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Rechargeable lithium metal batteries (LMBs) are faced with concerns of safety and short lifespan because of the 

uncontrollable growth of lithium (Li) dendrites. Natural biomolecules enriched with diverse polar groups are 

likely to have high lithiophilicity, showing the potential to suppress the dendrite growth. However, besides the 

chemical compositions, their structural diversities from nature induce notable impacts on the functions, which has 

not been studied yet. Here, through experiments and molecular simulations, we discover a natural “relief ” for Li 

dendrites, zein protein, and successfully strengthen its dendrite-suppressing ability by tailoring its configurations 

to achieve long-life Li anodes. The “strong relief configuration ” (SRC-Zein) is generated via drastically unfolding 

and opening the compact protein structure using a powerful denaturant. Modifying the separator by SRC-Zein 

results in excellent electrolyte wettability, higher ionic conductivity (2.0 mS/cm), and higher Li + transference 

number (0.68), compared with the less unfolded protein. These important properties play the synergistical role in 

homogenizing the ion deposition and inhibiting the nucleation/growth of Li dendrites. As a result, the symmetrical 

Li/Li cell exhibits exceptional cycling stability for more than 1400 h at 2 mA/cm 

2 . Furthermore, the half-cell with 

the SRC-Zein modified separator shows significant enhancement in capacity, cycle stability, and rate performance. 
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. Introduction 

The widespread implementation of electric transportation increases

he needs for battery systems that can supply higher energy in a reduced

olume/mass. Lithium (Li) metal is considered as a “Holy Grail ” anode

or high-energy-density batteries, as it features ultrahigh theoretical ca-

acity (3860 mAh/g), the lowest electrochemical potential (-3.04 V

s. a standard hydrogen electrode), and low bulk density (0.59 g/cm 

3 )

 1–2 ]. However, before making the Li anode a viable technology, a num-

er of obstacles must be overcome, the greatest of which are the poor

afety and short cycle life. The unstable Li/electrolyte interface along

ith the uncontrollable growth of Li dendrites during the repetitive Li

lating/stripping processes is the root of the problems [ 3–4 ]. The sharp

i dendrites can puncture the separator, leading to an internal short-

ircuit and battery failure. Meanwhile, the dendrites can break the solid

lectrolyte interphase (SEI) layer and consume more electrolytes, which

everely degrade the Coulombic efficiency and capacity retention [ 5–6 ].

o address the above issues, it is critical to stabilize the Li/electrolyte

nterface for suppressing the growth of Li dendrites. 

The problematic surface morphologies (grooves, scratches, etc.) of

he Li anode and the anisotropic distribution of Li + flux in the elec-

rolyte (ions concentrate near separator pores) are the primary factors
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enerating an unstable or uneven Li/electrolyte interface [ 7–8 ]. Con-

iderable research activities have been undertaken to infiltrate Li into

D or lithiophilic host materials/current collectors [ 9–11 ]. These efforts

re effective to stabilize the Li/electrolyte interface via reducing the lo-

al current density and/or governing the distribution of Li + flux. How-

ver, the Coulombic efficiency in initial cycles is often very low and

he volumetric/gravimetric energy still needs to be improved. As an es-

ential interfacial component that intimately links with the Li anode,

he separator generates a profound impact on Li/electrolyte interface.

eparator modification shows advantages in fabrication ease, adaptabil-

ty with current battery production, and compatibility with high energy

atteries compared with nanostructure design of the Li anode. There-

ore, enabling the separator to form a stable Li/electrolyte interface and

hereby suppress the dendrite growth has shown great potential for the

ealization of high energy, safe, and stable Li metal batteries (LMBs). 

It has been well established that the inhomogeneous deposition of

i + essentially leads to dendrite nucleation [ 12–13 ], such that designing

eparators that can guide uniform ion deposition becomes the key so-

ution to increasing the energy, safety, and lifespan of LMBs. Modifiers

ith ordered pore structures (e.g., metal-organic frameworks (MOFs)

14–15] , nanoporous anodic aluminum [16] , etc.) or favorable lithio-

hilicity (e.g., chitin [17] , dopamine [18] , Mg [19] , etc.) being coated
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n separators were proved effective for making the Li + deposit in a more

niform manner. However, the migration of Li + can be impeded by the

ree anions that travel in an opposite direction, especially under high

urrent densities. This drives the Li + flux to distribute unevenly, gen-

rating a space-charge region near the anode which initiates the nu-

leation of Li dendrites [ 20–21 ]. Therefore, homogenizing Li + flux and

liminating the disturbance from anions (i.e., tethering the anions) are

ighly desired. To this end, various modifiers working in size sieving or

on-covalent binding with anions have been added on separators, such

s Li 6.4 La 3 Zr 1.4 Ta 0.6 O 12 (LLZTO) [22] , amino-functionalized titanium-

ased MOF (NH 2 -MIL-125(Ti)) [14] , Al-doped zeolite [23] , etc. These

dditions greatly push forward the progress of separator engineering

owards the success of advanced LMBs. 

As revealed above, an “ideal ” separator modifier should be able to

epress migration of anions and homogenize Li + flux without hindering

he ion-transport. Besides a rational structure design, careful tailoring

f molecular interactions is significant to achieve this goal. Gifted from

ature, natural biomolecules, which possess rich molecular interactions

rom compositional/structural diversities, provide a promising alterna-

ive and have been increasingly receiving interest nowadays [ 24–25 ].

mong them, cellulose-derived separators (bacteria cellulose, lignocel-

ulose, etc.) [ 8 , 26–28 ] obtaining abundant polar groups (particularly

OH) and good lithiophilicity have been intensively studied to regulate

he distribution of Li + flux and promote the transport of Li + . Another im-

ortant class of biomolecules, proteins, characterized by compositional

nd structural complexity, emerge as a more interesting but extremely

omplicated system that may generate unique effects on the Li anode

ia richer interactions. For instance, Wu et al. [29] used sericin pro-

ein composed of both lithiophilic (-OH and -COOH) and anionphilic

-NH 2 ) polar groups to stabilize the ion deposition and suppress the

endrite growth. Wang’s group [30] applied fibroin protein to cover

he Li dendrite “tip ” via polar groups (-NH and C = O), so as to prevent

he dendrite proliferation. Looking at previous efforts, one concludes

hat in the electrochemical community the utilization of biomolecules,

articularly proteins, still rests on the consideration of chemical com-

ositions. It is well known that the intrinsically versatile structures of

iomolecules generate strong impacts on their properties/functions in a

iological environment [ 31–32 ]. This is analogous to the condition in-

ide a “battery environment ”, which has not been studied thus far. De-

iphering the structural effects on the molecular interactions with elec-

rochemical species, such as electrolyte ions, will significantly promote

he prediction and selection of biomolecules from the vast database of

ature for maximizing their function to stabilize the Li anode. 

Herein, through experiments and molecular simulations, we explore

 natural Li-dendrite “relief ”, zein protein, and try to carefully tailor

ts molecular configurations. Via vigorous unfolding of zein molecular

tructure, we successfully discover a “strong relief configuration ” (de-

oted as SRC-Zein) that is more effective in suppressing Li dendrites

han the less unfolded zein. Growing the SRC-Zein on a separator, elec-

rolyte wettability, ionic conductivity (2.0 mS/cm) and Li + transference

umber (0.68) are all boosted. As a result, the symmetrical Li/Li cell

ith the SRC-Zein modified separator delivers a markedly prolonged

ycle life for more than 1400 h. Furthermore, the resulting LiMn 2 O 4 /Li

LMO/Li) half-cell demonstrates obviously enhanced capacity, cycle sta-

ility, and rate capability. 

. Results and discussion 

In this study, we explore a “relief ” for Li dendrites from nature, i.e.,

ein protein, and modulate its molecular configurations to achieve a

otent suppression of Li dendrites from the root. Fig. 1 a depicts the

esign concept and the strategy to manipulate the zein molecular con-

gurations for generating the “strong Li-dendrite relief ”. Natural zein

s a complex biomacromolecule with four-level of folded structures that

ncompass considerable amino acid side groups [ 33 ]. The molecular

eight of zein used in this study is analyzed by sodium dodecyl sulphate-
23 
olyacrylamide gel electrophoresis (SDS-PAGE) in Figure S1 , which is

etermined to be 20 – 25 kDa ( 𝛼, 𝛾-zein) and 37 – 50 kDa ( 𝛾-zein) [34] .

ia different unfolding approaches, the zein configurations are carefully

djusted, which impacts the suppression of Li dendrites. As shown, we

pply two denaturants, that is, aqueous ethanol (aq. EtOH) and aque-

us acetic acid (aq. HAc), exhibiting varied unfolding strength to tailor

he molecular configurations in the transient unfolding stage. By using

he aq. EtOH as a denaturant, its limited unfolding ability yields a rel-

tively close configuration, i.e., “poor relief configuration ” (denoted as

RC-Zein). In contrast, the aq. HAc drastically unfolds the native zein by

reaking more intermolecular bonds, leading to a “strong relief config-

ration ” (denoted as SRC-Zein). Growing the SRC-Zein on a separator,

he suppression of Li-dendrite nucleation/proliferation and the facilita-

ion of Li + -transfer are simultaneously strengthened when compared to

he PRC-Zein. 

Through a series of all-atom molecular dynamics (MD) simulations

hat are performed to explore the configurations of zein being unfolded

y different denaturants, the time evolution of the 𝛼-helix length of zein

n simulations up to 400 ns are shown in Fig. 1 b . As illustrated by the

gure, a comparison of the helix lengths emphasizes that the zein in aq.

tOH does not unfold to the same degree as in aq. HAc. However, upon

urther examination of other metrics for the simulations, such as the ra-

ius of gyration (Rg) and root mean square deviation (RMSD) in Figure

2 , it becomes apparent that both denaturants cause zein to unfold and

ecome more expansive. Rg is a useful metric for measuring the extent

o which the tertiary structure of zein is undermined, as the breaking of

ntermolecular bonds such as salt bridges or disulfide bonds allows the

rotein configuration to become more expansive. The RMSD is used to

valuate whether the zein has been simulated for a long enough time

hat the maximum degree of denaturation has been achieved; when the

ein has been denatured to the fullest extent capable by the denatu-

ant, the RMSD no longer increases and remains relatively constant. For

he zein in aq. EtOH, the protein quickly unfolds from the beginning of

he simulation, leading to an increase in Rg and RMSD within the first

00 ns. However, the zein structure then becomes stable in a relatively

ompact structure by 400 ns, indicating that further MD simulation is

ot necessary. The zein in aq. HAc undergoes a slower unfolding process,

ut the zein secondary structure ( 𝛼-helices and 𝛽-sheets) is substantially

ndermined by 400 ns, causing a configuration expansion that increases

he Rg and RMSD. Thus, even though both denaturants result in more

xpansive zein configurations, the zein in aq. HAc has a decreased length

f helices, depicted in Fig. 1 d , which indicates a more flexible and ex-

anded random coil structure than the zein in aq. EtOH, as shown in

ig. 1 c . This is the basic element that generates the varied effects on

uppressing dendrites, which will be discussed in detail later. 

To further investigate zein configurations, we measure the complex

iscosity of the zein solutions with different denaturants in Fig. 2 a . It

s well known that the viscosity of proteins reflects the denaturation or

nfolding degree of the protein molecules [ 35–36 ]. In general, proteins

ith a higher degree of denaturation show greater viscosities because

f the more expansive and disentangled protein coils. As clearly shown,

he complex viscosity of the SRC-Zein solution is greater than that of

he PRC-Zein solution throughout the sweep frequency range, which

uggests that the SRC-Zein shows a more expansive molecular configu-

ation due to a higher unfolding degree. The particle size of zein in the

wo solutions also verifies this result. In Fig. 2 b , the SRC-Zein shows an

verage particle size of 389 ± 35 nm, which is smaller than that of the

RC-Zein (456 ± 49 nm). This result indicates that the aq. HAc denatu-

ant more effectively undermines the big zein particles in its native state

nd disrupts more of the protein structure compared to aq. EtOH. 

The XRD pattern in Fig. 2 c shows that the pristine zein has a highly

rystalline structure. There is a sharp 2 𝜃 peak located at 19.7° due to

he 𝛼-helix structure in the native protein [ 37–38 ]. The ordered crys-

alline structure conceals numerous functional groups inside the protein

hains, such as -COOH, -C = O and -NH 2 , etc., weakening the functional

ctivities of zein [ 39 ]. Therefore, the unfolding process is critical for
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Fig. 1. Tailoring protein configurations to suppress Li dendrites. (a) Schematic of the strategy to tailor the protein configurations by various denaturants and the 

configurational effects on suppressing Li dendrites. (b) Time evolution of total length of the 𝛼-helix of PRC-Zein and SRC-Zein via molecular simulations. (c) PRC-Zein 

and (d) SRC-Zein after being unfolded. 

d  

t  

Z  

b  

t  

t  

a  

Z  

p  

N  

Z  

w  

t  

r  

(  

t  

d  

l  

a  

(  

-  

b  

c  

a  

t  

p  

F  

o  

b  

i  

l  

fl

 

t  

s  

Z  

o  

u  

S  

a  

t  

w  

t  

a  
isrupting the crystalline structure, expanding the chains, and exposing

he functional groups outside. As can be seen for PRC-Zein and SRC-

ein, the peak intensities are notably decreased and the peak widths

ecome broader, indicating a reduced crystallinity for both cases due to

he unfolding effect. To further understand how the denaturants affect

he unfolded structure, XPS measurement is carried out and the results

re shown in Fig. 2 d . Two distinct N peaks can be found for both PRC-

ein and SRC-Zein; the fitting results are illustrated accordingly. The

eaks at 400.1 eV and 399.5 eV are attributed to amide N/NH 3 
+ and

H 2 , respectively [ 40 ]. The increased content of amide N/NH 3 
+ of SRC-

ein is due to the protonation by HAc in the unfolding process compared

ith the PRC-Zein and pristine zein ( Figure S3 ). The above results imply

hat the denaturant plays a vital role in the unfolding process and the

esulting zein configurations. Proteins possess four levels of structures

primary, secondary, tertiary and quaternary structures) [41] . The ter-

iary structure is formed and stabilized by H-bonding, salt bridges and

isulfide bonds [ 42 ]. The unfolding process is able to destroy the high-

evel of structures by breaking these bonds. It is reported that acids and

lcohols can undermine secondary and tertiary structures [ 43 ]. Acids

e.g., HAc) alter the charges on the protein side chains and convert the

COO 

− ion to the -COOH group, which prohibits the ionic interaction

etween the charged side chains (i.e., salt bridges). Meanwhile, HAc
24 
hanges the protonation status and restricts the participation of amino

cid residues in forming H-bonding. Polar EtOH forms H-bonding with

he protein and hence disrupts the intramolecular H-bonding within the

rotein but is less capable of breaking the salt bridges. As illustrated in

ig. 2 e and f , both aq. EtOH and aq. HAc can destroy the H-bonding

f zein, but salt bridges can only be broken by aq. HAc. Consequently,

y using aq. HAc as the denaturant, zein becomes more unfolded as

llustrated in Fig. 2 f . The above results are consistent with the molecu-

ar simulations that the SRC-Zein exhibits a more expansive and more

exible configuration. 

The unfolded zein (PRC-Zein and SRC-zein) is grown on one side of

he separator surface, which will be placed adjacent to the Li anode to

tabilize the Li/electrolyte interface. As shown in Fig. 3 a and b , the SRC-

ein exhibits an ordered spherical structure with an average diameter

f ca. 315 nm. The protein nanospheres ensure the penetration of liq-

id electrolytes without causing noticeable resistance. The as-unfolded

RC-Zein exhibits a spherical structure in Figure S4 with a diameter of

bout 50 nm. The particle size is much smaller than that of the pro-

ein coated on the separator (~300 nm), because the protein solution

as deeply diluted for TEM observation and the agglomeration of pro-

ein nuclei was reduced accordingly. Similarly, the PRC-Zein also shows

 spherical structure in Figure S5 but its average diameter, which is
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Fig. 2. Studies on molecular configurations 

of zein unfolded by different denaturants. (a) 

Complex viscosity versus angular frequency 

and (b) particle size of zein with various con- 

figurations in solution state. (c) XRD patterns 

of zein with various configurations compared 

with pristine zein. (d) High-resolution N 1s 

XPS spectra of zein with various configurations. 

Schematics of unfolding zein by (e) aq. EtOH 

and (f) aq. HAc leading to close and open con- 

figurations, respectively. 
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bout 273 nm, is slightly smaller than that of the SRC-Zein. This is pos-

ibly because EtOH, with a lower boiling point (78.37 °C) than that of

Ac (117.9 °C), is more volatile and evaporates faster, thus reducing the

ize of protein nuclei. From the cross-sectional SEM images in Figure

6a and b , the thickness of the PRC-Zein and SRC-Zein coating layers is

a. 7 and 9 μm, respectively. Both of the coating layers exhibit certain

nd similar adhesion force to the separator; the average adhesion force

f PRC-Zein and SRC-Zein layers is ca. 0.76 and ca. 0.80 N, respectively

 Figure S6c ). Besides, porosity is a vital element for the coating qual-

ty, and PRC-Zein has a porosity of 40.1 ± 0.8%, which is slightly higher

han that of the SRC-Zein (38.3 ± 0.5%). These results imply that the

wo protein coating layers have analogous structural properties. 

The FTIR and XPS spectra are used to investigate the surface sig-

al changes of the zein-modified separators. Compared with the pris-

ine commercial separator (denoted as CS), the PRC-Zein and SRC-Zein

oated separators show three new characteristic peaks at 1108, 1541

nd 1654 cm 

− 1 , which are attributed to C-O stretching, N-H bending

amide II) and C = O stretching (amide I) from zein, respectively ( Figure

7a ) [ 44–45 ]. Meanwhile, in Figure S7b , the XPS spectrum of CS only

resents one C1s peak from the backbone structure of polyethylene (PE)

nd polypropylene (PP). After being coated by PRC-Zein or SRC-Zein,

dditional O1s and N1s peaks emerge, which results from the protein

tructure. Specifically, the O1s peak mainly originates from C = O, -OH
25 
nd C-O groups, and the N1s peak consists of -NH and C-N groups [ 46 ].

he results prove that zein nanospheres are successfully coated on the

eparator and make the surface more polar, which is favorable for the

ermeation of liquid electrolytes and the facilitation of ion transfer, as

iscussed below. 

Commercial polyolefin separators are highly hydrophobic and suffer

rom poor wettability to liquid electrolytes, which is a critical drawback

hat degrades the rate performance [47–48] ; increasing the surface po-

arity of separators is beneficial for electrolyte uptake and ion transfer,

specially at high current rates. To gain a deeper insight into the effects

f zein configurations on the ion transfer kinetics, we characterize the

hemical compositions of zein using an amino acid analyzer. Zein em-

eds nearly all kinds of amino acids, which means lithiophilic (-C = O

nd -COOH) and anionphilic (-NH 2 ) polar groups are richly found in

t. Its potential to interact with electrolyte ions is hence expected and

 better utilization of these chemical groups may improve the interac-

ions and then the electrochemical performance. As shown in Fig. 3 c ,

he polar amino acids such as Glu., Pro., Ser., etc. account for 54.6%

f zein. Therefore, it is expected that exposing those polar residues will

elp increase the surface polarity of zein and also the resultant modified

eparators. The surface polarity of zein is first analyzed by measuring

he water contact angle (WCA) in Fig. 3 d . Interestingly, the separator

oated by PRC-Zein displays a much larger WCA of 50° than that of SRC-
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Fig. 3. Properties of zein with various configurations and the resulting modified separators. (a) – (b) SEM images of the SRC-Zein coated separator (SRC-Zein@CS). 

(c) Content of amino acids of zein. (d) Water contact angle (WCA) of zein modified separators. (e) Electrolyte contact angle of zein modified separators compared 

with a pristine commercial separator (CS), and digital photos of electrolyte droplets (20 μL) being dropped on the corresponding separators. (f) Summary of the 

ionic conductivity and Li + transference number of various separators. Schematics of electrolyte wettability and protein-ion interaction of (g) PRC-Zein@CS and (h) 

SRC-Zein@CS. 
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ein (21°). This result implies that more polar residues are disclosed on

he surface of SRC-Zein, leading to a significantly increased hydrophilic-

ty. The unraveled polar residues also increase the wettability to the liq-

id electrolyte consisting of 1 M LiPF 6 dissolved in a mixture solvent of

thylene carbonate/ethyl methyl carbonate (v/v = 1/1). As presented

n Fig. 3 e , the uncoated separator, CS, shows a high electrolyte con-

act angle of 46° due to its hydrophobic nature. Modifying the separa-

or surface with zein obviously increases the wettability for the elec-

rolyte, but it is worth noting that SRC-Zein@CS shows a much better
26 
lectrolyte affinity than that of PRC-Zein@CS: The electrolyte contact

ngle of SRC-Zein@CS is only 5° compared with 26° for PRC-Zein@CS.

hen 20 μL of the electrolyte is dropped on the separator surface,

he electrolyte immediately spreads over SRC-Zein@CS. In contrast,

RC-Zein@CS shows slight wetting of the electrolyte droplet while the

roplet maintains its shape without a significant change on CS. As a re-

ult, SRC-Zein@CS shows the highest electrolyte uptake of 134 ± 4.5%,

ompared with PRC-Zein@CS (128.4 ± 4.6%) and CS (98.7 ± 3.2%) in

igure S8 . 
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It is well accepted that higher electrolyte wettability and higher

lectrolyte uptake will benefit the ionic conductivity due to the facil-

tated permeation and diffusion of the liquid electrolyte. Here, we sur-

risingly find that the SRC-Zein enhances not only the ionic conduc-

ivity, but also the Li + transference number, which is believed to be

ontributed by its unique molecular configuration. As shown in Fig. 3 f ,

ein-modified separators present higher ionic conductivities than CS,

wing to the improved electrolyte uptake/electrolyte wettability as dis-

ussed above. The ionic conductivities of SRC-Zein@CS, PRC-Zein@CS

nd CS are 2 ± 0.13, 1.3 ± 0.1, and 0.9 ± 0.08 mS/cm, respectively. It

learly shows that SRC-Zein@CS delivers the highest ionic conductivity,

hich is consistent with the electrolyte wettability results. Interestingly,

he Li + transference number of SRC-Zein@CS is significantly increased

o 0.68, which is much greater than that of PRC-Zein@CS (0.59) and CS

0.42) (see Figure S9 and Table S1 for the current-time evolution curves

nd calculation data). The simultaneously increased ionic conductivity

nd Li + transference number make a great contribution toward improv-

ng the electrochemical performance, especially the rate capability, and

he effectiveness in stabilizing the Li anode. 

In view of the above findings, we speculate that the molecular config-

rations of zein play an important role in the ionic interactions, making

he significant differences in both Li + transference number and ionic

onductivity. It is noted that when zein particles are dispersed in the

lectrolyte, they quickly precipitate from the electrolyte in Figure S10 ,

ndicating that the exposed functional groups play the most important

ole in the interactions with ions. As indicated by both molecular sim-

lations and experimental studies before, the PRC-Zein shows a rela-

ively compact molecular configuration and insufficient exposure of po-

ar functional groups in Fig. 3 g . Consequently, the improvements to

oth electrolyte wettability and ionic conductivity are limited. More

mportantly, as some polar groups, such as -NH 2 , can form H-bonding

ith PF 6 
− 28–29 (see the schematic in Figure S11 ), activating these polar

roups, that is, uncovering them from the embedded protein structure,

s important for enhancing the anion-tethering strength. At the same

ime, the oxygen-containing groups (e.g., C = O and -COOH groups) have

ffinity with Li + , such that adding a zein coating with the favorable

onfiguration adjacent to the Li anode can increase the uniformity of

he Li + flux and inhibit Li + movement toward the protrusions by the

tip effect ” [49–50] . Therefore, regarding the PRC-Zein, the relatively

lose configuration leads to less access by both Li + and PF 6 
− , result-

ng in a poorer tethering of PF 6 
− and a weaker affinity with Li + . By a

harp contrast, the SRC-Zein reveals a more unfolded and more expan-

ive configuration that leads to sufficient disclosure of polar functional

roups. This leads to further improvement in the electrolyte wettability

nd ionic conductivity while also generating more active sites for tether-

ng anions/interacting with Li + as illustrated in Fig. 3 h . This significant

ifference will strongly impact the ability of the two configurations in

tabilizing the Li anode, which will be discussed below. 

To study the stability of the Li metal anode, Li/Cu half-cells are as-

embled with the zein modified separators. It is noted that the zein-

oated side is placed facing the Cu electrode. As shown in Fig. 4 a , the

ell with the CS undergoes an obvious increase of the overpotential from

a. 200 h. The long-term plating/stripping stability is greatly improved

y the zein-modified separators; the cells with PRC-Zein@CS or SRC-

ein@CS show stable and nearly constant overpotential. The Coulom-

ic efficiency compared in Fig. 4 b reflects the ratio of the stripped Li

ersus the plated Li and indicates the stability of the repeated Li plat-

ng/stripping processes [ 51–52 ]. As shown, the Li/Cu cell with the CS

hows a rapid decay in the Coulombic efficiency that drops to 68.6%

t the 77th cycle, which is due to the depletion of the Li and elec-

rolyte by continuous formation/breakage of SEI layers [ 53–54 ]. The

ells with SRC-Zein@CS or PRC-Zein@CS deliver more stable Coulom-

ic efficiencies for 75 cycles. It is also found that, on average, the cell

ith the SRC-Zein@CS presents a higher Coulombic efficiency of 96.2%

han that of the cell with the PRC-Zein@CS (91.4%). The detailed volt-

ge profiles at various cycles are presented in Fig. 4 c-e . The dips and
27 
umps appear in the voltage curves of the CS cell, whereas the cells

ith zein modified separators present flatter plateaus. The results indi-

ate that the zein modified separators deliver an easier and more stable

nsertion/extraction of Li [ 55 ]. The overpotential of the CS cell is sig-

ificantly greater than that of the other two at various cycles and the

tripping capacity obviously decays from 0.85 mAh/g at the 40th cycle

o 0.81 mAh/g at the 60th cycle. The cell with SRC-Zein@CS shows sim-

lar overpotential with the PRC-Zein@CS counterpart, but the amount

f stripped Li of it is much higher in comparison. For instance, at the

0th cycle, the capacities of stripped Li are 0.94 and 0.97 mAh/cm 

2 

or PRC-Zein@CS and SRC-Zein@CS, respectively. These results demon-

trate that the SRC-Zein@CS is more conducive to regulate the stable

lating/stripping of Li and reduce the loss of Li, thus more effectively

ncreasing the Coulombic efficiencies, which is a primary challenge for

MBs. 

To further investigate the interface evolution, the electrochemical

mpedance spectroscopy (EIS) at the 5 th and the 50 th cycle for the Li/Cu

ells is conducted, the results of which are displayed in Fig. 4 f and g .

or fitting the EIS spectra, the equivalent circuit is used and shown in

igure S12 . The initial interception with the X-axis is attributed to the

ulk resistance (R b ). The semicircle can be assigned to the resistance of

he passivation film on the Li anode surface (R SEI ) at high frequencies

nd the charge-transfer interfacial resistance (R CT ) at low frequencies

 56 ]. As shown in Fig. 4 f , at the 5th cycle, the R CT of the cells with the

RC-Zein@CS or the SRC-Zein@CS is 576.5 Ω and 371.5 Ω, respectively,

hich are much greater than that of the cell with the CS (226.1 Ω). This

s because the zein coating layer enlarges the diffusion distance of the

ons compared to the CS and the separator/electrode interface is not

table yet in the initial cycles. However, the R CT of the SRC-Zein@CS

hat obtains a higher ionic conductivity is still lower than that of the

RC-Zein@CS. At the 50th cycle ( Fig. 4 g ), a notable change of both

 CT and R SEI is observed for all of the Li/Cu cells. The R SEI of the cells

ith the CS, the PRC-Zein@CS, or the SRC-Zein@CS is 272.2, 45.2 and

.3 Ω, respectively (see the fitting results in Table S2 ). The reduced

 SEI of the two cells with the zein modified separators is caused by the

mprovements in both Li + transference number and ionic conductivity,

hich synergistically help the uniform deposition of Li + . More specifi-

ally, the SRC-Zein@CS cell demonstrates the smallest R SEI , indicating

ts exceptional ability in stabilizing the formation of thin SEI layer and

he depression of Li dendrites compared with the PRC-Zein@CS. In addi-

ion, the R CT of the cell with the CS is considerably increased from 226.1

o 944.5 Ω. This is due to the excessive consumption of the electrolyte

nd the formation of a thick SEI layer with “dead ” Li species that come

rom the repeated breakage/repair of SEI in the cyclic process. By con-

rast, the cells with the zein modified separators show a much lower R CT 

ith less significant change upon cycling. The R CT of the PRC-Zein@CS

ell is increased from 576.5 to 583.5 Ω. In comparison, the R CT of the

RC-Zein@CS cell is decreased from 371.5 to 331.6 Ω. The much lower

 CT of the SRC-Zein@CS cell is attributed to the higher ionic conductiv-

ty and the thinner SEI layer, which simultaneously reduce the R CT . 

Fig. 5 shows the morphologies of deposited Cu electrodes disassem-

led from the Li/Cu cells after certain cycles at 0.5 mA/cm 

2 . As shown in

ig. 5 a and b , numerous Li dendrites grow on the Cu electrode with the

S from the 20th cycle. At the 50th cycle, the dendrites drastically pro-

iferate during the repeated plating/stripping process, generating a great

umber of cracks and “dead ” Li species in Fig. 5 b . As depicted in Fig.

 c , in the cell with the CS, both the Li + transferability and the Li + flux

niformity are low. When the electrolyte diffuses through the CS having

rregular pores, the ions tend to concentrate near the pores. Along with

he poor surface polarity of the CS, the distribution of the Li + flux and

he deposition of Li + on the anode surface are inhomogeneous, initiating

he nucleation of Li dendrites from the beginning of the cyclic process.

he uneven Li + flux tends to deposit on the “hot spots ” of the SEI layer

eading to uncontrollable growth of Li dendrites and SEI fracture, which

s also known as “tip effect ” [ 57 ]. In comparison, the morphologies of

he Cu electrodes with the PRC-Zein@CS or the SRC-Zein@CS are much
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Fig. 4. Li plating/stripping performance of Li/Cu cells with various separators. (a) Voltage profiles of various separators. The current density is 0.5 mA/cm 

2 and 

the Li deposition capacity is 1 mAh/cm 

2 . (b) Coulombic efficiency of Li/Cu cells with various separators. (c) – (e) Magnified voltage profiles of the Li/Cu cells at 

different cycles. (f) – (g) Nyquist plots of various Li/Cu cells at (f) the 5th cycle and (g) the 50th cycle. 
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moother at the 20th cycle in Fig. 5 d and g , because 1) the higher sur-

ace polarity and the rich lithiophilic groups (-C = O and -COOH) of zein

edistribute and homogenize the Li + flux, avoiding the “tip effect ” and

elping the ion deposition in a more uniform manner, and 2) the higher

i + transference number due to the anionphilic group (-NH 2 ) of zein

elps tether the anions and diminish the space-charge region to pro-
28 
ong the Sand’s time and postpone the nucleation of Li dendrites [ 58 ].

hese two factors effectively suppress the formation and growth of Li

endrites and contribute to a smoother and dendrite-free surface. How-

ver, for the Cu electrode with the PRC-Zein@CS, the dendrites start to

ucleate at the 50 th cycle in Fig. 5 e , while the Cu electrode with the

RC-Zein@CS still shows a flat and dendrite-free surface in Fig. 5 h . We
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Fig. 5. Morphological studies of cycled Cu electrodes in deposition state. SEM images of the Cu electrode with CS after (a) 20 cycles and (b) 50 cycles. SEM images 

of the Cu electrode with PRC-Zein@CS after (d) 20 cycles and (e) 50 cycles. SEM images of the Cu electrode with SRC-Zein@CS after (g) 20 cycles and (h) 50 cycles. 

Schematics of Li deposition conditions for (c) CS, (f) PRC-Zein@CS and (i) SRC-Zein@CS. 
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ecall that the PRC-Zein shows a limited exposure of lithiophilic polar

roups (-C = O and -COOH), thus restricting the interactions with Li + . In

his case, there is still a likelihood that the Li + deposits toward the pro-

rusions by the “tip effect ”, such that the regulation of the Li + flux distri-

ution is weakened. Meanwhile, the reduced effectiveness in tethering

nions further deteriorates the stability of ion deposition. Therefore, as

hown in Fig. 5 f and i , the PRC-Zein@CS makes a limited contribution

o improving the Li + flux uniformity and the stability of Li + deposition

ompared with the SRC-Zein@CS. With the higher effectiveness in re-

istributing and homogenizing Li + flux, the deposition of Li + with the

RC-Zein@CS is well stabilized to strongly suppress the nucleation of Li

endrites. In contrast, the PRC-Zein@CS delays the growth of dendrites

ut it is not chronically effective. Because a high pressure is induced in-

ide the coin cells, the morphology of the electrodes may be impacted.

e also assemble beaker cells using Li foil and Cu foil as the electrodes

nd perform the plating/stripping test at 1 mA/cm 

2 for 30 cycles with

 capacity of 1 mAh/cm 

2 . As displayed in Figure S13a , numerous Li

endrites and “dead ” Li species emerge for the pristine separator. This

roblem is alleviated by the zein modified separators; notably, less den-

rites form for the SRC-Zein@CS than the PRC-Zein@CS, resulting in a

ery smooth and even Li surface ( Figure S13b and c ). The results are

upplementary and consistent with the results obtained from the coin

ells. 

To further confirm the contributions of the SRC-Zein@CS to stabiliz-

ng the Li anode, symmetrical Li/Li cells are tested in Fig. 6 . In Fig. 6 a ,

he Li/Li cell with the CS shows a sharply increased overpotential from

bout the 350 th hour and the overpotential keeps increasing afterwards.

his is due to the gradual consumption of the electrolyte and Li, greatly

ncreasing the cell resistance. The Li plating/stripping stability is greatly

mproved by the SRC-Zein@CS. Although in the first 80 h the overpoten-

ial slightly fluctuates, possibly because of the dissolution of the native

assivation film on the Li metal surface, the overpotential becomes very

table for up to ca. 580 h. The magnified voltage profiles in Fig. 6 b and

 show that the SRC-Zein@CS cell generates flatter plateaus owing to
29 
he smooth and reversible ion deposition process. Meanwhile, the over-

otential of the SRC-Zein@CS cell, which is 29 mV, is obviously lower

han that of the CS cell (35 mV) in Fig. 6 c . These results indicate that the

RC-Zein@CS can help guide uniform deposition of Li + in symmetrical

i/Li cells, resulting in a thinner SEI layer and less “dead ” Li species as

een from Figure S14 . The current rate is then elevated to 2 mA/cm 

2 

ith a higher Li deposition capacity of 4 mAh/cm 

2 to study the long-

erm performance of the SRC-Zein@CS. As shown in Fig. 6 d , after stabi-

ization of the Li/separator interface and the complete dissolution of the

assivation film on Li anodes in about 30–40 h, the Li/Li cell delivers an

ltra-stable cycling performance for more than 1400 h. The inset shows

hat the overpotential is stabilized at about 122 mV and there is negli-

ible voltage fluctuation. The flat charge/discharge plateaus suggest a

ery stable and facilitated deposition/extraction of Li upon cycling. The

ood cycling performance results from the exceptional ionic conductiv-

ty and high Li + transference number brought from the SRC-Zein. The

bove studies indicate the importance of zein configurations in stabiliz-

ng the Li anode. In a word, a more expansive configuration with more

olar groups (e.g., C = O, -NH 2 , -COOH, etc.) exposed, leads to better ef-

ectiveness in 1) binding with Li + to increase the distribution uniformity

f Li + flux, and 2) tethering PF 6 
− to diminish the space-charge region

t the anode surface. These two factors synergistically contribute to an

ven distribution of Li + flux and stable deposition of Li + , which inhibit

he nucleation of Li dendrites. The surface chemistry of the cycled Li

s analyzed by XPS in Figure S15 to reveal the SEI composition. The

igh-resolution F 1s spectra indicate that the LiF contents for CS and

RC-Zein@CS are very close, which are 50.9% and 51.7%, respectively.

t is known that LiF is the main product from hydrolysis decomposition

f LiPF 6 [59] . Therefore, the addition of the protein coating layer gen-

rates insignificant impact on the decomposition of LiPF 6 despite of the

resence of polar groups. 

The feasibility of the zein modified separators working in batter-

es is examined based on LMO/Li half-cells. Fig. 7 a shows the typical

harge/discharge voltage profiles of the LMO half cells at 0.1C. The cells
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Fig. 6. Li plating/stripping performance of 

symmetrical Li/Li cells with various separators. 

(a) Voltage profiles of Li/Li cells with SRC- 

Zein@CS compared with CS at a current den- 

sity of 1 mA/cm 

2 . (b) – (c) Magnified volt- 

age profiles. (d) Voltage profiles of Li/Li cell 

with SRC-Zein@CS at a current density of 2 

mA/cm 

2 . 
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ith the CS, the PRC-Zein@CS, or the SRC-Zein@CS deliver initial dis-

harge capacities of 129, 137 and 141 mAh/g, respectively. The highest

apacity from the SRC-Zein@CS is attributed to its exceptional ionic

onductivity that facilitates the transfer of Li + . In addition, the rate per-

ormance in Fig. 7 b demonstrates that the cells with the PRC-Zein@CS

r the SRC-Zein@CS show markedly higher capacities than that of the

ell with the CS in all current rates, especially at 2C. It is also noted

hat the SRC-Zein@CS cell outmatches the PRC-Zein@CS cell. A high

ischarge capacity of 102 mAh/g at 1C is achieved by SRC-Zein@CS,

hich is higher than that of the PRC-Zein@CS Cell (97 mAh/g). The

orresponding capacity of the CS cell is only 91 mAh/g. After reducing

he current from 2C to 0.2C, a capacity of 123 mAh/g can be recovered

y the SRC-Zein@CS, while the corresponding capacities are 116 and

09 mAh/g for the PRC-Zein@CS and the CS, respectively. The cyclic

oltammetry (CV) curves of the SRC-Zein@CS cell are presented in Fig-

re S16 . The CV curves at various scan rates show two pairs of well-

efined redox peaks, suggesting that the insertion/de-insertion of Li + 

s a two-step process [ 60 ]. The curves at various cycles are highly re-

ersible and there are no additional peaks emerging, which indicates the

ood electrochemical stability of zein in the continuous cyclic process. 

The cycling stability of the LMO/Li cells is shown in Fig. 7 c . Among

he three cells, the SRC-Zein@CS cell presents the highest capacity for

00 cycles, followed by the PRC-Zein@CS and the CS cells. The ini-
30 
ial capacities of the PRC-Zein@CS and SRC-Zein@CS cells are 109 and

19 mAh/g and the capacities of them at the 400th cycle are 66 and

5 mAh/g, respectively. Besides the higher capacity, the capacity re-

ention of the cell with the SRC-Zein@CS (79.8%) is also much higher

han that of the PRC-Zein@CS cell (60.6%). The interfacial evolution

f the half-cells during cycling are analyzed by EIS in Fig. 7 d and e .

he equivalent circuit can be found in Figure S12 . The semicircle in

he EIS spectra includes the R SEI and R CT at high and medium frequen-

ies, respectively. It can be seen that both the R SEI and R CT undergo

ynamic changes during cycling. According to the fitting results in Ta-

le S3 , for the cell with the CS, the R SEI keeps increasing from 6.5 Ω
fresh cell) to 25.7 Ω at the 5th cycle, then to 45.2 Ω at the 50th cy-

le. This indicates that the SEI layer constantly accumulates along with

epeated cycling process because the uneven ion deposition induces un-

table formation of the SEI layer. Accordingly, the R CT enlarges from

27.7 Ω to 299.6 Ω from the 5th to the 50th cycle due to the thickening

EI layer and the formation of “dead ” Li species. On the contrary, the

volution of both R SEI and R CT is less obvious for the cell with the SRC-

ein@CS. Through operation over 5 cycles, the R SEI remains stable and

lightly decreases to 4.5 Ω compared with 5.6 Ω for the fresh cell. After

ycling for 50 cycles, the R SEI is 25.7 Ω, which is much smaller than

hat of the cell with the CS. The results reveal that the SRC-Zein@CS

ell obtains a much thinner SEI layer, attributed to the more stable ion



X. Fu, R. Odstrcil, M. Qiu et al. Energy Storage Materials 42 (2021) 22–33 

Fig. 7. Electrochemical performance of various separators in LiMn 2 O 4 /Li (LMO/Li) half-cells. (a) Voltage profiles of various separators at 0.1C. (b) Rate performance 

of various separators. (c) Cycle stability of various separators tested at 0.5C. (d) – (e) Nyquist plots of the half cells with (d) CS and (e) SRC-Zein@CS at 0.5C. 
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eposition that protects the SEI layer against breakage. In addition, the

 CT visibly grows in the first 5 cycles from 121.9 Ω to 164.5 Ω, which

s, however, stabilized afterwards, remaining nearly constant at the 50 th 

ycle (163.1 Ω). The results indicate that the SRC-Zein@CS cell has a

ore stable and faster transfer of Li + than the CS cell. When increas-

ng the loading level of LMO to 6.8 mg/cm 

2 , the cells with zein modi-

ed separators still outperform that with a pristine separator. As shown

n Figure S17a , the three cells demonstrate typical LMO voltage pro-

les and the SRC-Zein@CS cell shows the highest discharge capacity of

33 mAh/g at the first cycle; the discharge capacities of the cells with
31 
S and PRC-Zein@CS are 120 and 126 mAh/g, respectively. At varying

urrent rates ( Figure S17b ), the PRC-Zein@CS cell delivers the highest

apacities, which further proves it advantages in improving the battery

erformance. 

The cycled Li anodes are collected from the LMO/Li half-cells having

een operated for 200 cycles at 0.5C and their surface morphologies are

xamined. As shown in Figure S18a , the Li anode with the CS shows

any visible Li dendrites as circled, while the surface of the Li anode

ith the SRC-Zein@CS is much smoother in Figure S18b . These results

re consistent with the EIS data that the SRC-Zein@CS successfully sup-
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[  
resses the Li dendrites and “dead ” Li species, and stabilizes the SEI layer

n LMO/Li half-cells during charge/discharge cycling. Furthermore, it is

ell known that the dissolution of Mn ions from the LMO leads to the

apacity fading and Li anode corrosion/passivation. [61–62] We explore

hat the zein layer shows some capability to adsorb Mn ions to depress

he deposition of Mn ions on the Li anode. Figure S19 displays the in-

uctively coupled plasma-optical emission spectrometry (ICP-OES) re-

ult, showing the concentration of Mn 2 + of MnCl 2 solution before and

fter a specific amount of zein is soaked in the solution for 1 hour. As

hown, the concentration of Mn 2 + is decreased by 57.1 mg/L after the

oaking of zein, which indicates that zein is able to adsorb Mn 2 + to pro-

ide further protection for the Li anode. 

. Conclusion 

In summary, we explore a natural “relief ” for Li dendrites, zein pro-

ein, and exploit it to functionalize the separator to achieve stable and

ong-life Li metal anodes. It is found through experiments and molecular

imulations that the dendrite-suppressing strength of zein is sensitive to

ts molecular configurations. With the use of a vigorous denaturant, aq.

Ac, the protein structure is drastically unfolded and opened, strength-

ning the exposure of polar residues and the protein-ion interactions.

he generated “strong relief configuration ” (SRC-Zein), being coated on

he separator, leads to a better electrolyte wettability, higher ionic con-

uctivity (2.0 mS/cm), and higher Li + transference number (0.68) than

he less unfolded zein. Benefiting from these significant properties, the

RC-Zein effectively stabilizes the ion deposition and suppresses the nu-

leation/growth of Li dendrites. The resulting Li/Cu cell and symmetri-

al Li/Li cell both deliver stable performance and prolonged cycle life;

articularly, the symmetrical Li/Li cell demonstrates remarkable cycling

tability for more than 1400 h at 2 mA/cm 

2 . In addition, the capacity,

ycling stability, and rate performance of the LMO/Li cell are all im-

roved by the SRC-Zein, proving its feasibility to stabilize the Li anode

n LMBs. This study provides a new insight into tailoring the structures

nd functions of natural proteins to generate advanced interfacial ma-

erials that address the critical challenges of LMBs. 
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