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ABSTRACT: An important requirement of battery anodes is the
processing step involving the formation of the solid electrolyte
interphase (SEI) in the initial cycle, which consumes a signiﬁcant
portion of active lithium ions. This step is more critical in
nanostructured anodes with high speciﬁc capacity, such as Si and
Sn, due to their high surface area and large volume change.
Prelithiation presents a viable approach to address such loss.
However, the stability of prelithiation reagents is a big issue due to
their low potential and high chemical reactivity toward O2 and
moisture. Very limited amount of prelithiation agents survive in ambient air. In this research, we describe the development of a
trilayer structure of active material/polymer/lithium anode, which is stable in ambient air (10−30% relative humidity) for a
period that is suﬃcient to manufacture anode materials. The polymer layer protects lithium against O2 and moisture, and it is
stable in coating active materials. The polymer layer is gradually dissolved in the battery electrolyte, and active materials contact
with lithium to form lithiated anode. This trilayer-structure not only renders electrodes stable in ambient air but also leads to
uniform lithiation. Moreover, the degree of prelithiation could vary from compensating SEI to fully lithiated anode. With this
strategy, we have achieved high initial Coulombic eﬃciency of 99.7% in graphite anodes, and over 100% in silicon nanoparticles
anodes. The cycling performance of lithiated anodes is comparable or better than those not lithiated. We also demonstrate a
Li4Ti5O12/lithiated graphite cell with stable cycling performance. The trilayer structure represents a new prelithiation method to
enhance performance of Li-ion batteries.
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ium-rich electrode additives,16−18 and protected lithium
particles.19,20 However, many lithium-rich additives15,16 and
protected lithium particles19,20 are not stable in ambient air
with relative humidity (RH) well beyond that in dry rooms.
Therefore, they are mainly used in the dry room (RH < 1%),
which increases fabrication cost. Moreover, the addition of
lithiated particles could lead to inhomogeneity in active
electrode materials and current distribution, and consequently
promote dendrite formation.21 To address these issues, we
propose a strategy to prepare an ambient-air-stable lithiated
anode with uniform distribution of lithium source. The
electrode is stable in air with RH of 10−30% for over 60
min, which could allow manufacturing at large scale. Moreover,
the polymeric protective layer in our design is readily soluble in
the electrolyte, and thus no excessive inactive materials, such as
protective Li2O or Li2CO3 layer,16,19 stay in the battery and
reduce battery energy density. In addition, the amount of

echargeable Li-ion batteries (LIBs) with high energy
density are attractive for applications ranging from
portable electronics to electric vehicle and grid-level energy
storage.1,2 State-of-the-art LIBs are produced in the discharged
state because the electrode materials are air-stable.3,4 However,
a considerable amount of active Li+ ions is lost in the initial
charge due to the formation of the solid electrolyte interphase
(SEI) on the anode surface, which results in a low initial
Coulombic eﬃciency and lowers the energy density of full
cells.5,6 This loss is 5−20% of total available capacity in
commercial graphite electrodes, and it could reach 15−50% for
next-generation anode materials with high capacity (e.g., Si and
Sn),6−11 because these materials have large volume expansion
and high surface area, especially when nanostructured electrodes are used to improve cycling performance and power
capability.8−12 The high initial loss of Li reduces achievable
capacity in a full cell and thus compromises the gain in energy
density and cycling life of these nanostructured electrodes.
Accordingly, there is a strong motivation to prelithiate the
anode to compensate the Li loss during SEI formation.
Various methods have been developed to prepare lithiated
anode, such as electrochemical/chemical lithiation,13−15 lith© 2016 American Chemical Society
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reasonable for Li-ion batteries. In this report, graphite and
silicon in ethanol with poly(acrylic acid) (PAA) binder are used
as the coating slurry, and the compatibility of PMMA-coated
lithium with water is also discussed.
To prepare the graphite/PMMA/Li trilayer structure, lithium
was ﬁrst electrochemically deposited on copper from 1 M
lithium bis(triﬂuoromethane)sulfonimide (LiTFSI) in 1,3dioxolane (DOL) with 1 wt % LiNO3, which shows a ﬁberlike structure (Figure 2a). The cross section view (Figure 2b)

lithium in the anode is easily tuned from simply compensating
SEI to fully lithiating all anode materials by controlling the
thickness of the lithium layer. The latter case allows the
lithiated anode to pair with high capacity Li-free cathode
materials (e.g., S, O2) to further improve the energy density of
LIBs.13,22
The proposed strategy is illustrated in Figure 1. First, lithium
deposited on a Cu foil is coated with a protective polymer layer

Figure 1. Schematic of the process to prepare ambient-air-stable
lithiated anode: (a) Li is deposited on Cu ﬁlm, (b) polymer (e.g.,
PMMA) is coated on Li surface to make it air-stable, (c) anode
materials are coated onto Li with a solvent that does not dissolve
PMMA (e.g., ethanol or water), (d) the anode and the cathode are
assembled together with organic electrolyte injected, which dissolves
polymer coating, and (e) anode materials are lithiated as they contact
with Li due to pressure inside the cell.
Figure 2. SEM characterizations and camera images of graphite/
PMMA/lithium electrode. (a) Top view (a) and (b) side view (45°) of
pure lithium ﬁlm deposited onto copper. (c) Top view of PMMAcoated lithium. (d) Side view (45°) of graphite/PMMA/Li on copper.
(e) Camera images of PMMA-coated lithium exposed to air with
relative humidity of 30% for various time and lithium without PMMA
coating.

to render it ambient-air-stable. Then, the anode materials (e.g.,
graphite or Si) are deposited onto the polymer with a solvent
that does not dissolve it. As the metallic lithium and anode
materials are separated by the polymer layer, this trilayer anode
is stable even in ambient air. The anode is integrated with
conventional cathode materials, then a battery electrolyte is
added to form a battery. The polymer coating layer (e.g.,
poly(methyl methacrylate), PMMA) is carefully selected to be
soluble in the battery electrolyte (e.g., carbonate-based).
Therefore, the anode materials in the cell contact lithium as a
result of pressure inside the cell, and forms a lithiated anode. In
such a process, neither the metallic lithium nor the lithiated
anode are exposed to air, and thus, they survive in the ambient
air environment. Furthermore, the lithiation is uniform because
the lithium ﬁlm distributes evenly on the copper substrate. The
critical point is to ﬁnd a polymer that is insoluble in the anode
slurry solution but soluble in commercial carbonate-based
battery electrolytes. In this report, PMMA is selected as a
model example. It is readily soluble in carbonate-based
electrolytes with a solubility over 20 wt %, but insoluble in
ethanol and water, which are widely studied and even used in
commercial processes for coating anode materials.23−25 Moreover, PMMA is widely used in a gel electrolyte, which is
compatible with the electrochemical environment in Li-ion
batteries.26−28 Impedance measurements also show that even
with 20% PMMA, the battery electrolyte still has an ionic
conductivity of 1.7 mS/cm at room temperature, which is

indicates that the thickness is about 20 μm for 2 mAh Li/cm2.
Then 20 μL of 10 wt % PMMA in DOL was drop cast onto the
lithium electrode inside a glovebox. After the DOL was
evaporated, a uniform PMMA coating layer with a thickness of
20 μm was obtained (Figure 2c). The coating fully covers the
lithium so that the lithium layer is not visible in this top view
SEM image. The white line in Figure 2c is the edge of the
electrode. Cracks were occasionally found, which could be
removed with an optimized coating procedure. Then the
sample was removed from the glovebox, and artiﬁcial graphite/
PAA (90:10 in weight) in ethanol was drop cast onto PMMAcoated lithium, which results in a trilayer structure of graphite
on PMMA and lithium (Figure 2d). To test the stability of the
sample in ambient air, the PMMA-coated lithium ﬁlm was
exposed to air with relative humidity (RH) of 30% for various
times. As seen in Figure 2e, the color of lithium remained
largely white after 1 h, but turned dark after 2 h, suggesting that
it was stable in air for ∼1 h. In contrast, a lithium ﬁlm that is
not protected by PMMA became dark after only 2 min in
ambient air. This demonstrates that PMMA inhibits the
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reaction of O2 and H2O with lithium and acts as a robust
protecting layer to allow the slurry coating of anode and the
fabrication steps in battery production.
To validate that lithium reacts with graphite when PMMA is
dissolved, the graphite/PMMA/Li trilayer structure was soaked
in a battery electrolyte (1 M LiPF6 in EC/DEC) inside a coin
cell. The amount of electrodeposited lithium was 1 mAh,
whereas the mass of graphite was 1 mg. After aging for 24 h, the
cell was opened and the graphite electrode appeared golden
instead of black, which is the characteristic color of LiC6
(Figure 3b).29 To further prove the formation of lithiated

Figure 4. Eﬀect of exposure to ambient air on the amount of active
lithium in graphite/PMMA/Li electrode. (a) Delithiation from the
graphite/PMMA/Li electrode in a half cell with lithium metal as the
counter electrode. Diﬀerent curves correspond to exposure to air for
various times. The curves match the voltage proﬁle of the graphite
electrode. (b) Amount of active lithium extracted in the ﬁrst
delithiation versus time exposed to air. The capacity retention is
normalized to the delithiated capacity without exposure.

be noted that the depth of lithiation corresponds to 250−300
mAh/g graphite in these cells, which means that the trilayer
electrode structure not only compensates for lithium loss in the
SEI but also provides a signiﬁcant amount of active lithium that
is available for lithium-free cathodes.
The experiment above also shows that lithium loss is as high
as 40% even if the electrode is not exposed to air, as only 1.18
mAh/cm2 is extracted with 2 mAh lithium/cm2 deposited. This
loss is attributed to the following reasons: (1) SEI formation in
depositing lithium, which accounts for about 15% of capacity
loss (Figure S1); (2) PMMA coating, as 1,3-dioxolane could
further react with Li; and (3) SEI formation on graphite during
the reaction between lithium and graphite in cell, which
accounts for 5−10% of capacity loss based on the initial
Coulombic eﬃciency of a standard graphite electrode prepared
by the same method (Figure S2). Although lithium loss appears
high, careful calculation suggests that it only aﬀects energy
density of a full cell up to 2%, because Li has an ultrahigh
speciﬁc capacity of 3860 mAh/g, and thus the amount of Li
consumed is very small. Detailed analysis can be found in the
Supporting Information.
After initial delithiation, the graphite/PMMA/Li lithiated
graphite electrode was further cycled at C/10 (1C = 372 mA/
g), which was chosen because the Coulombic eﬃciency is
typically low at a low current rate. Figure 5a shows the charge/
discharge voltage curve in the ﬁrst cycle after the initial
delithiation (Figure 4). In this paper, the delithiation of the
anode is associated with discharge, so the description is
consistent with the full cell. Compared to a bare artiﬁcial
graphite (AG) with an initial Coulombic eﬃciency of 92%
(Figure S2), the graphite/PMMA/Li samples show high initial
Coulombic eﬃciency of 99.7% and 99.0%, for exposure to 30%
RH air for 30 min and 10% RH air for 60 min, respectively.
These results clearly indicate that a high-quality SEI layer is
formed during the initial lithiation process, so there is no
further loss of lithium to form the SEI on graphite. The charge/
discharge capacity is also comparable to bare AG. For samples
exposed to 30% RH air for 30 min and 0% RH air for 60 min,
the discharge speciﬁc capacity reached 318 and 328 mAh/g,
respectively, which were close to 331 mAh/g of bare AG.
The exposure to ambient air also does not aﬀect the cycling
performance (Figure 5b). The speciﬁc capacity is stable for 30
cycles without noticeable decay, which is similar to bare AG.
For example, after 30 min under 30% RH and 60 min under
10% RH, the discharge capacities reached 340 and 330 mAh/g

Figure 3. Camera images and XRD patterns of lithitated graphite. (a),
(b) Graphite/PMMA/Li trilayer electrode before (a) and after (b)
being soaked in battery electrolyte for 24 h. (c) XRD patterns of
lithiated artiﬁcial graphite with various loadings. The lithiated graphite
is made by sealing graphite/PMMA/lithium electrode with battery
electrolyte (1 M LiPF6 in EC/DEC) in a coin cell for 24 h.

graphite, X-ray diﬀraction patterns of graphite/PMMA/Li with
various graphite loadings were taken. When the ratio of
graphite to lithium is 3 mg/1 mAh, a graphite peak was still
strong as the deposited lithium was not enough to fully lithiate
graphite (black curve in Figure 3c). However, when the ratio
was lowered to 1 mg/1 mAh (red curve in Figure 3c), graphite
peaks almost disappeared, and only LiC6 and LiC12 existed in
the electrode, indicating that lithium was incorporated into
graphite to form lithiated graphite electrode.30
XRD analysis and the color changes shown above indicate
that lithium intercalates into the graphite structure in the
graphite/PMMA/Li trilayer electrode. Followed by this success,
the performance of the trilayer structure in ambient air was
evaluated by electrochemical tests. In the test, electrochemically
deposited lithium with a nominal capacity of 2 mAh/cm2 was
covered with PMMA followed by 3−4 mg/cm2 artiﬁcial
graphite. The graphite/PMMA/Li electrode was ﬁrst exposed
to air with ﬁxed humidity for a certain period. Then the
electrode was delithiated in a half cell with a Li metal counter
electrode, so the amount of remaining active lithium in the
lithiated graphite electrode can be determined. As shown in
Figure 4a, when the electrode was not exposed to air, 1.18
mAh/cm2 of lithium was extracted from the lithiated graphite.
After exposing to 30% RH air for 30 and 60 min, the amount of
Li extracted were 1.00 and 0.86 mAh/cm2, respectively, which
are 85% and 73% of that without exposure. Similarly, 0.98 and
0.78 mAh/cm2 of Li remained active under exposing to 10%
RH air for 1 and 6 h, respectively, which corresponded to 83%
and 66% of that without exposure. These observations suggest
that the unoptimized PMMA coating is already eﬀective in
protecting lithium for a period of ∼60 min or longer in ambient
air, which allows time for large-scale manufacturing. It should
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Figure 5. Electrochemical performance of the graphite/PMMA/Li structure. (a) Voltage proﬁles in the ﬁrst charge/discharge cycle, which is
comparable to the ﬁrst charge/discharge cycle after the ﬁrst delithiation in Figure 4a. (b) Cycling performance at C/10 (37.2 mA/g) for bare artiﬁcial
graphite and after exposing to air for various time. (c) Coulombic eﬃciency of graphite/PMMA/lithium structure and bare AG. The initial
Coulombic eﬃciencies reach 99.7% and 99.0% for exposing to 30% RH air for 30 min and 10% RH air for 60 min.

Figure 6. Electrochemical performance of Si nanoparticles/PMMA/lithium electrode. (a) Voltage proﬁle of the ﬁrst charge/discharge cycle of Si
NP/PMMA/Li electrode and a bare Si electrode at C/20. The Si NP/PMMA/Li electrode has less charge capacity than discharge capacity as lithium
is incorporated into silicon during the lithiation process. (b), (c) Cycling performance (b) and Coulombic eﬃciency (c) of bare Si NP electrodes, Si
NP/PMMA/Li electrode exposed to 10% RH air for 30 min, and Si NP/PMMA/Li electrode not exposed to air. The cycling is performed at C/2,
except that the ﬁrst two cycles are at C/20.

grows from ∼50 nm to ∼100 nm, which is evidence for
prelithiation and SEI formation (Figure S3).
The electrochemical performance of the Si/PMMA/Li and
bare Si NPs electrodes are shown in Figure 6. The bare Si NP
electrode has an initial Coulombic eﬃciency of only 87% at C/
20 (1C = 4000 mA/g), indicating that 13% of lithium is
consumed by the SEI layer. In contrast, the discharge capacity
of the Si NP/PMMA/lithium electrode (3426 mAh/g) is
higher than the charge capacity (2961 mAh/g) because
prelithiation “charges” Si NP prior to electrochemical lithiation
(Figure 6a). Therefore, there should not be any capacity loss in
the initial charging due to SEI formation. After two cycles at C/
20, Si electrodes were further charged/discharged at C/2.
While the bare silicon sample only has a capacity of 809 mAh/g
after 100 cycles, the Si/PMMA/lithium sample exposed to air
with 10% RH air for 30 min has a capacity of 1340 mAh/g after
100 cycles, corresponding to 58% retention. This capacity also
approaches the result of Si/PMMA/lithium electrode not
exposed to air, which is 1456 mAh/g after 100 cycles, or 63%
capacity retention, suggesting that the exposure to air does not
signiﬁcantly aﬀect the cycling performance. The improved
capacity retention compared to bare Si NPs is possibly a result
of strain relaxation in the initial lithiation process. Along with
improved cycling performance, the average Coulombic
eﬃciency from cycle 5 to 100 also improves from 98.1% for
the bare Si sample to 98.9% for the Si/PMMA/lithium
electrode exposed to 10% RH air for 30 min. These results
suggest that the proposed prelithiation strategy is eﬀective for
Si electrodes. However, we would like to point out that the

after 30 cycles, respectively. The increasing capacity is likely a
result of better electrolyte wetting and redistribution of PMMA
in the electrolyte. Meanwhile, the speciﬁc discharge capacity is
327 mAh/g after 30 cycles for bare AG. The average
Coulombic eﬃciency over 30 cycles are as high as 99.62 and
99.71% for 30 min under 30% RH and 60 min under 10% RH,
respectively, which are comparable to 99.77% for bare AG.
These results show that the cycling performance of AG/
PMMA/lithium electrodes are as stable as bare AG.
After validating the electrochemical performance of the
lithiated graphite anode, the proposed strategy was further
validated with silicon nanoparticles (NPs). The silicon
nanostructures exhibit signiﬁcant capacity loss due to volume
expansion of Si, and the large surface area leads to signiﬁcant
SEI formation. Thus, the initial Coulombic eﬃciency is
typically as low as 70−80%.9,10,14 Therefore, prelithiation is
attractive to compensate for the lithium loss in the SEI. To test
our strategy, Si nanoparticles (<80 nm, US Research Nanomaterials Inc.) were dispersed in ethanol together with 15 wt % of
carbon black and 15 wt % PAA binder to form a slurry that was
coated on the PMMA-protected Li electrode outside a
glovebox. In this electrode, the mass loading was 0.4−0.6 mg
Si/cm2 and the predeposited lithium on copper was 1.0 mAh/
cm2. The electrode was pressed at 2 MPa for 1 min so that the
Si nanoparticles in the electrode formed a better connected
network, but the direct contact between Si nanoaprticles and
lithium was avoided. SEM images show that after PMMA
dissolution and lithiation of Si nanoparticles, the particle size
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in PMMA.31 A preliminary test shows that a PMMA-coated
lithium electrode is also stable for a certain period when it is in
contact with water. For example, when 2 mAh/cm2 lithium was
coated with 20 μm PMMA, the lithium color remained
unchanged for 5 min, and gradually becomes dark after 10 min
(Figure S4a). Another sample, which is 750 μm of commercial
lithium foil coated with 100 μm of PMMA, is stable for over 30
min in contact with water (Figure S4b). Therefore, this strategy
has the potential to be compatible with an aqueous slurry,
which is widely used in anode coating.
Another potential concern of this strategy to prepare
ambient-air-stable lithiated anode is the contact between
lithiated particles and the metal substrate. We have not
observed issues due to electrical contact between lithiated
particles and metal substrates in coin cell and pouch cell tests.
This is possibly a result of both expansion of particles after
lithiation and pressure inside cells. However, further tests are
needed to examine the validity of this approach in scaling up to
cylindrical and prismatic cells.
In summary, we describe a new electrode structure that is
developed to fabricate lithiated battery anodes. In these
electrodes, metallic lithium is ﬁrst protected by a PMMA
layer against air and moisture. Then active materials, such as
artiﬁcial graphite or silicon nanoparticles, are coated onto
PMMA in a solvent (e.g., ethanol) that does not dissolve
PMMA. Because PMMA is readily soluble in battery electrolytes, anode materials are in situ lithiated in a cell to form a
lithiated anode. In principle, such a process could transfer to
other battery systems such as Na-ion and K-ion batteries. The
electrode shows stability in ambient air under normal humidity
(10−30%) for reasonable amount of time (30−60 min). The
process also has the potential to be integrated with standard
battery fabrication processes, especially after further optimization and improvement.
Chemicals. Artiﬁcial graphite is purchased from MTI Corp.,
and lithium bis(triﬂuoromethane)sulfonimide (LiTFSI), 1,3dioxolane, poly(methyl methacrylate), and poly(acrylic acid)
are purchased from Sigma-Aldrich. The lithium metal foil is
purchased from Alfa Aesar. Timical Super C45 carbon back is
used as-received. The poly(vinylidene ﬂuoride) (PVdF) is
obtained from Kynar. Si nanoparticles with diameter <80 nm is
purchased from US Research Nanomaterials Inc. Li4Ti5O12, was
obtained from HydroQuebec.
Electrode Preparation. The graphite/PMMA/lithium
trilayer structure was prepared by the following steps. Lithium
was ﬁrst electrochemically deposited at 1 mA/cm2 on copper in
1 M LiTFSI/1,3-dioxolane in a half cell. Then the half cell was
opened in a glovebox and the lithium on copper electrode was
washed with 1,3-dioxolane and dried. Then, 20 μL 10 wt %
PMMA (Mw ∼ 120 000) in 1,3-dioxolane was drop cast onto
the lithium electrode inside a glovebox with O2 < 0.1 ppm and
H2O < 0.1 ppm. A uniform PMMA coating layer with a
thickness of 20 μm was obtained after the dioxolane
evaporated. Then the sample was removed from the glovebox,
and graphite/PAA (90:10 in weight) in ethanol was drop cast
onto the PMMA-coated lithium electrode. The weight ratio of
solid to liquid was 1:9 in the slurry. For the silicon NP
electrodes, Si NPs were mixed with PAA and carbon black in
ethanol with a weight ratio of 70:15:15. The typical mass
loading was 3−5 mg/cm2 for graphite and 0.4−0.6 mg/cm2 for
Si.
Material Characterizations. X-ray diﬀraction was performed with a PANalytical XPert3 Powder XRD. SEM images

stability of the Si electrode in ambient air is not as good as
graphite. When the humidity reaches 30%, or exposure time is
over 1 h in air with 10% RH, the improvement in
electrochemical performance vanishes quickly. This may be
related to the fact that silicon is more hydrophilic and has a
much larger surface area than graphite, so that moisture
penetrates the active material−PMMA layer more easily.
To verify this strategy that the ambient-air-stable lithiated
anode forms a stable SEI but also permits a fully lithiated anode
to be paired with a Li-free cathode, a full cell with graphite/
PMMA/Li anode and Li4Ti5O12 cathode was assembled and
tested. The test acts as the ﬁrst step toward Li-ion batteries with
high-capacity lithiated anode and lithium-free cathode (e.g.,
sulfur/LixSi system).13 There are two reasons to choose
Li4Ti5O12: (1) It does not contain active lithium, so the only
lithium source in the system is lithiated graphite. (2) It has
excellent cycling performance and nearly 100% Coulombic
eﬃciency, and thus any degradation observed in full cell cycling
is mainly due to the lithiated graphite electrode. By isolating
degradation to the lithiated graphite, we have a better
understanding of the origin of performance deterioration and
helps to further improve the lithiated anode. The lithiated
graphite electrode was exposed to air with 30% RH for 30 min
before assembly. In the full cell test, the total available amount
of lithium is targeted to be 20% higher than the theoretical
capacity of LTO (175 mAh/g). As shown in Figure 7a, the

Figure 7. Electrochemical performance of Li4Ti5O12/ graphite/
PMMA/Li full cell. (a) Voltage proﬁle at a current rate of C/10
based on capacity of graphite. (b) Corresponding cycle life and
Coulombic eﬃciency.

average charging and discharging voltages are 1.5 and 1.3 V,
respectively, which is consistent with the electrode potential of
LTO (1.55 V vs Li/Li+) and graphite (0.1−0.2 V vs Li/Li+).
The initial discharge capacity was as high as 163 mAh/g, which
also corresponds to 302 mAh/g for the graphite anode. The
capacity is 137 mAh/g after 50 cycles, corresponding to a
retention of 84%. Moreover, the capacity decay rate is only
0.089% per cycle at the end of 50 cycles. The loss is likely a
result of lithium consumption during the reaction, such as trace
amount of water in LTO and the <100% Coulombic eﬃciency
of the graphite electrode. This full cell performance supports
the proposal that the air-stable lithiated electrode can be paired
with high-capacity lithium-free cathode material for a full cell.
The studies above clearly show that the proposed electrode
structure acts as a lithiated anode to compensate SEI loss and
readily paired with a lithium-free cathode. One key step in the
design is that the solvent to disperse anode materials should not
dissolve the polymer coating, and ethanol was used in this
report. Although ethanol was studied as a solvent for battery
coatings and is environmentally friendly, water is preferred
because it is the greenest solvent. In principle, water is used
because it does not dissolve PMMA and has a low permeability
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(27) Hjelm, A. K.; Eriksson, T.; Lindbergh, G. Electrochim. Acta 2002,
48 (2), 171−179.
(28) Deka, M.; Kumar, A. Electrochim. Acta 2010, 55 (5), 1836−
1842.
(29) Lee, C. M.; Yang, S. H.; Mun, B. J.; Ross, P. N. Surf. Sci. 2001,
477 (2−3), 126−132.
(30) Jiang, J.; Dahn, J. R. Electrochem. Solid-State Lett. 2003, 6 (9),
A180−A182.
(31) Lee, W. J.; Ju, S. P. J. Phys. Chem. B 2009, 113 (40), 13269−
13278.

were obtained by a Hitachi S-4700 SEM. An environment with
a constant humidity was created by ﬂowing dry air continuously
in a sealed vacuum chamber for various times. Then the gas
ﬂow was stopped, and the humidity remains constant. The
relative humidity was monitored by an easy-to-read humidity
meter (McMaster Carr).
Battery Assembly. The anode/PMMA/Li electrode was
assembled together with a lithium metal counter electrode in a
pouch cell. The electrolyte was 1 M LiPF6 in EC/DEC
(Selecliyte LP40). For the full cell, Li4Ti5O12 was used as the
positive electrode, which was made by mixing with 10% PVdF
and 10% carbon black in NMP (N-methyl-2-pyrrolidone) that
was coated onto an Al substrate.
Electrochemical Measurement. Galvanostatic cycling was
performed in a pouch cell using either a Biologic VMP3 battery
tester or a Landt Battery tester. The electrolyte is 1 M LiPF6 in
1:1 ethylene carbonate and diethyl carbonate (BASF). The
separator is polypropylene−polyethylene−polypropylene trilayer separator purchased from MTI.
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