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ABSTRACT: To solve the wetting capability issue of commercial poly- o o
propylene (PP) separators in lithium-ion batteries (LIBs), we developed a
simple dipping surface-coating process based on tannic acid (TA), a natural
plant polyphenol. Fourier transform infrared and X-ray photoelectron
measurements indicate that the TA is coated successfully on the PP separators.
Scanning electron microscopy images show that the TA coating does not
destroy the microporous structure of the separators. After being coated with
TA, the PP separators become more hydrophilic, which not only enhances the
liquid electrolyte retention ability but also increases the ionic conductivity. The
battery performance, especially for power capability, is improved after being
coated with TA. It indicates that this TA-coating method provides a promising
process by which to develop an advanced polymer membrane separator for

lithium-ion batteries.
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1. INTRODUCTION

The development of high-performance lithium-ion batteries
(LIBs) for application in portable electronics, plug-in hybrid
and electric vehicles, and energy storage systems has attracted
more attention in recent years.l’2 In the construction of LIBs, a
separator is placed between the cathode and anode electrodes,
which prevents the physical contact of electrodes while allowing
Li" ion transport during the charge and discharge processes.
The separator as a critical component of LIBs directly affects
the battery performance, especially for cycling stability and
power capability.>* Now, commercial separators used for LIBs
are typically micorporous polyolefin polymer films (poly-
ethylene (PE) and polypropylene (PP)) due to their high
mechanical strength, good electrochemical and chemical
stability, low cost, and thermal shutdown property.>* Although
the polyolefin separators are generally reliable for portable
application, there are still some major issues with vehicular
storage. One of these major issues is that these polyolefin
separators have hydrophobic surface properties and low surface
energy, which will result in their poor compatibility with
conventional liquid electrolytes.”* The poor wetting capability
issue will cause the pores or tunnels in the polyolefin separators
to be not completely filled with liquid electrolytes, which then
results in high ionic resistance between the separator and the
electrodes. It will not only directly affect the battery
performance, including the cycling stability and power
performance, but also bring additional disadvantages in the
manufacturing costs and speeds because the electrolytes
soaking into separators is one of the slowest steps in battery
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To solve the poor wetting capability issue of these polyolefin
separators, various modification methods have been used.
Grafting hydrophilic monomers onto the polyolefin separator
surfaces is a simple and effective method for solving this
issue.°'* Some hydrophilic monomers such as acrylonitrile
(AN),® acrylic acid (AA),” methyl methacrylate (MMA),®
glycidyl methacrylate (GMA),” diethylene glycol—dimethacry-
late (DEGDM),” poly(ethylene glycol) borate acrylate
(PEGBA)," and 2,4,6,8-tetramethyl—2,4,6,8-tetravinylcyclote
trasiloxane,'" have been grafted onto the polyolefin separators
by using various grafting techniques including ultraviolet
irradiation grafting,n’13 plasma grafting,6 gamma irradiation
grafting,'* and electron-beam-irradiation grafting processes.” !
Polymer coating is another method normally used to modify
these microporous polyolefin separators.">~'® Different poly-
mer-coated separators such as poly(ethylene oxide) (PEO)-
coated PP,"* poly(methyl methacrylate) (PMMA)-coated PE,'®
PMMA/poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF—HFP)-coated PE,'” and polyimide (PI)-coated PE
separators'® have been prepared. In addition, other modifica-
tion methods including the physical adsorption of hydrophilic
protein'® and the atomic layer deposition (ALD) coating of
inorganic materials such as Al,O; and Ti0,?*"** have also been
reported. Despite the fact that these above-mentioned methods
can be effective in improving the hydrophilic surface of the
polyolefin separators, it also suffers from some drawbacks
regarding their multiple or complex operations, microporous
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Scheme 1. Tannic Acid Surface Modification Using a Simple Dip-Coating Process in a Bis—Tris Buffer Solution at pH 7.0 and

the Resultant Hydrophilic Tannic-Acid-Coated Surface
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structure of separators, or environmental problems,23 For
example, the graftin§ method requires sophisticated and
expensive equipment.”® A high irradiation dose will lead to
the deterioration of the separator mechanical strength. In
addition, the grafting process can only modify the polyolefin
separator surfaces. For the polymer- or inorganic-material-
coating methods, it is a big challenge to obtain uniform and
thin coating layer onto or inside the microporous separators.
The coated layer will block pores or tunnels inside the
separators, thus decreasing the porosity and liquid electrolyte
uptake of the separators, which will finally result in a decrease
in the battery performance, especially the power capability.”>**
In addition, the coating methods will also cause some
environmental issues because some toxic organic solvents
need to be used. Therefore, it is important to develop a new
coating method to avoid destroying the microporous structure
of the polyolefin separators for LIBs.

Recently, Choi et al. reported polydopamine-coated PE
separators through dopamine self-polymerize in weak alkaline
aqueous solution.”® Although the microporous structure and
porosity of the PE separators were not changed by the
polydopamine coating, the coated separators became more
hydrophilic, which not only increased liquid electrolyte uptake
and ionic conductivity but also improved the battery perform-
ance. However, this coating process is not suitable for practical
applications because dopamine is too expensive. Herein, we
developed a simple, green, and cheap coating process (Scheme
1) to obtain modified PP separators with hydrophilic surface by
using tannic acid (TA) as the sole coating precursor. TA, one
kind of plant polyphenol, can be directly extracted from lots of
plants including tea, wood (including oak), and Chinese galls.
The cost of TA is then much lower than that of dopamine (see
Table 1). Similar to the coatings derived from dopamine self-
polymerization, TA coatings also can be formed spontaneously
in a bis—Tris buffer aqueous solution at room temperature.
Because there are large multiples of phenol structural units
(hydrophilic units) in the chemical structure of TA, as shown in
Scheme 1, the TA coating will make the polyolefin separator
surface more hydrophilic. This coating process not only retains
many of the advantages of polydopamine coatings but also is a
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Table 1. Cost of Reagents

unit price” (per 100

material dosage in 1 L of solution (g) g) total
dopamine 1.9 $354.26 $6.73
tannic acid 1 $14.34 $0.14

“Both of the reagents are calculated according to the price in Aladdin.

“green and cheap” modification technology due to tannic acid
being much less costly than dopamine. To the best of our
knowledge, however, this new coating process, based on TA to
modify the commercial polyolefin separators for LIBs, has never
been reported.

2. EXPERIMENTAL SECTION

2.1. Preparation of Tannic-Acid-Coating PP Separa-
tors. For the tannic acid coating, commercial microporous PP
separators (Celgard 2400) were immersed in bis—Tris buffer
(100 mM buffer and 600 mM NaCl) aqueous solution of tannic
acid (1 mg mL™" and pH 7.0) at room temperature for 24 h.
After being coated, the separators were washed with deionized
water several times to remove the residual tannic acid. Finally,
the resultant separators were dried at 60 °C for 24 h. In our
experiments, the weight content of the tannic acid on the PP
separators was about 1.2 + 0.2 wt %.

2.2. Characterization. The chemical composition of the
separators was measured by using X-ray photoelectron
spectroscopy (XPS) using a RBD upgraded AXIS ULTRA
DLD system with Mg Ka radiation (hy = 1253.6 eV) and
attenuated total reflection—infrared spectra (ATR-IR) with an
FT-IR spectrophotometer (Bruker, EQUINOX SS) using a
ZnSe crystal at the resolution of 4 cm™ and 64 scans,
respectively. The pressure was equal in all ATR-IR measure-
ments to eliminate any possible effect on the penetrating depth
of the IR beam. Morphology of the samples was measured by
using field emission scanning electron microscopy (FESEM,
JEOL Ltd.). The water contact angles of the samples were
carried out by using a contact angle measuring system
(SL200C, USA KINO Industry) at room temperature. The
porosity of the microporous separators was determined by a

DOI: 10.1021/acsami.5b04245
ACS Appl. Mater. Interfaces 2015, 7, 16003—16010


http://dx.doi.org/10.1021/acsami.5b04245

ACS Applied Materials & Interfaces

Research Article

gravimetric method.”® For the thermal shut-down character-
ization, thermal analyses were conducted by using DSC (TA
Instruments Q20) with a heating rate of 10 °C min~' under
nitrogen atmosphere.

2.3. Electrochemical Characterization. Battery-grade
LiPF,, ethylene carbonate (EC), and dimethyl carbonate
(DMC) were purchased from Shenzhen Capchem Chemicals
Co., Ltd. and used without further purification. Samples of 1 M
LiPF; in EC/DMC (1:1, wt:wt) liquid electrolyte were
prepared in an argon-filled glovebox in which both the water
and oxygen content were less than 1 ppm.

For the liquid electrolyte uptake measurements, the
separators were soaked in 1 M LiPF4 in EC/DMC (1:1,
wt:wt) liquid electrolyte for 1 h at room temperature and then
taken out. Subsequently, the excessive liquid electrolyte on the
separator surfaces was removed away with waterleaf paper prior
to measuring the weight. The final liquid electrolyte uptake was
calculated from the equation (M2 — M1)/M1 X 100, where M1
and M2 represent the weights of the samples before and after
the immersion in the liquid electrolyte, respectively.

Before the ionic conductivity measurements, the separators
were soaked in 1 M LiPF4 in EC/DMC (1:1, wt:wt) liquid
electrolyte for 24 h at room temperature in an argon-filled
glovebox. The ionic conductivity of the samples was
determined between two stainless steel (SS) electrodes by
AC impedance measurement on Autolab PGSTAT302 (Eco
Chemie) electrochemical test system over a frequency range
from 107% to 10° Hz at room temperature.

The electrochemical stability of the separators was measured
by cyclic voltammetry on Autolab PGSTAT302 (Eco Chemie)
electrochemical test system. Before measurements were taken,
the separators were first soaked in 1 M LiPF4 in EC/DMC (1:1,
wt:wt) liquid electrolyte for 24 h at room temperature. After
that, the separators were assembled into lithium/separator/
stainless steel cells. In our experiments, lithium foil was used as
both the counter and reference electrodes, and stainless steel
was used as the working electrode, respectively. All of the test
cells were assembled and sealed in the glovebox. The
experiments were performed with a sweep rate of 10 mV
sec”! at room temperature.

The LiMn,0, cathode materials were purchased from Hunan
Reshine New Material Co., Ltd. The LiMn,O, cathode
electrodes were prepared by casting a slurry containing
LiMn,O, powder (80 wt %, as active material), carbon black
(10 wt %, as conductive additive) and PVDF (10 wt %, as
binder) onto aluminum foil. The weight-loading of active
material was about S mg cm™%. A 2016-coin-type cell was
assembled in an argon-filled glovebox with oxygen and
moisture level below 1 ppm. Metallic lithium foil (1.56 cm
diameter and 0.45 mm thick) was used as the anode, and the
PP separators with and without TA coating were employed as
the separators. Samples of 1 M LiPF4 in EC/DMC (1:1, wt:wt)
were used as the liquid electrolyte in our experiments for both
test cells using the PP separators with and without TA coating.
The cell performance testing, including cycling stability and rate
capability, was carried out on a Land CT2001A tester (Wuhan,
China) at the constant current mode over the range of 3.0—4.6
V (versus Li*/Li). Furthermore, electrochemical impedance
spectroscopy (EIS) of the cells was measured by using an
Autolab frequency response analyzer over the frequency range
from 0.1 to 10° Hz with an amplitude of 10 mV.

3. RESULTS AND DISCUSSION

Tannic acid is weakly acidic (pK, around 10) due to large
multiples of phenol groups in the chemical structure (see
Scheme 1). The pH of TA aqueous solution was thus kept at
7.0 with a bis—Tris buffer solution (100 mM buffer and 600
mM NaCl) at room temperature for the TA-coating experi-
ments. Unlike the dark color of the polydopamine coating
reported in the literature,* we found that there were no color
changes for the TA-coated PP separator compared with the
results from the original PP separator, even after 24 h of
coating. To confirm the presence of the TA coating on the PP
separator, we carried out ATR-IR measurements in our
experiments. From the ATR-IR spectra shown in Figure 1, it

PP
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Figure 1. ATR—IR spectra of PP separators without (PP) and with
tannic acid coating (TA—PP).

can be found that some new peaks appeared in the TA-coated
PP separator compared to the results from the original PP
separator. A broad new peak between 3600 and 3100 cm ™" was
ascribed to the —OH stretching vibration due to the large
multiples of phenol groups in TA.*”*® Other new peaks include
ones at 1669 cm™' (the C=O stretching vibration of the
carboxylic acid group),”® 1564 cm™ (the C=C stretching
vibration of the aromatic ring),”® 1504 cm™ (the C—O—H in
the plane bend of the hydroxyl group),”® 1404 cm™! (the C—O
stretching on the acid functionality in tannic acid),”® 1199 cm™
(the C—O stretching vibration of polyols),***' 933 cm™ (the
C—0-C bending mode)*”*! and 758 cm™ (the C—H out-
plane bend of the phenyl group),”” respectively. The TA
coating was further confirmed by XPS measurements. As shown
in Figure 2, a new peak of O Is appeared in the TA-coated
separator. In addition, the intensity of the C 1s peak was also
increased compared to that of the original PP separator. Both
the FT-IR and XPS results indicate that the tannic acid has
been successfully coated on the PP separator.

Although the TA coating was confirmed on the PP separator,
it can be found that the microporous structure of the PP
separators with and without the TA coating remained almost
the same, as indicated by SEM images shown in Figure 3A,B.
The porosity of the separators before and after the TA coating
were also not changed. These results indicate that the TA
coating did not destroy the microporous structure of the PP
separator.

For the safety of lithium-ion batteries, most commercial
polymer separators must have thermal shutdown (fuse)
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Figure 2. XPS spectra of PP separators without (PP) and with tannic
acid coating (TA—PP).

Figure 3. SEM images of PP separators without (A) and with (B)
tannic acid coating.

capability.”**** Close to the melting temperature of the
polymer separators, the separators will fuse, and the pores in
the separators will collapse to the form a nonporous film that
will not only minimize the ionic conduction between the
electrodes but also protect the lithium-ion batteries from
overcharging or electrically shorting.32’33 In general, the melting
temperature of the PP separator is about 165 °C.*® Figure 4
shows DSC thermograms of the PP separators with and
without the TA coating. It can be found that the TA-coated PP
separator showed DSC thermograms almost identical to that of
the original PP separator, and the melting temperature was also
around 165 °C. This indicates that the thermal shutdown
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Figure 4. DSC heating curves of PP separators without (PP) and with
tannic acid coating (TA—PP).

property of the separators is well maintained even after the TA
coating.

The surface properties of the PP separators before and after
the TA coating are shown in Figure S. As shown in Figure SA,

(A) | |

Figure S. (A) Contact angle images of PP separators without (left)
and with (right) tannic acid coating. (B) A wetting test of PP
separators without (left) and with (right) tannic acid coating. 1 M
LiPF4 in EC/DMC (1:1, wt:wt) liquid electrolyte was poured on the
separator surfaces.

the contact angle of water decreased from 120° + 2.5° for the
original PP separator to 72° + 1.3° for the TA-coated PP
separator. This indicates that the PP separator, after the TA
coating, becomes more hydrophilic. The wetting testing of the
liquid electrolyte on the separators was carried out by pouring 1
M LiPF4 in EC/DMC (1:1, wt:wt) liquid electrolyte onto the
surfaces of the separators with and without the TA coating. As
shown in Figure SB, the original PP separator showed poor
compatibility with the liquid electrolyte, and we only observed
liquid drops on the separator surfaces. After being coated with
TA, the separator exhibited better compatibility with the liquid
electrolyte and completely wetted the surfaces. Then, the liquid
electrolyte (1 M LiPF, in EC/DMC, 1:1, wt:wt) uptake
increased from 90 wt % =+ 2.1 wt % of the original PP separator
to 125 wt % + 2.1 wt % of the TA-coated PP separator. In
general, ionic conductivities are expected to depend mainly on
the uptake amount of liquid electrolyte in the separators.**** In
addition, the ionic conductivity of the liquid electrolyte (1 M
LiPF, in EC/DMC, 1:1, wt:wt) used in our experiments was
about 10 mS cm™. The ionic conductivity then also increased
from 0.23 + 0.01 mS cm ™" for the original PP separator to 0.46
+ 0.01 mS cm™! for the TA-coated PP separator due to the
enhanced liquid electrolyte uptake.

The electrochemical stability of the PP separators with and
without the TA coating was tested by using cyclic voltammetry
in lithium/separator/stainless steel cells. As shown in Figure 6,
it can be observed that there is no significant decomposition in
either of the PP separators between 1 to S V versus Li/Li*. This
indicates that the TA-coated PP separator shows good
electrochemical stability for LIBs applications.

The influence of the TA-coated PP separator on the
electrochemical performance was evaluated in Li/LiMn,O,
coin-type half cells in the potential range of 3.0—4.6 V (versus
Li*/Li). Figure 7a shows the first charge—discharge profiles of
the cells with the PP separators with and without the TA
coating at a current density of 1 C. It can be found that there
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Figure 6. Cyclic voltammetry curves of PP separators with and
without tannic acid coating with stainless steel as the working
electrode, Li foil as the reference, and counter electrodes at room

temperature. Scan rate: 10 mV sec™".

are two pseudoplateaus at around 3.9 and 4.1 V in both the
charge and discharge curves, which is the typical electro-
chemical behavior of the spinel LiMn,0,.>* Both the specific
capacity and the Coulombic efficiency of the cell with the TA-
coated PP separator (charge-specific capacity: 101.9 mAh g™,
discharge-specific capacity: 101.0 mAh g~', Coulombic
efficiency: 99.11%) show slightly higher values than those of
the cell with the original PP separator (charge-specific capacity:
99.7 mAh g, discharge-specific capacity: 98.0 mAh g/,
Coulombic efficiency: 98.20%). The reason maybe that the TA-
coated PP separator has a higher liquid electrolyte retention
ability than that of the original PP separator, resulting in higher
ionic conductivity. The cycling performance of both cells was
tested at a 1 C rate under constant current conditions. From
Figure 7b, it can be observed that both cells show good stable
cycling performance and display about 9% capacity loss after
200 cycles. The cell with the TA-coated PP separator shows a
slightly higher discharge specific capacity than that of the cell
with the original PP separator during the cycling test. After 200
cycles, the specific capacity of the cell with the TA-coated
separator (92.0 mAh g~') was still slightly higher than that of
the cell with the original PP separator (89.8 mAh g™').

The good wetting capability of the TA-coated PP separators
on the power performance was confirmed by measuring the
discharge specific capacities at different current densities in the
range of 0.5—9 C in our experiments. As shown in Figure 7, it
can be observed that the cell with the TA-coated separator
shows a better rate capability than that of the cell with the
original PP separator. The discharge-specific capacities of the
cell with the original separator were reduced significantly with
an increase in the current densities from 0.5 C (98.0 mAh g™')
to 9 C (28.2 mAh g7’, 28.8% of the discharge capacity at 0.5
C). In contrast, the cell with the TA-coated separator showed
higher specific-capacity retention from 0.5 C (101.0 mAh g™')
to 9 C (53.5 mAh g/, 53.0% of the discharge capacity at 0.5
C). The discharging potential profiles of both cells at various
current densities were shown in Figure 8. It can be found that
the discharging potentials of the cell using the original PP
separator shifted downward more significantly with increasing
current densities compared to that of the cell using the TA-
coated separator. This indicates that the voltage drop of the
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Figure 7. Electrochemical characterizations for the Li/separator/
LiMn,O, cells using PP separators with and without tannic acid
coating. (a) Charge—discharge profiles at the 1st cycle for the cells
with different separators (1 C for both charge and discharge). (b)
Cycling stability and Coulombic efficiency with different separators.
Rate: 1 C. (c) Discharge capacity profiles of the cells at various rates.
Charge rate: 0.5 C.

original PP cell is more significant than that of the TA-coated
PP cell. We can then know that the rate capability of LIBs was
more enhanced by the TA coatings on the PP separator. As
reported in the literature, the rate capability of the LIBs is
directly affected by the ionic conductivity.’* ™ After being
coated with TA, the PP separator becomes more hydrophilic.
Thus, it increases the liquid electrolyte retention within the
separator, which gives rise to a shorter path of ionic migration
in the separators, finally resulting in the increased ionic
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Figure 8. Discharged profiles of the cells using PP separators without
(a) and with (b) tannic acid coating at different current densities
during the power capability tests shown in Figure 7c. The data shown
in this Figure were selected from every first cycle of each discharged
rate (i.e., Ist cycle for 0.5 C, 6th cycle for 1 C, 11th cycle for 3 C, 16th
cycle for S C, 21st cycle for 7 C, and 26th cycle for 9 C, respectively).

conductivity. To further investigate the effect of improved
wetting capability of the separators, we carried out AC
impedance measurements for both cells using the PP separators
with and without the TA coating. The AC impedance was
measured after the Ist and 35th cycles, when the cells were
discharged to 3.0 V. From Figure 9, it can be found that all
impedance spectra consist of one depressed semicircle at high
frequencies and a straight line at low frequencies. The
equivalent circuits of the LMO electrodes are also shown in
Figure 9. R, Ry, Zy, and CPE are denoted in the equivalent
circuit as solution resistance, charge transfer resistance,
Warburg impedance and constant phase elemental, respectively.
It can be found that the R, resistance of both cells were not
markedly changed; the original PP separator increased from
3.68 Q in the Ist cycle to 3.91 € in the 35th cycle, and the TA-
coated separator increased from 2.67 € in the Ist cycle to 3.78
Q in the 35th cycle. However, the R resistance of the cell with
the TA-coated separator was smaller than that of the cell with
the original PP separator. After the first cycle, the R, resistance
values of both cells with the original and TA-coated PP
separators were about 79.6 and 70.7 €, respectively. After the
35th cycle, the R resistance values of both cells with the
original and TA-coated PP separators were increased to 358.0
and 262.8 Q, respectively. The lower charge-transfer-resistance

200 250

0 100 200 300 400 500
7' / ohm

Figure 9. Impedance spectra of the cells using PP separators with and
without tannic acid coating after (a) the 1st and (b) the 3Sth cycles.
Rate: 1 C. Temperature: 25 °C. Frequency range: 0.1-10° Hz.

of the TA-coated PP separator was due to the hydrophilic
surface and higher electrolyte uptake.**>* According to the
results mentioned above, it indicates that the TA-coated PP
separator with the hydrophilic surface can significantly enhance
the battery performance, especially the power capability. In
addition, it is worth noting that the TA-coating method is much
cheaper compared with the cost of the polydopamine-coating
method.*® According to the price from Aladdin, as shown in
Table 1, the cost of 1 L of 10 mM dopamine solution (used in
the literature)25 is about $6.73; however, the cost of 1 L of 1
mg mL™" tannic acid solution (used in our experiments) is only
about $0.14.

4. CONCLUSIONS

In summary, we demonstrated that the natural plant
polyphenol surface-coating process can solve the wetting
capability issue of separators for LIB applications. The tannic
acid coatings make the surface of PP separators more
hydrophilic, which then increases the electrolyte retention
ability and ionic conductivity of the TA-coated separators. The
increased ionic conductivity enhances the battery performance,
especially for rate capability. We expect that this “green”
surface-coating process is quite versatile and thus is applicable
for developing other separators and membranes for various
energy storage devices (such as lithium-ion batteries, super-
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capacitors, and flow batteries), fuel cells, and membrane
separations.
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