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Practical implementations of rechargeable lithium (Li) metal batteries have long been plagued by multi-
ple problems of Li anode, such as Li dendrite growth, large volume change, low Coulombic efficiency.
Here, we report a protein-enabled film that can provide effective protection for Li metal. The protective
film with an integrated design of high flexibility, strong adhesion and high Li-ion transference number
(0.80) is fabricated by incorporating denatured zein (corn protein) with polyethylene oxide (PEO) acting
as an agent for sustaining the denatured protein chains against refolding via the intermolecular interac-
tions between them. Thus, a conformable zein-enabled protective film (zein@PEO) with simultaneous
enhancement in flexibility, modulus and adhesion strength is generated to offer both functions of self-
adapting and anion-anchoring abilities. The results show that the zein@PEO film is able to accommodate
the volume change, reduce the side reactions, and homogenize the ion deposition. Benefiting from these
significant properties/functions, the Li/Cu cell with the zein@PEO film delivers prolonged cycle life for
over 500 hours with stable performance. Paired with LiMn2O4 cathode, the capacity, cycle stability and
rate performance of the cell are remarkably improved as well, demonstrating the effectiveness in stabi-
lizing Li metal batteries.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

The ever-growing demands for high-energy–density power sys-
tems have stimulated the pursuit of advanced battery technolo-
gies. Lithium (Li) metal, featuring an ultrahigh theoretical specific
capacity (3860 mAh g�1) and the lowest electrochemical potential
(�3.045 V vs. the standard hydrogen electrode), has been regarded
as a ‘‘Holy Grail” anode for next-generation rechargeable battery
systems [1,2]. However, implementing Li anode in reality faces
several persistent challenges, such as the growth of Li dendrites,
infinite volume change of Li, unstable solid electrolyte interphase
(SEI) layer, low Coulombic efficiency, etc. [3]. Particularly, the
uncontrollable growth of Li dendrites coupled with the fracture
of SEI is considered as the most critical issues, which generate
not only ‘‘dead” Li species with a capacity decay, but also separator
piercing causing internal short circuit and thermal runaway [4].

Suppressing the dendrite growth is the principal task to stabi-
lize the Li anode, and one of the promising strategies is to build a
protective film on the anode surface [5]. A variety of protective
films have been reported and showed superior performance, such
as fluorinated polymer film [6], Al2O3 layer [7] and Sn/Li alloy layer
[8]. However, the infinite volume deformation and relatively high
modulus of Li (shear modulus: 3.7 GPa) [9] incur a tough require-
ment on the mechanical properties of the protective film, that is,
simultaneous achievement of mechanical flexibility and robust-
ness. In such a case, increasing the modulus of the protective films
is considered as the most common solution [10]. Yet the minimum
shear modulus for mechanically suppressing the dendrite growth,
1 GPa [11], is still a significant obstacle especially for organic films.
Although some protective films showing extremely high modulus
have been reported recently, such as Nafion/LiCl (6.12 GPa), SnF2
(55.60 GPa) and Li3PO4 (10 GPa), the formation of Li dendrites is
not fully eliminated, implying that any cracks in the protective lay-
ers or existing grain boundaries will become the defects allowing
the dendrite penetration [12–14]. Therefore, from a different per-
spective, increasing the flexibility of the protective films has shown
the potential to accommodate the extreme volume deformation of
Li [15]. Meanwhile, building a stable protective film that can fun-
damentally prevent the formation of Li dendrites, in addition to
providing mechanical suppression, is an attractive approach in
the hope of terminating the safety hazards of Li metal batteries
(LMBs) [16,17].
reserved.
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It is known that the nucleation of Li dendrites is a result of
nonuniform deposition of Li-ion flux in the electrolyte [18],
because both Li ions and counterions are prone to diffuse near
the pores of the separator. In this scenario, a dense and ion conduc-
tive protective film is expected to improve the overall uniformity
of the ion fluxes [2,19–21]. Yet the migration of anions across the
protective film still leads to the anion depletion on the anode sur-
face and a gradually amplified electric field. This is the origin that
drives the formation of Li dendrites according to the model pro-
posed by Brissot and Chazalviel [22], which results in the breakage
of SEI layers and poses safety risks again. Based on these consider-
ations, one can anticipate that a protective film capable of anchor-
ing anions and accommodating the dynamic Li deformation in
cyclic processes is highly desired [23].

Proteins possess complex spatial structures and abundant func-
tional groups such as –COOH, –OH, and –NH2 groups from the var-
ious amino acids [24]. Appropriate denaturation process can
disrupt the inter-/intra-chain interactions and then expose the
functional groups on the surface, which is a key step to functional-
ize proteins [25]. This feature makes proteins desirable and adap-
tive functional materials applicable in a variety of battery
components. A number of studies on applying proteins as carbon
source [26–28], binders [29–31], electrolytes [32,33], separator
coatings [34–36], were reported. To the best of the authors’ knowl-
edge, however, the study on exploiting protein-derived, stretch-
able polymeric protective film for Li anode was rarely reported.

Here, taking a better utilization of the molecular interactions of
zein (corn protein) via sustaining its denatured structures, we first
time report a highly flexible and multifunctional polymeric protec-
tive film. The protein-enabled protective film, showing unique self-
adapting and anion-anchoring functions, is fabricated by incorpo-
rating denatured protein with polyethylene oxide (PEO) as an
agent for suppressing the protein refolding via forming good mis-
cibility and intermolecular bonding between them. Therefore, the
protein-enabled protective film with excellent flexibility, strong
adhesion strength, and anion-anchoring ability is obtained, which
not only adapts and regulates the interface but also stabilizes the
Li-ion flux. As a result, the Li anode protected by the self-
adapting and anion-anchoring protective film delivers stable plat-
ing/stripping process for more than 500 h. Coupling the protective
film with Li2MnO4 cathode, the capacity and cycle stability are sig-
nificantly improved as well.
2. Experimental

2.1. Fabrication of polymeric films

The preparation of all the solutions and polymeric films was
performed in an Ar-filled glovebox with both water and oxygen
content less than 0.5 ppm. The remnant moisture in the solvents
was removed by molecular sieve. Li metal was gently polished by
a toothbrush with hexane in the glovebox prior to use. To prepare
the zein@PEO film, 0.5 wt% PEO (M.W. = 5 million g mol�1) and
0.25 wt% zein (Sigma Aldrich) were dissolved in dimethyl sulfoxide
(DMSO) under stirring at 50 �C for 24 h. Thereafter, 10 mL of the as-
prepared solution was dipped on the polished Li surface and dried
at 50 �C for 10 h. To prepare PEO or zein films, the solutions were
0.5 wt% PEO or 0.5 wt% zein dissolved in DMSO and the solutions
were dipped on Li using the same procedures above. To study
the properties of the polymer films in a battery, the films were
plasticized by certain amount (e.g., weight ratio of film: elec-
trolyte = 1:5) of liquid electrolyte. The composition of the added
liquid electrolyte is 1 M lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI) in the solution of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) with 1 wt% LiNO3. The electrolyte sol-
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vents were totally removed by drying in a vacuum oven at 50 �C
for 48 h. The remaining solid samples were designated as PEO-
Li+, zein-Li+ and zein@PEO-Li+, respectively.

2.2. Materials characterization

Due to the poor stability of Li metal in ambient atmosphere, the
polymer films of PEO, zein and zein@PEO were characterized indi-
vidually. Scanning electron microscopy (SEM, Quanta 200F) was
used to characterize the morphology of pristine and cycled Li met-
als. To obtain the surface roughness of the cycled Li metal anodes,
an optical digital microscope (KEYENCE VHX-7000) was used with
varying focus positions to gain the 3D measurement on the surface
roughness. It is noted that the cycled Li metals were fully rinsed by
DOL/DME solvent before morphology observation. Fourier-
transform infrared spectroscopy (FTIR, Thermofisher iS10) was
applied to investigate the interactions among PEO, zein and Li salt
using an ATR mode. The mechanical properties were measured by
a dynamic mechanical analyzer (DMA, Q800) using a tensile mode
with a strain rate of 5% min�1. The thermal properties of the films
were investigated by Differential scanning calorimetry (DSC, Met-
tler Toledo) with a heating rate of 5 �C min�1. The adhesion
strength of three films on Cu and Al foils and their rheological
properties were measured by using a rheometer (HR-2, TA Instru-
ments). For the adhesion strength testing, a 3 M tape was adhered
to the film sample (effective area: 1 cm � 1.5 cm), which was
attached to the rheometer sample holder. The other side of the
tape was lifted by the steel tip of the rheometer with a constant
speed of 50 mm s�1. The axial force (peeling force) against time
was recorded in this process. The rheological properties were
obtained using a frequency sweep mode from 0.1 to 100 Hz with
a controlled stain of 1% at room temperature.

2.3. Electrochemical characterization

Li/Cu cell. All of the electrochemical performance of the Li
anodes was tested in CR-2032 coin type cell. Li/Cu cells were
assembled in an Ar-filled glovebox (H2O < 0.5 ppm, O2 < 0.5 pp
m). The electrolyte amount of Li/Cu cells was controlled to be
40 lL [37]. The voltage of Li/Cu cell was set from �0.5 to 0.5 V,
applying various current densities of 0.4 and 0.8 mA cm�2 with a
constant capacity (0.8 mAh cm�2). The rate performances of Li/
Cu cell based on zein@PEO modified Li and pristine Li anode were
further measured in higher current densities of 1.2, 1.6, 2, 2.4, 2.8,
3.2, 3.6, 4 mA cm�2 with a constant capacity of 0.8 mAh cm�2. The
impedance of Li/Cu cells was characterized by electrochemical
impedance spectroscopy (EIS) with a frequency range of 0.01–106

Hz by electrochemical workstation (Biologic VSP EC-Lab).
Li/LiMn2O4 half-cell. LiMn2O4 cathode electrodes were prepared

by casting a slurry of LiMn2O4 (MTI Corp.), carbon black (SuperC45,
MIT Corp.) and polyvinylidene fluoride (PVDF) with a weight ratio
of 90:5:5 in N-methyl-2-pyrrolidone (NMP) solvent onto a carbon-
coated Al foil and transferred into a vacuum oven at 60 �C for 12 h.
Then, the dried cathode sheet with an active material loading of
5.25 mg cm�2 was cut into small discs with a diameter of
12.7 mm. The electrolyte for Li/LiMn2O4 cell is composed of ethy-
lene carbonate (EC) and diethyl carbonate (DEC) (volume ratio of
EC:EMC = 1:1) with 1 M LiPF6. The electrolyte amount was con-
trolled to be 40 lL. The cycle voltage range of Li/LiMn2O4 cells
was 3.0–4.3 V.
3. Results and discussion

Our previous studies [38,39] indicated that protein showed
unique interactions with electrolyte ions, particularly anions,
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owing to the positively charged amino acids (Lys., Arg., etc.) in the
protein structure. Thus, utilizing protein to fabricate a well-
designed protective film is favorable to stabilize the ion deposition
and diminish the possibility of dendrite formation. However, the
inherent refolding of denatured protein chains leads to the struc-
tural fracture and buries the functional groups again. Therefore,
as depicted in Fig. 1(a), we rationally incorporated PEO into this
system to suppress the chain refolding from the denatured zein,
due to their high miscibility and intermolecular bonding, which
will be discussed in the present study. Transforming the generated
zein@PEO layer to a protective film for Li anode is expected to help
the anchoring of anions for stabilizing the deposition of Li-ion flux
in Fig. 1(b). In addition to this benefit, we note that although PEO is
a favorable ion conductor, it suffers from inferior mechanical prop-
erties when swelling in the liquid electrolyte [40], such that the
addition of rigid protein effectively improves its mechanical per-
formance. Meanwhile, the rich functional groups from the amino
acids of zein may also provide various interactions with substrates,
which is anticipated to strengthen the adhesion to Li metal. As a
result, the rational combination of zein and PEO synergistically
Fig. 1. Design concept, schematic illustration of fabrication process of the protein-enabled
of the denaturation of zein protein to expose its functional groups and fabrication of
significant properties of the zein@PEO protective film. (c) Modification of Li metal via in
stripping behaviors for (d) pristine Li and (e) Li modified by the PEO/protein protective
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generates a highly flexible, conformable and anion-anchoring pro-
tective film that can well stabilize the Li metal.

As illustrated in Fig. 1(c), the protein-enabled protective film
(zein@PEO) was fabricated by simply casting the solution on Li
metal. Benefiting from the significant properties including ion-
redistribution ability, high flexibility, and good adhesion, the
zein@PEO protective film demonstrates an evident effectiveness
in stabilization of Li deposition and adapting with the huge volume
change of Li. For a pristine Li in Fig. 1(d), the intrinsically imperfect
surface of Li and uneven distribution of Li-ion flux generate a ‘‘tip
effect”, in which the current density tends to increase than else-
where. These ‘‘tips” become the preferable sites for Li deposition,
thereafter, driving the growth of Li dendrites [16]. Meanwhile,
the subsequent Li plating process causes an extreme volume
expansion, which may break the SEI layer due to the stress
increase. In the following stripping process, Li dendrites may
shrink or fracture, making fresh Li exposed, SEI layer broken and
‘‘dead” Li formation [1]. To solve these issues, a highly flexible
and adhesive protective film that can redistribute the Li-ion flux
and conformably adapt with the volume change is proposed in
protective film, and the comparison of Li plating/stripping behaviors. (a) Schematic
the zein-enabled protective film (zein@PEO). (b) Contributions from zein to the

-situ forming zein@PEO protective film on the surface. Schematics of the Li plating/
film.
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Fig. 1(e). As shown, the zein@PEO protective film possesses a high
flexibility, strong adhesion to the Li surface, ion-conduction ability,
as well as a certain anchoring effect for the anions in the elec-
trolyte. The zein@PEO protective film acts as a buffering layer to
redistribute the originally uneven ion flux, and more importantly,
to increase more the uniformity of the Li-ion flux due to the limited
movement of anions. During the repetitive plating/stripping pro-
cesses, the high adhesion of zein@PEO protective film provides
strong binding with the Li metal [41]; the exceptional flexibility
has a positive effect on accommodating the volume deformation
of Li. The stress increase from the Li plating can be adapted by
the zein@PEO protective film due to the strain variation, thus sta-
bilizing the Li-SEI interface. As a result, the zein@PEO protective
film effectively homogenizes the ion deposition and affords the
volume change, while protects the Li metal from the parasite inter-
action with electrolytes.

We first studied the morphologies of various polymer films that
were in-situ formed on the Li metal. As shown in Fig. 2(a) (see more
cross-sectional SEM images in Fig. S1a and b), the PEO film exhibits
a smooth and dense surface due to its good film forming property,
which shows a thickness of ca. 1.24 mm in Fig. S2(a). However,
many cracks are present in the zein film, because the zein coils
are prone to re-entangle or refolding during the solvent removal
process driven by their strong inter-/intra-chain interactions [42].
The rigidity of protein is also a factor generating the cracks. These
fractures on the Li surface will become the defects that more
severely deteriorate the homogeneity of ion deposition [43]. Incor-
porating PEO with zein yields a uniform and crack-free film, due to
the good PEO-zein miscibility by the intermolecular interaction
that will be discussed in detail below. The film also shows no obvi-
ous zein aggregates (see more cross-sectional SEM images in
Fig. S1e and f), indicating that the refolding of zein chains is
depressed by PEO. The thickness of the zein@PEO film is ca.
2.56 mm as indicated by the cross-sectional SEM image in Fig. S2(c).

The intermolecular interactions among the film components
were investigated by FTIR (Fourier-transform infrared spec-
Fig. 2. Morphological studies of various polymer films. (a) SEM images of PEO, zein and z
polymer films. (c) Schematic of the H-bonding formation between PEO and zein. (d) FTI
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troscopy). As shown in Fig. 2(b), the PEO film shows two character-
istic peaks at 1100 and 840 cm�1, ascribed to the antisymmetric
stretching of C–O–C and wagging of CH2, respectively [44]. The
two peaks of zein located at 1645 and 1537 cm�1 correspond to
C = O stretching (amide I) and N–H bending (amide II), respectively
[45]. Regarding the zein@PEO blend, the characteristic peaks of
both PEO and zein are observed. One finds a noticeable red shift
for both C = O (1652 cm�1) and N–H (1541 cm�1) groups, indicat-
ing the formation of H–bonding between them as illustrated in
Fig. 2(c) [46]. This is the primary reason for the good miscibility
between PEO and zein, and the H-bonding is favorable for physi-
cally linking the two polymers and improving the mechanical
properties. In fact, the polymeric protective film in a battery
adsorbs a copious amount of liquid electrolyte, meaning that the
Li salt will also be adsorbed and complex with the polymers such
as PEO. We thus investigated the interactions among PEO, zein
and Li salt by introducing LiTFSI in the polymer films. As shown
in Fig. 2(d), the C–O–C peak of PEO, originally located at
1100 cm�1 (Fig. 2b), is significantly less intense. This is due to
the coordination between Li+ and the ether oxygen atom of PEO,
which is consistent with the previous reports [47]. Interestingly,
for the zein-Li+ system, there is a notable blue shift for both C–
SO2–N (from 1132 to 1144 cm�1) and C–F (from 1184 to
1199 cm�1) [48], which suggests that zein may generate some
interaction with the TFSI� anion, most likely electrostatic interac-
tion from the positively charged amino acid groups (e.g., Arg.,
Lys. His).

The thermal and crystallization behaviors of the polymer films
were investigated using differential scanning calorimeter (DSC).
As shown in Fig. 3(a), the two endothermic peaks of PEO and
zein@PEO films are ascribed to the melting of crystals [49]; zein
has no significant melting behavior in the temperature range due
to its amorphous nature after denaturation. Specifically, the melt-
ing point (Tm) of zein@PEO (65 �C) shifts to a lower value compared
with PEO (67 �C), which indicates that the introduction of zein
intervenes the chain regularity of PEO by forming H-bonding as
ein@PEO films in-situ deposited on Li metal, respectively. (b) FTIR spectra of various
R spectra of polymer-Li+ complex films.



Fig. 3. Thermal properties and crystallization behaviors of various polymer films. DSC curves of various (a) polymer films and (b) polymer-Li+ films. Polarized optical
microscopy images of (c) PEO and (d) zein@PEO films, respectively.
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discussed above. This also decreases the possibility of crystalline
phase formation of PEO. Furthermore, when adding a proper load-
ing of LiTFSI to the polymers (53 wt%), the crystallization of PEO is
completely depressed, indicated by the absent melting peaks of
both PEO-Li+ and zein@PEO-Li+ blend (Fig. 3b). This is a combined
result of the Li+-O coordination interaction and the severe entan-
glement of the ultrahigh molecular weight PEO chains. The amor-
phous ultrahigh molecular weight PEO-Li+ complex is favorable for
increasing the adhesion strength, which was reported by our pre-
vious study [50] and is critical for yielding an adaptive and con-
formable protective film. There is a new endothermic shoulder at
14 �C for zein@PEO-Li+ film, which might be attributed to the inter-
molecular bonding between PEO and zein. Both PEO-Li+ and
zein@PEO-Li+ films show a single glass transition temperature
(Tg), which is �39.2 and �39.6 �C, respectively. Despite that the
Tg of zein was reported to be ~150 �C [51], zein shows no obvious
Tg in this temperate range from our study. Thus, to further under-
stand the miscibility between PEO and zein, we characterized the
crystalline morphologies of PEO and zein@PEO films using polar-
ized optical microscopy in Fig. 3(c and d). As shown, PEO exhibits
a significant number of crystals due to its semi-crystalline struc-
ture. The addition of zein substantially changes the morphology
of PEO. There is no phase separation for the zein@PEO film, and
the crystal morphology of PEO is obviously changed, which is pos-
sibly due to the heterogeneous nucleation from zein particles in
Fig. 3(d). These results indicate a good miscibility between PEO
and zein, which benefits the enhancement in adhesion and
mechanical properties as will be discussed below.

The adhesion strength of protective film with Li metal is a sig-
nificant property that has a notable impact on the interface stabil-
ity and adapting ability during volume deformation. As shown in
Fig. S3, an adhesive tape is tightly adhered to the zein@PEO film
and quickly peeled off from the Li metal. Then the remaining Li
metal is taken out of the glove box and exposed to air. Compared
with pristine Li darkening after exposure to air for 5 min, the color
of Li with zein@PEO film is shinier. This demonstration indicates
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that the zein@PEO film is not totally removed by the tape, indicat-
ing the residual of the film keeps the Li metal from corrosion.
Therefore, the zein@PEO film shows certain adhesion with Li metal.
Due to the instability of Li metal in ambient atmosphere, we fur-
ther studied the detailed adhesion properties of the polymer films
against aluminum (Al) and copper (Cu) metal substrates to mimic
the binding behavior against Li. We find that the amorphous PEO-
Li+ and zein@PEO-Li+ films exhibit good adhesion to both Cu and Al
substrates as demonstrated in Fig. 4(a). However, the zein film
easily delaminates from the metal substrate. These results suggest
that the adhesion is mainly contributed by the amorphous PEO-Li+

complex, in agreement with our previous studies. Fig. 4(b) shows
the peeling force of PEO-Li+ and zein@PEO-Li+ films from the Cu
substrate. It can be seen that the zein@PEO-Li+ film shows a signif-
icantly higher peeling force (ca. 2.3 N) than that of the PEO-Li+ film
(ca. 0.75 N), implying a stronger adhesion strength to the Cu sub-
strate. The enhanced adhesion property is contributed by the rich
functional groups of zein, which adds more interactions with the
substrate such as H-bonding, van der Waals force and electrostatic
forces [41].

Fig. 4(c and d) presents the mechanical properties of the various
polymer films by tensile testing. We first studied the polymer films
without addition of Li salt so as to reveal the contribution from
zein. As displayed in Fig. 4(c), the zein film shows a high Young’s
modulus of 0.86 GPa and a high yield strength of 2.33 GPa yet a
minimal elongation due to its brittle nature. On the contrary,
PEO and zein@PEO films undergo typical plastic deformation, and
the addition of zein increases the mechanical performance of the
film. The Young’s modulus of the zein@PEO film is 0.63 GPa, which
is much higher than that of the PEO film (0.39 GPa). The ultimate
tensile strength of the zein@PEO film is increased to 1.45 GPa by
zein, compared with that of the PEO film (1.29 GPa). Both PEO
and zein@PEO films present notably higher elongation than that
of the zein film. Specifically, the ultimate elongation (elongation
at rupture point) of PEO and zein@PEO films is 78.3% and 75.1%,
respectively. In a word, the addition of zein increases the tensile



Fig. 4. Mechanical and adhesion properties of polymer films. (a) Photographs showing the adhesion behaviors of polymer films on Cu and Al foils. (b) Peeling force vs.
displacement of the polymer films from Cu foil (peel speed = 50 lm min�1). Stress–strain curves of (c) polymer films and (d) polymer-Li+ films. (e) Frequency-dependent
behaviors of the storage modulus of polymer-Li+ films. (f) Storage modulus of polymer-Li+ films with varying mass loading of liquid electrolytes.
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strength and Young’s modulus but slightly deteriorates the elonga-
tion compared with the PEO film. Interestingly, introduction of
LiTFSI that induces an amorphous PEO system as discussed in
Fig. 3(b), generates significantly improved flexibility in Fig. 4(d).
In terms of the polymer films complexing with LiTFSI, we observe
that the mechanical performance of zein shows no obvious change.
However, it is worth noting that the PEO-Li+ and zein@PEO-Li+

films show exceptional flexibility. The elongation of both films is
improved to be above 300%, while the Young’s moduli are 0.5
and 0.7 MPa for PEO-Li+ and zein@PEO-Li+ films, respectively.

In addition, we soaked the PEO, zein and zein@PEO films in a
liquid electrolyte solution (1 M LiTFSI in EC:EMC = 1:1 by volume)
for various hours to study their swelling behavior. As shown in
Fig. S4, the PEO film is almost dissolved by the liquid electrolyte
after 24 h, which is consistent with previous work [52]. However,
zein and zein@PEO maintain their film structure. Zein does not
swell in a liquid electrolyte, such that the zein@PEO film becomes
more resistant to dissolving by the liquid electrolyte in the pres-
ence of zein. This helps retain the mechanical performance of the
zein@PEO film in a battery enriched with liquid electrolytes. To
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elucidate the advantage of the zein@PEO film after being plasti-
cized by the liquid electrolyte, we further studied the rheological
properties of the swelling polymer films. Zein is not plasticized
by the liquid electrolyte and still a rigid film after electrolyte treat-
ment; therefore, the rheological measurement is not applicable. As
shown in Fig. 4(e), the storage moduli of both plasticized films (500
wt% liquid electrolyte loading) are dependent on the frequency,
indicating a typical viscoelastic behavior. Importantly, the storage
modulus of the zein@PEO-Li+ film is greatly higher than that of the
PEO-Li+ film. For instance, at a frequency of 100 Hz, the storage
modulus of the zein@PEO-Li+ film is 0.77 MPa, which is about twice
that of the PEO-Li+ film (0.38 MPa). Fig. 4(f) shows the storage
moduli of the two films with varying loadings of the liquid elec-
trolyte with respect to the film mass. It can be seen that decreasing
the liquid electrolyte from 500 to 300 wt%, the storage moduli for
both samples notably improve. The zein@PEO-Li+ film shows
higher storage moduli than that of the PEO-Li+ film throughout
the measurement range. The above findings indicate that the addi-
tion of zein is critical to enhance the mechanical properties of the
films in all the states: with or without Li salt/liquid electrolyte.
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Therefore, the zein@PEO film integrates the advantages of flexibil-
ity, adhesion, and durability, making it an excellent protective film.
In addition, due to the rich H-bonding, the zein@PEO film shows
self-healing property, which helps maintain the structural integrity
of the film during the repeated Li plating/stripping process. As
shown in Fig. S5, the zein@PEO film is first plasticized by liquid
electrolytes, and then cut into two pieces. After standing for about
1 min, the fracture gradually diminishes and the two broken parts
merge together to the original state after 5 min.

The ion-transfer process leaves a space-charge region, which
drives the growth of Li dendrites, such that immobilizing anions
Fig. 5. Li plating/stripping behaviors based on Li/Cu cells. (a) Chronoamperometric plo
anchoring anions and then stabilizing ion deposition. (c) Coulombic efficiency of Li/Cu
cycling of Li/Cu cells with or without a zein@PEO protective film. (e) Voltage profiles extr
being operated for specific cycles (frequency range: 0.01–1 MHz).
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can reduce the electric field intensity and delay the formation of
Li dendrites [53]. In other words, increasing the Li-ion transference
number is conducive to suppress the nucleation of Li dendrites. We
measured the Li-ion transference number of the Li/Li symmetric
cells with or without the zein@PEO protective film using a
chronoamperometry method. From the initial and steady currents
in Fig. 5(a), the zein@PEO film shows a much higher Li-ion transfer-
ence number of 0.80, compared with the pristine Li cell (0.59). We
attribute the improvement to the specific interactions between
zein and ions. Zein is composed of 16 types of amino acids, among
which the majority is glutamine, leucine, proline, alanine, pheny-
ts obtained from symmetric Li cells. (b) Schematic of the contribution of zein to
cells with different protective films at various current densities. (d) Galvanostatic
acted from the 1st, 30th, 90th, and 140th cycles. (f) Nyquist plots of Li/Cu cells after
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lalanine and serine (Table S1). The polypeptide chains derived from
these amino acids have peptide bond (–CO–NH–) on the backbone
and abundant polar functional groups (NH2, –OH, etc.) on the
branch. In specific, –OH and C = O are lithiophilic groups, while –
NH2 is anionphilic group (Fig. 5b) [54].

To reveal the effects of the various polymer films on the Li metal
stabilization, the plating and stripping behavior of Li was investi-
gated using Li/Cu cells with constant liquid electrolyte loading of
40 lL. The Coulombic efficiency of all cells is shown in Fig. 5(c),
which is a key factor that reflects the stabilities for Li plating/strip-
ping process and the protective film. The decay of Coulombic effi-
ciency is a result of the consumption of Li and electrolytes by
continuous Li-electrolyte side reactions. The initial Coulombic effi-
ciencies are 79.15% (pristine Li), 66.67% (zein), 34.16% (PEO) and
52.7% (zein@PEO). The relatively low Coulombic efficiency is
because of the reaction between the electrolyte and the passivation
layer originally on the Li metal. It is noted that the PEO and zein@-
PEO cells have much lower Coulombic efficiency than the pristine
Li cell. This is possible because the DMSO treatment generates
more passivation layer on the Li surface in the beginning, the dis-
solution of which consumes more Li source as confirmed in Figs. S6
and S7. Specifically, the DMSO treated Li anode experiences a lower
Coulombic efficiency in the first couple of cycles, and then the effi-
ciency increases gradually in the subsequent cycles in Fig. S7.
Along with the cycling process, the Coulombic efficiency of all sam-
ples increases and gradually stabilizes. As shown, the Li anode
modified by the zein film exhibits the lowest average Coulombic
efficiency of 80% throughout the cycling process. This is because
zein is not plasticized by the liquid electrolyte as revealed above
(Fig. 4), leading to high resistance for ion-transfer. It is worth not-
ing that the zein@PEO cell delivers a significantly higher Coulom-
bic efficiency (93%) after cycling at 0.4 mA cm�2 for 100 cycles,
compared with the cells with pristine Li (<60% at the 90th cycle),
PEO (<60% at the 66th cycle) and zein (ca. 80% at the 75th cycle).
Even at a high rate of 0.8 mA g�1, the Coulombic efficiency of the
zein@PEO cell keeps higher than 85% from the 105th to the
160th cycle. It is known that DMSO solvent can passivate the Li
metal [55]. To study the impact from the DMSO solvent, we ana-
lyze the morphology of the Li metal treated by pure DMSO. In
Fig. S6, it can be seen that a passivation layer is generated on the
Li surface. In addition, we test the Coulombic efficiency of Li/Cu
cells with DMSO treated Li and pristine Li in Fig. S7. As shown,
the Coulombic efficiencies of both Li anodes are very close, indicat-
ing that DMSO treatment has no significant impact on the electro-
chemical performance, although more in-depth studies are
necessary to uncover the long-term effect. These findings demon-
strate that the zein@PEO film can effectively guide and homoge-
nize the deposition of Li-ions, which suppresses the formation of
Li dendrites and ‘‘dead” Li species.

The rate performance of the cells was tested at various current
densities with a constant capacity of 0.8 mAh cm�2 and is shown in
Fig. S8. The zein@PEO cell exhibits remarkable rate performance
compared with the pristine Li cell. At a current density of
0.4 mA cm�2, the Coulombic efficiency of both cells is close to
97%. At higher current densities of 0.8, 1.2 and 1.6 mA cm�2, the
Coulombic efficiency of the zein@PEO cell slightly decreases to
about 94%, 91% and 90%, respectively, while the corresponding val-
ues of zein@PEO cells are about 90%, 80%, and 70%, respectively.
Surprisingly, when improving the current density to 2–
5.6 mA cm�2, the zein@PEO cell still delivers a higher and more
stable Coulombic efficiency compared with the pristine Li cell.

Fig. 5(d) shows the voltage profiles of Li/Cu cells containing a
zein@PEO layer compared with the unmodified Li metal. A con-
stant capacity of 0.8 mAh cm�2Li was deposited with varying cur-
rent densities of 0.2 (first 5 cycles), 0.4 (the 6th–110th cycles), and
0.8 mA cm�2 (after the 110th cycles). The pristine Li cell shows a
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drastically increased polarization from 250 h, indicating a signifi-
cant consumption of electrolytes due to the repetitive broken/re-
pair of SEI layer. In contrast, the cell with the zein@PEO film
exhibits a stable voltage profile over 540 h even at an increased
current density of 0.8 mA cm�2. To deeply understand the contri-
butions from the zein@PEO film on the Li plating/stripping behav-
ior, the voltage profiles of the 1st, 30th, 90th, and 140th cycles
were enlarged and shown in Fig. 5(e). In the 1st cycle, the pristine
Li cell shows a much smaller polarization (0.013 V) than that of the
zein@PEO cell (0.048 V). This is because the additional zein@PEO
layer induces extra resistance initially, and an activation process
is necessary. Interestingly, the polarization of zein@PEO cell nota-
bly decreases to the comparative level of the pristine Li cell in the
30th cycle, and the plating/stripping voltage plateaus for both cells
are smooth. Along with the subsequent cycling, one sees that the
polarization of zein@PEO cell (0.014 V) is lower than that of the
pristine Li cell (0.015 V). The plateau voltage of zein@PEO cell
keeps unchanged from the 90th to 140th cycle. These results indi-
cate that the zein@PEO layer ensures stable and smooth plating/
stripping of Li dynamically and avoids the side reactions between
Li and electrolytes. To further study the interface evolution in the
continuous Li plating/stripping process, electrochemical impe-
dance spectroscopy (EIS) was performed on the Li/Cu cells upon
specific cycles. The Nyquist plots obtained from the Li/Cu cells after
5 cycles at 0.2 mA cm�2 and 15, 50, and 90 cycles at 0.4 mA cm�2

are shown in Fig. 5(f). All the plots consist of a semicircle at inter-
mediate frequency region and a line at low frequency region,
which are correlated with the charge-transfer (Rct) process and
solid-state diffusion (Warburg impedance, Zw) of Li-ions, respec-
tively. For the zein@PEO cell, the slope of the straight lines in
low frequency region decreases with the increase of cycling num-
ber. Whereas the slope of the cell with pristine Li keeps nearly
unchanged during cycling. This comparison demonstrates that
the interface layer has a swelling equilibrium with the electrolyte
solution. Additionally, it is found that from the 5th–50th cycling
period, the Rct of the zein@PEO cell is higher than that of the pris-
tine Li cell, resulting from the extra resistance from the polymer
film that increases the ion-transport distance. Yet we can find that
the Rct of both cells decreases with cycling, and the decreasing
trend is more obvious for the zein@PEO cell (Table S2). In the
90th cycle, the zein@PEO cell exhibits a lower Rct of 111 X, which
keeps a negligible change from the 30th cycle. On the contrary, the
pristine Li cell shows a notable increase to 191 X in the 90th cycle,
due to the severe depletion of electrolytes in the long-term cycling
process. These results verify our finding that the zein@PEO film,
despite of its increase in ion-transport resistance, shows the effec-
tiveness in stabilizing the deposition of Li-ion flux, and protecting
the Li metal from parasite reactions.

The morphologies of the cycled Li anode (70 cycles) at plating
state were further observed. In Fig. 6(a), the cycled pristine Li
shows considerable dark ‘‘dead” Li particles, forming a rough sur-
face with a broader range of thickness (Fig. 6b). Fig. 6(c) shows sev-
ere fractures on the surface (see more SEM images in Fig. S9),
which is due to the breaking of SEI layers and the formation of
‘‘dead” Li species. The cross-sectional SEM image in Fig. 6(d) fur-
ther confirms the thick and broken ‘‘dead” Li layer. In contrast,
the Li anode with the zein@PEO film forms a much smoother sur-
face (Fig. 6e), showing a narrower roughness range of 0–10 mm
(Fig. 6f) compared with the pristine Li. Importantly, it is shown a
seamless zein@PEO coating on the Li surface in Fig. 6(g and h).
The surface is dendrite-free and extremely homogeneous, and
there are no noticeable ‘‘dead” Li species (also see SEM images in
Fig. S10). These results are mainly due to the unique self-
adapting behavior of the zein@PEO layer. The strong adhesion to
the Li metal makes the zein@PEO layer firmly stick to the Li sur-
face. During the volume shrinkage/expansion of Li, the exceptional



Fig. 7. Electrochemical performances of Li modified with zein@PEO film in Li/LiMn2O4 half cells. (a)–(d) Charge-discharge profiles at the 1st, 10th, 30th, and 100th cycles,
respectively. (e) Cycle and rate performances of the Li/LiMn2O4 cells. The long-term performance was tested at 1 C.

Fig. 6. Morphologies of cycled Li metal. (a) Optical microscopy image and (b) thickness analysis of the cycled pristine Li metal. (c and d) SEM images of the cycled pristine Li
metal. (e) Optical microscopy image and (f) thickness analysis of the cycled Li metal with zein@PEO film. (g and h) SEM images of the cycled Li metal with zein@PEO film.
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flexibility allows the zein@PEO layer to adapt with the interface
fluctuation by strain change without delaminating from the Li sur-
face as illustrated in Fig. 1(c). Moreover, the ability for anchoring
the anions further increases the stability and uniformity for the
deposition of Li-ion flux. The synergistic effect finally contributes
to the Li deposition in a dendrite-free way and protects the Li metal
from side reactions.

To demonstrate the effectiveness of the zein@PEO film in stabi-
lizing Li metal in a battery, the electrochemical performance of Li/
LiMn2O4 cells was investigated. As shown in Fig. 7(a), in the initial
cycle the zein@PEO cell yields a discharge capacity of 131.4 mAh
g�1, which is slightly lower than that of the cell with pristine Li
(137.1 mAh g�1). This is because for the fresh cell, the zein@PEO
film on the Li metal is an inert layer without ion-conduction abil-
ity. Due to the plasticizing effect from the electrolyte, the zein@-
PEO film becomes activated and ion-conductive with the cycling
process. A small charge plateau at 3.07 V can be found for both
cells, which is attributed to the de-lithiation process of the trans-
formation from LixMn2O4 (1 < x < 2) to LiMn2O4 [56]. It is noted
that the plateau (~3 V) of the cell with zein@PEO film is much
shorter than the pristine Li cell. We speculate that some compo-
nents from protein may accept the Li source from the excess Li of
LixMn2O4 [57]. In the 10th cycle at 0.5 C (Fig. 7b), the capacity of
the zein@PEO cell overtakes the pristine Li cell, resulting from
the activated zein@PEO film that is able to transport ions. At a high
current rate of 1 C in Fig. 7(c and d), both cells exhibit typical
LiMn2O4 charge–discharge curves, demonstrating the reversible
electrochemical reactions. Significantly, it is found that the cell
with the zein@PEO film delivers notably higher capacities than that
of the cell with pristine Li.

The cycle performances of both cells are shown in Fig. 7(e). The
zein@PEO and pristine Li cells show discharge capacities of 131.4
and 137.1 mAh g�1 in the first cycle, respectively. At 0.2 C, both
cells deliver nearly the same capacity of ca. 118 mAh g�1 (see
the inset). The long-term cycle stability was investigated at 1 C.
As shown, the zein@PEO cell shows much higher capacities com-
pared with the pristine Li cell. In the 110th cycle, the capacity of
zein@PEO cell is 70.2 mAh g�1, which is much higher than that
of the cell with pristine Li (41.6 mAh g�1). The capacity retention
of zein@PEO and pristine Li cells are 53.4% and 29.3%, respectively
(see Fig. S11). In addition, the Coulombic efficiency of the zein@-
PEO cell (>98%) is also higher than the counterpart (ca. 97%) from
the 11th to 110th cycle. The above results are an evident indication
that the zein@PEO film shows the potential to stabilize LMBs.
4. Conclusions

In summary, we have reported a self-adapting and anion-
anchoring polymeric protective film for stabilizing LMBs. The pro-
tective film is fabricated by incorporating zein protein with PEO as
an agent for restraining the protein refolding via forming good mis-
cibility and intermolecular bonding between them. The resulting
protein-enabled zein@PEO film synergistically integrates the
advantages of excellent flexibility, strong adhesion and high Li-
ion transference number (0.80). Thus, the zein@PEO protective film
can accommodate the volume change and prevent the parasite
interactions by forming a seamless coating on Li and adapting with
the interface change. The ion-conduction ability and anion-
anchoring effect enable the zein@PEO film to redistribute and
homogenize the Li-ion flux, fundamentally suppressing the forma-
tion of Li dendrites. As a result, the Li metal is effectively stabilized
and protected by the zein@PEO film, and the lifespan of Li/Cu cells
is prolonged to be more than 500 h. Coupled with LiMn2O4 cath-
ode, the zein@PEO film significantly improves the capacity, rate
performance, and cycling stability compared with unmodified Li
494
metal. The reported flexible, adhesive and anion-immobilizing film
design proposes a novel and promising strategy to solve the persis-
tent issues in LMBs.
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