with
defect sites [25, 26] and so on. There is also some other
work on electrode design: free-standing electrode [27],
composite electrode [28] and layer-graded electrode [29].
Although many attempts were made in terms of material
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modification, combining electrodes and separator is also
an effective strategy to solve this problem.

Although the separator only serves to separate the anode
and cathode electrode in a lithium-ion (Li-ion) battery,
they are completely immersed in the electrolyte and are
also part of the ion transport system. By growing the active
materials on the separator, the active materials have bet-
ter contact with the electrolyte, and that is beneficial to
the transport process of Li*. Meanwhile, the R, may also
be decreased. However, ensuring that the active substances
grow only on one side of the separator is a key prob-
lem. We came up with the spin-coating method to solve
this issue, in which way the active materials attached to
a single side of the separator can be realized. During the
simple spin-coating process, active materials could have
a better dispersion and more active sites can be exposed.
It also takes less time to prepare the composite separator
by spin-coating than to synthesize the material first and
then prepare the electrode.

MoO; materials have attracted the attention of many
researchers, because of its high capacity and other good
properties [30, 31]. As a semiconductor, the conductivity
of MoO; is not good [32, 33], if it is directly growing on
the separator which cannot conduct electricity, it will not
show good performance. Carbon nanotubes (CNTSs) was
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selected as a three-dimensional conductive framework to
improve the conductivity of MoOj.

Here, we chose the CNTs to improve its poor conductiv-
ity, attached with MoO; together on the surface of the sep-
arator. The MoOs-based composite separator was obtained
by a simple spin-coating and subsequent calcination pro-
cess. Taking advantage of the fact that the separator is a
part of the ion transport system, we loaded the anode mate-
rials to the separator without binder, to improve the ion
transfer capacity inside the battery. The LIBs with such a
structure design are binder-free and current-collector-free,
reflecting the advantages of no adverse effects of binder
and low cost [34-36]. Besides, considering the area of
the separator is usually larger than the electrode, the load
of the active material can be increased without too much
thickness of the active material. Moreover, the simple spin-
coating process can also help improve the dispersion of
materials. Such a composite separator strategy may be an
alternative in the structural design of LIBs.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of MoO;-Based Composite Separator
0.086 g of ammonium molybdate tetrahydrate (Alfa) and
0.03 g CNTs was dissolved in 2 mL deionized water, then
treated ultrasonically or stirred for an hour. A moderate
amount of the above solution was dropped on the side
of the separators (Whatman) by a spin-coating method.
The separators after treatment were dried at 50° overnight
and then calcinated at 500° for 5 hours under vacuum.
Then the MoO;-based composite separators were obtained.
The mass of MoO; on the separate was calculated and
determined by the different quality of fresh separator and
dried separator after the spin-coating process.

2.2. Characterization

The structural information of MoO; was obtained with
X-ray diffraction (XRD, BRUKER, D8 Focus, Germany)
under the incidence angle range of 5-85°. The mor-
phology and distribution of the MoO;-based compos-
ite separator were characterized by scanning electron
microscope (SEM, Hitachi SU8010) and transmission
electron microscopy (TEM, JEM-2100). The elements of
the separator and chemical states of the MoO,; were
assessed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi).

2.3. Electrochemical Measurements

The CR2032-type coin half-cells consist of the MoOs-
based composite separator, lithium metal and 1 M LiPF in
1:1 (volume ratio) EC/DMC. All half-cells were assembled
in a glove box and aged for about 12 hours before elec-
trochemical measurements. The MoO; materials obtained
by calcination from ammonium molybdate tetrahydrate
were used as the control group. The MoO;-based electrode

was assembled to half-cells in the same method consis-
tent with MoOs-based composite separator. Performance
of batteries was obtained with a battery test system (Land,
China). The diffusion coefficient and capacitive contribu-
tion were determined by cyclic voltammetry (CV) tests at
different scan rate (0.2 mV ~ 1.2 mV). Electrochemical
impedance spectra (EIS) were obtained from the electro-
chemical workstation (Zahner).

3. RESULTS AND DISCUSSION

3.1. Structure, Morphology, and Surface
Characterizations

The morphology information of MoO;-based composite
separator is given in Figure 1. The active materials are suc-
cessfully attached to one side of the separator (Fig. 1(a)),
while the other side separator is composed of interlaced
fibrous materials (Fig. 1(b)), indicating the MoO,/CNTs
successfully grown on the single side of the separator.
With a simple spin-coating method, the active materials
can be attached to a single side of the separator. In addi-
tion, during the spin-coating process, active materials can
have a good dispersion and more active sites can be
exposed. Moreover, because the area of the separator is
larger than that of the current-collector, the loading capac-
ity of the active material can be increased without too
much thickness of the active material. Figure 1(c) shows
that the MoO; materials with a particle size of ~500 nm
are interlaced with CNTs, which could improve the elec-
trical conductivity. The Figure 1(d) shows the TEM image
of MoO,;/CNTs composite materials. The MoO; is con-
nected by interwoven CNTs and the interconnecting car-
bon tubes provide a pathway for electron transport and
effectively enhance the conductivity of MoO; materials.
The structural information of MoO; was obtained by XRD,

Fig. 1. SEM images and photos of MoO;-based composite electrode:
(a) (c) the front side; (b) the behind side; and (d) TEM image of
MoO,/CNTs.
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Fig. 2. The XRD pattern of MoO, powder sample and standard JCPDS
of @-MoO;.

as Figure 2 shows. The load of MoO; on the separator is
too little (1~ 2 mg) to detect the XRD signal. So MoO,
powder samples (produced by calcination from ammonium
molybdate) were used for XRD characterization. Its high-
est diffraction peak appeared in 27.3°, corresponding to the
(021) crystal plane, and there are some weak diffraction
peaks at 23.3°, 25.9°, 12.8°, and 34.4°, respectively corre-
sponding to the (110), (120), (020), and (140). From the
comparison of XRD experimental spectra with standard
cards, the diffraction angles of the four strongest peaks
corresponding to (020), (110), (120), (021) are consistent
with standard cards. Their height of peaks is not exactly
the same as standard cards, caused by the preferred orien-
tation phenomenon, but that does not affect how we deter-
mine the phase structure. As for the difference between
experimental data of some weak peaks and standard cards,
it is due to the not exactly test results caused by the fast
scanning scan speed (6°/min).The XRD results of MoO,
are highly consistent with the PDF card (JCPDS 35-0609),
indicating that the as-prepared MoO; is mainly composed
of @-MoO, (Pbnm space group) [37].

(@)

Figure 3 depicts the XPS information of MoO;-based
composite separator (the front side). The Na, Si and some
O elements come from the main components of the sep-
arator. Mo, O and C elements come from the MoO; and
CNTs loaded on the separator. Weak peaks of Co and F
may be caused by some impurities in the separator. The
Mo3d spectra of the composite separator can be fitted into
4 peaks, as depicted in Figure 3(b). The most intense peaks
at 236.29 eV and 233.15 eV corresponds to Mo®" and
the low intensities at 231.78 eV and 234.92 eV indicate
the existence of Mo>* [38]. Capacitive charge storage can
occur via uptake of lithium ions by defective sides [39]. So
the presence of Mo®* on the surface of MoO; can result in
a pseudocapacitive effect, improving the capacity. In addi-
tion, defects can also promote rapid ion transport [25, 40].

3.2. Electrochemical Performance

Galvanostatic charge-discharge cycling tests were per-
formed to study the electrochemical performances of
the MoO;-based composite separator. In Figure 4(a), the
cycle performance of MoO;-based composite separator
and electrode at 0.5 A g~! is displayed. For the compos-
ite separator, there is an irreversible capacity on the 1st
cycle, caused by some side reactions and the formation
of solid electrolyte membrane. The composite separator
behaves super high and continuously increasing capacity
(>950 mA h g!) at the first 20 cycles, which is generally
attributed to the kinetically activated electrolyte degrada-
tion with the increase of cycling number [32]. Previous
literatures have also reported this common phenomenon
[41, 42]. After 100 cycles discharge/charge processes, the
special capacity decreases a lot, due to the structural col-
lapse resulted by volume expansion [43] and the detach-
ment of active substances from the separator. For the nor-
mal MoOs;-based electrode, after 100 cycles, its capacity
dropped rapidly from 720 to 323 mA h g=!. As Figure 4(b)
shows, the discharge capacities of the MoOs-based com-
posite separator at 0.2, 0.5, 1,2, 5 A g’l are 1213, 1151,
980, 812, 413 mA h g™, respectively. The relative capac-
ities of MoOs-based electrode are 678, 580, 396, 289,

(b)

Fig. 3. XPS spectra for MoO,-based composite separator: (a) survey spectrum; (b) Mo3d region.
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Fig. 4.

(b)

(d)

(a) Cycle performance of MoO,-based composite separator and MoO;-based electrode under 0.5 A g~'; (b) performance of MoO;-based

composite separator and MoO;-based electrode under current density from 0.2 A g7 to 5 A g~'. (¢) Charge-discharge curves of MoO;-based composite
separator under different current density from 0.2 A g' to 5 A g~'; (d) EIS spectra of MoO;-based composite separator and MoO;-based electrode.

156 mA h g~! respectively at 0.2, 0.5, 1, 2, and 5 A g7},
lower than MoO;-based composite separator. Two kinds of
MoO;-based half-cells both show poor stability, which is
related to the fact that the large diameter of the material
(~500 nm) is unable to suppress the volume expansion.
Compared with the MoOj, electrode, the composite separa-
tor has a relatively high capacity, which can be attributed
to the rapid Li* and electron transfer brought by this struc-
tural design. The presence of vacancies may also be the
reason for its high capacity because they can cause a pseu-
docapacitive effect.

The Figure 4(c) provides the discharge/charge volt-
age profiles of the MoO;-based composite separator from
0.5A g7'to5 A g'. The voltage plateaus at around 1.5V
corresponds to the insertion of Li*™ in discharge process.
A large Li" storage occurs in the voltage <0.5 V,which
is a main reason for the high specific capacity [44]. The
insertion of Li ions takes place by two steps when voltage
>1.5 V and <0.7 V, respectively, as the following [45]:

V > 1.5: MoO, +xLi" +xe”—Li,MoO,
V < 0.7: Liyo, + yLi* +ye™—Mo+3Li,0

EIS experiments were carried out after cycles to study
the effect of composite separator on R,. The raw and
fitting EIS data of MoO;-based composite separator and
electrode are displayed in Figure 4(d) and the equivalent
circuit model is also provided in Figure 4(d). The R,

R, R,and W, in the equivalent circuit represent con-
tact resistance, charge-transfer resistance, the sum of resis-
tances within the bulk electrodes and Warburg resistance,
respectively [46, 47]. The relative value of R, can be
determined from the diameter of the semicircle in the
medium-frequency region [14]. The smaller diameter of
the composite separator indicates the lower charge trans-
fer resistance. Fitting results and values of electrochemical
parameters are provided in Table I. According to the fit-
ting results of R,,, the conventional MoO;-based electrode
has higher resistance than the MoO;-based composite sep-
arator, indicating that the R, of the electrode/electrolyte
interface can be effectively reduced by growing the active
materials on the separator.

For further studying the ion diffusion coefficient and
pseudocapacitive effect, we did the CV tests from 0.2 to
1.2 mV s~!. The Ist to 5th cycle CV data at 0.2 mV s~
are displayed in Figure 5(a). Lit are inserted into the inter-
layer between the MoOy octahedron layers and the MoO
octahedron intralayer at the first insertion process [48].

Table I. Impedance parameters of MoO;-based composite separator and
MoO;-based electrode. Units: w.

Composite separator Electrode
Paraments R, R, R, R, R, Rt
Value 11.03  13.52 7.75 8.77  40.10  200.50
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Fig. 5.

(b)

(d)

a) 1st to 5th CV curves of MoO,-based composite separator at 0.2 mV s~'; (b) CV curves of MoO,-based composite separator at different
3 p p 3 P! P

scan rate from 0.2 mV s7' to 1.2 mV s7'; (¢) Calculation results of the diffusion coefficient for MoO,-based composite separator and MoO,-based
electrode; (d) Calculation results of capacitive contribution at 0.8 mV s~' for MoO,-based composite separator.

In addition, when Li" are inserted in Mo-O octahedron
intralayer, a phase transformation of ®-MoOj; occurs, caus-
ing unrecoverable capacity [45]. In the first reduction
process, peaks at around 2.2 and 2.6 V correspond to the
insertion/extraction of Li™ into the layers between the Mo-
O octahedron, and the redox peak at around 1.5 V corre-
spond to the lithium insertion reaction of a-MoQO;. These
three redox peaks can all be expressed by this Eq. [45]:

MoO; + xLi" + xe~<>Li,M00;(0 < x < 0.25)

The initial cathodic sweep exhibits a peak at 1.0 V, which
is related to the intercalation of Li* into CNTs [49].
It should be noted that the peak at 1.0 V does not appear
at following cycles, indicating that the CNTs have no con-
tribution to capacity except for the first cycle. In the first
CV curve, an irreversible peak occurs around 0.6 V, caused
by some side reactions that may originate from the depo-
sition of an organic layer on the electrode surface. [50].
These side reactions are a partial contribution to the high
irreversible capacity. In the following cycles, only a pair
of cathodic/anodic peaks of 1.4/1.5 V which is consistent
with the discharge/charge voltage profiles can be observed,
indicating irreversible capacity loss resulted from the irre-
versible structural transformation. Below 0.5 V, a decaying
capacity can be observed, which is associated with the

reaction at voltage <0.5 V. This is due to the fact that
this reaction has poor reversibility [45], resulting in the
poor cycle performance of MoO;. The diffusion coeffi-
cient and capacitive contribution were estimated by CV
data in Figure 5(b). The reduction peaks below 0 mA show
a large shift and are not obvious, resulted by the polar-
ization phenomenon. It is difficult to calculate the value
of the diffusion coefficient corresponding to the reduction
process, so only the diffusion coefficient of the oxidation
peak got calculated. In Figure 5(c), we calculated the dif-
fusion coefficient according to the following Eq. [51]:

1
ﬁ:(2'69x105)'C0'A'D1/2-v1/2 )

The Ip, C,, A, and represent the peak current, the initial
concentration of lithium ions, the contact area, and the
scan rate, respectively. For the composite separator, A is
the contact area. The calculated results (Fig. 5(b)) show
that the MoOs-based composite separator has a higher
diffusion rate (3.29 x 53107'"" m? s7!), compared with
the MoO,-based electrode (1.83 x 53107!! m? s7!), ben-
eficial from the novel batteries structure. The capacitive
contribution was also calculated according to the Eq. (2)
and (3) [52]:

F\ 2
i :nFAC*Dl/va(C;LT) 72y (bt)i. = vC,A (2)
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Where the i, is the diffusion-controlled current and i, is
the capacitive current. By calculating the capacity current
distribution at each voltage point, the total capacitance
contribution can be obtained. The capacitive contribution
results are given in the Figure 5(d). Up to 43.59%, capac-
itive contribution is available at 0.8 mV s~!, which may
be attributed to vacancies and layers between the CNTs
and active MoO, materials [37, 39, 53]. The pseudocapac-
itive effect could help result in a fast charge storage and
strong performance at high current density, presenting fast
lithium storage and superior capacity.

Above all, the poor stability of MoOs-based compos-
ite separator is a big limitation, duo to the detachment
of active materials detached from the separator, and the
intrinsic bulk expansion issue of MoO; is very serious, but
the MoO;-based composite separator exhibits an extra high
specific capacity (~1200 mA h g~ at 0.2 C). CV results
and further calculation show a larger diffusion coefficient
and a pseudocapacitive effect of the composite separator.
The EIS results show that the composite separator has
a lower R_, than the normal MoO;-based electrode. The
lower R, fast lithium ion diffusion and capacitive storage
lead to the superior high capacity of the composite separa-
tor. The low R_, and higher ion diffusion rate brought by
this composite separator strategy is proved.

4. CONCLUSIONS

In this work, MoO; and CNTs were attached on the single
side of the separator with a simple spin-coating method.
Such a current-collector-free battery eliminates the need
for metal current collectors, which also helps reduce the
cost of LIBs. Compared with the active material tradi-
tionally coated on current collector, the composite separa-
tor was proved to have lower R, and higher ion transfer
efficiency. The MoO;-based composite separator behaves
a good electrochemical performance, especially the high
capacity. By growing the active materials on the separa-
tor, the active materials contact better with the electrolyte
and more active sites will be exposed, which is more con-
ducive to the transport of ions from the electrolyte into the
active material. The greater contact area and more active
sites result in the improving specific capacity and fast ion
transport. Besides, that the lower charge transfer resistance
gets reduced was proved by this design, which is also a
reason for the improving capacity. Electrochemical calcu-
lation results show that the capacitive storage occurs in
the reduced MoO; materials, which is also a contribu-
tion to the fast ion transport and improvement of capacity.
We offered the new strategy of the composite separator
that the active materials grow directly on one side of the
separator surface and verified its feasibility. This new strat-
egy may provide an idea or reference for the development
in structural design of LIBs.
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