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Abstract: Rechargeable aqueous zinc-ion (Zn-ion) bat-
teries are widely regarded as important candidates for
next-generation energy storage systems for low-cost
renewable energy storage. However, the development of
Zn-ion batteries is currently facing significant challenges
due to uncontrollable Zn dendrite growth and severe
parasitic reactions on Zn metal anodes. Herein, we
report an effective strategy to improve the performance
of aqueous Zn-ion batteries by leveraging the self-
assembly of bovine serum albumin (BSA) into a bilayer
configuration on Zn metal anodes. BSA’s hydrophilic
and hydrophobic fragments form unique and intelligent
ion channels, which regulate the migration of Zn ions
and facilitate their desolvation process, significantly
diminishing parasitic reactions on Zn anodes and leading
to a uniform Zn deposition along the Zn (002) plane.
Notably, the Zn||Zn symmetric cell with BSA as the
electrolyte additive demonstrated a stable cycling per-
formance for up to 2400 hours at a high current density
of 10 mA cm ™2 This work demonstrates the pivotal role
of self-assembled protein bilayer structures in improving
the durability of Zn anodes in aqueous Zn-ion batteries.
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Introduction

Aqueous Zinc-ion (Zn-ion) batteries have attracted signifi-
cant attention recently as viable alternatives for energy
storage systems.['! Distinct from conventional lithium and
sodium-based rechargeable batteries, Zn-ion batteries em-
ploy non-toxic aqueous electrolytes and abundant Zn metal,
highlighting their advantages in safety, environmental
protection, and sustainability for grid-scale applications.” In
addition, the Zn metal anode has a high theoretical capacity
of 820mAhg™ and a relatively low electrode potential
(=0.76 V vs. standard hydrogen electrode).”! However,
despite the above-mentioned advanced characteristics, the
widespread implementation of Zn-ion batteries is facing
significant challenges, most of which are related to the poor
electrochemical performance of Zn metal anodes./! The first
issue is the formation of dendrites during repeated Zn
plating/stripping processes, leading to short circuits and
failure of batteries.”) Meanwhile, the Zn anode is susceptible
to corrosion and  generates  byproducts  (e.g.,
Zn,SO,(OH),-xH,0).! These inactive byproducts accumu-
late on the surface of the Zn anode and obstruct Zn*" ion
transfer, severely intensifying surficial passivation and re-
ducing the battery’s cycling stability.”!

Several strategies have been proposed to remedy the
inherent issues of Zn metal anodes. These include optimiz-
ing electrolyte composition, enhancing separator structure,
and creating a durable electrode/electrolyte interface.®
Among them, constructing an artificial solid electrolyte
interphase (SEI) layer by an ex situ or in situ method to
inhibit the growth of Zn dendrites and suppress parasitic
reactions has been regarded as the most -effective
strategy.® Ex situ methods involve pre-immobilizing a
high ionic conductive layer to enhance Zn*" ion diffusion,
reduce surface passivation, and prevent dendritic growth.!"”
However, the ex situ-formed SEI layer bears the risk of
exfoliating from the Zn substrate after multiple cycles, which
may deteriorate at high current densities. Conversely, the in
situ method spontaneously forms an SEI layer through
chemical reactions, self-assembly or polymerization from
electrolyte additives, which can improve the dynamic
stability of the Zn metal anode by maintaining the integrity
of the Zn metal anode under real-time protection.'! For
instance, introducing Zn(H,PO,), into the aqueous electro-
lyte led to the formation of a compact Zn;(PO,),-4H,0 SEI
layer, promoting uniform Zn®>" ion flux and preventing
dendrite formation.'” Similarly, a trace amount of
hexamethylenetetramine (HMTA) in the aqueous electro-
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Iyte in situ forms an anode-molecule interface on the Zn
anode, inhibiting the hydrogen evolution reaction and
enhancing the interfacial stability.'” Nonetheless, cost and
environmental friendliness are still non-negligible issues that
must be considered. Therefore, some biological macro-
molecules, usually represented by proteins, have demon-
strated promising potential as multifunctional electrolyte
additives to form interfacial protective layers.'" Their
unique amphiphilic properties and complex molecular
structure endow proteins with rich biochemical character-
istics to facilitate metal ion diffusion, not to mention their
inherent environmentally benign and biodegradable
properties.™ For example, poly-l-glutamic acid (PGA) was
employed as a multifunctional electrolyte additive to con-
struct a dynamic adsorption layer on the Zn anode, which
effectively suppressed hydrogen evolution by decreasing the
activity of H,O molecules." Furthermore, incorporating
serine in the aqueous electrolyte has proven its ability to
induce the deposition of Zn along the favorable Zn (002)
plane rather than the Zn (100) plane, thereby mitigating
dendrite growth.'"”! Therefore, employing environmentally
benign and biodegradable biological macromolecules as
multifunctional electrolyte additives represents a promising
and sustainable strategy to enhance the electrochemical
performance of Zn-ion batteries.

Herein, we employ bovine serum albumin (BSA), a
classic carrier protein with a self-assembly feature in
aqueous solutions, as an electrolyte additive to construct a
multifunctional interfacial layer on the Zn metal anode. By
folding hydrophilic/hydrophobic chains, the BSA molecules
can self-assemble on the surface of the Zn metal anode and
form a dynamic multifunctional bilayer with a unique anti-
solvation effect, which promotes the desolvation process of
solvated Zn?" ions. The inherent ion diffusion channels of
BSA facilitate homogeneous Zn’" ion diffusion to the Zn
metal anode while blocking the free water molecules and
SO,* anions. As a result, incorporating a BSA bilayer on
the Zn anode remarkably improved the cycling stability of
Zn||Zn symmetric cells, achieving 2400 hours of stable
cycling performance. Concurrently, the Zn||V,O; full cell
demonstrates a high-capacity retention of 94.69% for
4800 cycles at 5 Ag ™.

Results and Discussion

The BSA consists of 607 amino acid residues.'®! Compared
with other conventional proteins, the unique molecular
structure of BSA endows it to chelate with Zn*" ions and
form Zn ion diffusion channels (Figure S1).') Figure la
elucidates the formation of the BSA-based protective layer
on the Zn metal anode via self-assembling processes. The
participation of BSA molecules can significantly change the
surface structure of the Zn metal anode from an electrical
double layer to a multifunctional BSA bilayer (Figures la
and 1b). When dissolved in the ZnSO, electrolyte, BSA
molecules can assemble into micelles with hydrophilic chains
facing outward and hydrophobic chains facing inwards.
Because the pH value of the aqueous ZnSO, electrolyte
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(~4.3) is lower than the isoelectric point of BSA (~4.7), BSA
micelles are positively charged. They can spontaneously
migrate toward the Zn metal anode under the driving force
of the electric field.” With the accumulation of the BSA
micelles on the surface of the Zn anodes, those micelles
would merge and assemble into a multifunctional interfacial
layer with a hydrophilic-hydrophobic-hydrophilic sandwich-
like structure (Figure 1c). As a typical carrier protein, the
BSA bilayer can enhance the interface Zn affinity by
chelating with Zn*" ions and constructing an ionic channel
to promote uniform Zn?* ion flux and facilitate their
uniform deposition. In addition, solvent molecules (e.g., free
water molecules and solvated water molecules in
[Zn(H,0)¢]*") are blocked by the internal hydrophobic
layer, thereby reducing the occurrence of side reactions.

To confirm the above hypothesis, we first employed
cryogenic electron microscopy (Cryo-EM) to characterize
the BSA micelles in the ZnSO, electrolyte. As shown in
Figure 1d, with 0.5 wt% BSA as the additive, most BSA
molecules disperse uniformly in the electrolyte as micelles
with a diameter of 1040 nm, which is consistent with the
particle size distribution in Figure S2. The zeta potential
testing results confirm that BSA micelles are positively
charged in the aqueous electrolyte (Table S1). In addition,
the electrolyte with the BSA additive exhibited an obvious
Tyndall effect (Figure S3). The contact-angle tests showed
that the presence of the BSA bilayer significantly improved
the wettability of the Zn anode in the aqueous electrolyte
(Figure S4). The protein electrophoresis test was carried out
using the polyacrylamide gel electrophoresis method and the
results are shown in Figure le and S5. The Native Poly-
acrylamide Gel Electrophoresis (Native-PAGE) testing
results successfully captured the migration trajectory of BSA
molecules towards the Zn anode driven by the electric field
(marked by bromothymol blue). This marks the first direct
visualization of the movement of protein molecules in a
battery electrolyte. In addition, the small-angle X-ray
scattering (SAXS) and Brunauer-Emmett-Teller (BET)
test results confirm that the BSA layer exhibits typical pore
size distribution and structural characteristics of ion chan-
nels (Figure S6 and S7).

The fluorescence luminescence method was employed to
investigate the distribution of the BSA layer around defects
of the Zn anode.’ As shown in Figure 1f, a piece of Zn
metal anode with a pre-drilled pinhole was retrieved from
an electrolyte containing 5wt% dyed BSA. After being
washed with deionized water and radiated under ultraviolet
(UV) light, the fluorescence intensities from the edges and
sharp tips are much stronger than those in the other flat
areas. This phenomenon demonstrates that BSA can sponta-
neously adhere to areas with large curvature (such as Zn
buds and defects) even in aqueous electrolytes due to
positive synergistic effects. Owing to the much lower
electronic conductivity of BSA compared to Zn metal, the
distribution of the surrounding electric field is altered, hence
changing the depositing orientation of subsequent Zn*"
ions. Especially, the neighborhood BSA molecules attract
each other through intermolecular hydrogen bonding or van
der Waals forces, which means that the multifunctional BSA
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Figure 1. a) lllustration for the formation of the BSA bilayer on the Zn anode. b) Schematic diagram of the electrical double layer of a Zn metal
anode. c) Cross-sectional schematic diagram of multifunctional BSA bilayer and the corresponding working mechanism of Zn** ion diffusion.

d) Cryo-EM image of BSA micelles dispersed in the aqueous electrolyte. The insert is the corresponding high-magnified snapshot. e) Native-PAGE
result displays the migration trace of pristine BSA and BSA retrieved from the electrolyte. f) The 2.5-dimensional fluorescent image of BSA
distribution around the edge and protrusions on a Zn metal foil under UV light. The scale bars on the top correspond to the intensity increase

from blue to red.

bilayer has extremely high fluidity and can be extended or
stretched with the expansion of the Zn deposition layer by
accepting new BSA micelles.

Previous research confirmed that protein molecules
cannot exist stably under high-energy electron beams, which
is challenging to observe non-destructively.”” Hence, we
employed the Cryo-EM and the thin film vitrification (TFV)
method to quickly preserve the protein bilayer immobilized
on the Zn surface in aqueous electrolyte at a “wet” status.*
The sample preparation process for the Cryo-EM inves-
tigation via the TFV method is presented in Figure S8. As
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shown in Figure S9a-b, the Zn deposited in the pristine
electrolyte exhibits numerous fresh buds on the surface of
typical hexagonal dendrites. According to the previous
report, these buds are nucleation sites that induce the
growth of Zn dendrites.”” Conversely, the Zn deposited in
the BSA-added electrolyte demonstrates a smooth and
fluent interface (Figure 2a and Figure S9c¢). In addition, a
polymetric layer with an average thickness of 80nm
consisting of two separated BSA layers can be identified
with a boundary line. Furthermore, according to the Energy
Dispersive X-ray Spectroscopy (EDS) results (Figure S10),
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Figure 2. a) The Cryo-EM image of the BSA bilayer formed on the Zn deposits. b), c) Surface morphology and corresponding potential distribution
mapping of Zn deposition layers characterized by KPFM in the electrolyte without (b) and with BSA additives (c). d)—f) XPS depth profiling of SEI
formed in aqueous electrolytes with and without BSA. d) C s, e) O 1s and f) S 2p spectra.

there is a noticeable difference in the presence of sulphur on
the Zn deposition obtained in the electrolyte with BSA
compared to the electrolyte without BSA, indicating the
inclusion of BSA changes the elemental composition of the
SEI layer of the Zn anode. To investigate the stability of the
BSA-based SEI layer during extended cycling, X-ray photo-
electron spectroscopy (XPS) analysis was conducted on Zn
anodes retrieved from Zn||Zn symmetric cells with and
without BSA additive in the electrolytes_after 200 cycles. By
comparing the XPS spectra of the cycle Zn anodes (Fig-
ure S11) with the XPS spectra of the pristine BSA powder
(Figure S15), we confirmed that the SEI on the anode
surface contains components derived from BSA, indicating
that the BSA-induced SEI remains intact and stable after
long-term cycles. In addition, two-photon confocal micro-
scopy analysis confirmed that the BSA-induced SEI layer
shows enhanced stability by forming a uniform and resilient
protective coating layer on the Zn metal surface. This layer
effectively mitigates dendrite formation and corrosion,
maintaining a smoother and more stable SEI during cycling
(Figure S12).

The high-resolution Kelvin probe force microscopy
(KPFM) was used to map the variations of the local electric
properties of Zn deposition layers in the aqueous electrolyte
with and without BSA additive. Additional images and
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detailed data for KPFM can be found in Figure S13.
Figure 2b shows that the Zn deposition layer in the pristine
electrolyte exhibits a height fluctuation ranging up to
1.49 um. This deposition morphology illustrates the prom-
inent vertical Zn dendrites with a significantly uneven
distribution of surface potentials. High potentials are
concentrated at the edge of the dendrites, where the
potential intensities increase from blue to red, indicating a
significant variation in surface potential. Conversely, as
shown in Figure 2c, with the addition of BSA in the
electrolyte, the Zn deposit exhibits a smoother and more
uniformly distributed layer with significantly reduced height
fluctuations (~0.77 pum). The surface of the Zn deposition
layer with the BSA additive appeared electrically neutral
without extremely concentrated potentials. The changes in
the distribution of electric field intensities mainly stem from
the higher dielectric constant of proteins flattening the
polarization range of the electric field.

The chemical composition of the SEI formed on the Zn
metal anodes in the electrolytes with and without the BSA
additive was analyzed by XPS depth profiling analysis. The
full survey spectra analysis in Figure S14 revealed that the
SEI formed on the Zn deposition with the BSA additive
yielded increased C and N contents, and reduced O and S
contents compared to the SEI formed in the pristine
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electrolyte. Before etching, all elemental spectra of SEI
formed in the aqueous electrolyte with BSA additive are
similar to the spectra of the original BSA protein (Fig-
ure S15), confirming the presence of absorbed BSA additive.
With the increased etching time, the C and N content of the
Zn layer deposited with the BSA rapidly decreases. In
particular, the signal representing C=0, C-O in the ClIs
spectrum decreases significantly (Figure 2d).”” In addition,
the difference between the O Is and S2p spectrum also
proved that the presence of the BSA bilayer could
significantly reduce the side reactions between the Zn metal
anodes and the ZnSO, electrolyte. As depicted in Figure 2e,
in the OIs spectrum of Zn deposited in the pristine
electrolyte, a prominent peak corresponding to ZnO has
been observed (located at 531.6 eV), which is absent in the
spectrum of the sample deposited with BSA additive. This
observed phenomenon can be attributed to the sample’s
inherent susceptibility to oxidation upon exposure to the
atmosphere during drying, leading to the formation of a
trace amount of oxide.

Crucially, the presence of the BSA bilayer acts as a
protective layer, which effectively stabilizes the Zn anode
against oxidation. In Figure 2f, the clear contrast of S2p
signal intensity between the two samples verifies that the
BSA bilayer can effectively reduce the generation of by-
products (e.g., Zn,SO,(OH)¢-xH,0). Compared with the
sample obtained without BSA, in which the S=0O peak
dominates in the spectrum, the proportion of the peaks
representing S—S bonds dominates in the spectra at all stages
for the sample obtained with BSA, mainly due to the
presence of BSA molecules.”” These features confirm that
the BSA bilayer can generate high affinity with the Zn metal
anodes. Furthermore, the sample with BSA additives
exhibits earlier Cu signals during the etching process (Fig-
ure S16a). This phenomenon indicates that the existence of
a BSA bilayer can effectively reduce the generation of
‘Dead Zn’, which has been considered as the culprit causing
the capacity decay of Zn-ion batteries.[*!

We assembled Zn | |Zn transparent cells to observe the
Zn deposition behaviors in different electrolytes. As shown
in Figure 3a, in the initial stage, burr-like Zn buds appear on
the Zn foil in the pristine electrolyte. The surface of the Zn
electrode is gradually covered by scaly hexagonal Zn flakes
after 12 minutes. Shortly after that, Zn dendrites appeared
on top of the Zn deposit, which could result in the formation
of ‘Dead Zn’ in the following stripping process.”” In
contrast, in the electrolyte with BSA, a uniform and
compact Zn deposition layer without dendrites was observed
under the same deposition condition. We then employed
scanning electron microscopy (SEM) to observe the mor-
phologies of Zn deposits. As shown in Figure 3b, the surface
of the cycled Zn anode in the pristine electrolyte exhibited a
rough texture with agglomerated Zn flakes, most of which
were oriented vertically. The uncontrolled growth of such
vertical dendrites is believed to be the main cause of ‘Dead
Zn’ and potential internal short circuits.” In contrast, a
smooth and compact deposition layer is observed on the Zn
metal anode after cycling in the electrolyte with BSA
(Figure 3d). The significant differences in the cross-sectional
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SEM images highlight the variations in deposition behaviors
(Figure 3c and 3e).P"! The addition of BSA plays a critical
role in modulating the size and morphology of the Zn
deposits. The SEM images of cycled electrodes provide
direct evidence to support this effect, as depicted in Fig-
ure S17. These results further validate the pivotal role of
BSA in controlling the surface morphology of the Zn metal
anodes during the extended stripping/plating processes.

The crystal structure of Zn deposition layers after cycling
was examined using X-ray diffraction (XRD) analysis. After
200 cycles, the Zn anodes cycled in the pristine electrolyte
displayed significant impurity peaks, corresponding to
Zn,SO,(OH)s-xH,O (Figure 3f).” In contrast, there are no
obvious impurity peaks in the XRD patterns of the Zn
anodes cycled in the electrolyte with BSA. Due to the
unique hexagonal-close packed (HCP) structure of Zn
metal, the Zn (002) plane has a smoother atomic arrange-
ment, higher atomic density, and lower surface energy than
other crystal planes (e.g., (101) and (100) planes), resulting
in a uniform interface charge density and tight atomic
bonding.” Therefore, the /o)l 0 ratio is regarded as an
essential indicator for uniform Zn deposition. For the Zn
anodes cycled in the pristine electrolyte, the [)//(1q0) ratio
decreased from 2.01 to 1.75 after 200 cycles, favoring the
formation of the (100) plane (Figure 3g). On the other hand,
the Zn anodes cycled in BSA-containing electrolyte showed
an increase in the /p)/I10 ratio (1.99 to 2.10), suggesting
more horizontal Zn deposition along the Zn (002) plane.

The solvation structure of Zn?' ions in the aqueous
electrolyte significantly influences the desolvation and
deposition processes, and introducing additives in the
electrolyte can influence the Zn>* solvation structure.™ Ab
initio molecular dynamic (AIMD) simulations were used to
probe Zn*" solvation structures in the aqueous electrolyte
with and without BSA additives. BSA contains multiple
cysteine residues, which are vital for its structural integrity
and biochemical features due to their ability to form
disulfide bonds (S—S).’ The S-S bonds of cysteine are
particularly reactive, making it a representative unit for
studying solvation dynamics. Therefore, the cysteine unit
was chosen for the AIMD simulation due to its significant
presence in BSA, which was confirmed by Fourier transform
infrared spectroscopy (FTIR) analysis (Figure S18).% As
shown in Figures4a and 4b, BSA molecules can replace
H,O molecules in the Zn** ion solvation structure to reduce
the number and activity of H,O molecules near the surface
of the Zn anode during the Zn deposition process. Radial
distribution functions (RDFs) of Zn—S and Zn—O pairs were
further studied to analyze the impact of BSA on Zn*"
solvation structure. As compared in Figure 4c, BSA mole-
cules dominate the first solvation shell of Zn>*, as identified
by the peaks of Zn—S (BSA) and Zn—O (BSA) bond at
2.03 A and 2.39 A, respectively. Conversely, in the absence
of BSA, H,O molecules occupy from the first to the
outermost solvation shells, where Zn—O (H,O) interaction is
measured at 2.39 A and 3.01 A (Figure 4d). The AIMD
simulations confirm that BSA displaces water molecules in
the solvation shell of Zn*" ions and substantially weakens
their coordination interactions. The solvation of a single

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U80|7 SUOWIWOD A0 3|cedldde aus Aq peusenob afe 8ol YO ‘@SN JO S3|NJ 104 Akeid 78Ul UQ AB]1 UO (SUONIPUOD-PUR-SWUBI 0D A8 | 1M AeIq 1 BU1 [UO//:SANY) SUORIPUOD pue Swie | 8U1 885 *[G202/T0/02] Uo Afeiqiauluo A8|iM ‘[10UnoD YoIeasay Q1PN PUY UieeH euoeN Aq 888601202 81Ue/Z00T OT/I0P/W00" A 1M Aeiq 1 |pul|uoy//:sdiy Wwoly papeojumod ‘Zi ‘v202 ‘€LLETZST



GDCh
~~

Without BSA

g =]
With BSA

Research Article

An dte

Chemie

Internatic

f
—— With BSA after 5 cycles ® Zn,S0,(OH),xH,O PDF#39-0690 g
o |——With BSA after 200 cycles Y T(002)/(100)
= Without BSA after 5 cycles =
S |——without BSA after 200 cycles 5 1.99 ’\
o o
© T ’\
- - 2.10 I\
z z
® = ]
| =
E 8 “ 2.01 ﬂ
£ & £ A 1.75 "
10 20 30 40 50 60 70 80 36 38 40

2-Theta (degree)

Figure 3. a) In situ observations of Zn deposition in the transparent glass cell with different electrolytes at a current density of 5 mAcm™.
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b), d) Top-view and c), e) cross-sectional SEM images of the Zn anode obtained (b, c) in pristine electrolyte and (d, €) in the electrolyte with BSA
after depositing at 1 mAcm™ for 5 h. f), g) XRD patterns of Zn anodes retrieved from Zn| | Zn symmetric cells with and without BSA after cycling.

shell is of lesser magnitude than that of a double shell,
facilitating faster mobility within the electrolyte and expedit-
ing the desolvation of Zn>* at the electrode interface.
Compared to Zn*" ion solvation with H,O, Zn?* solvation
with BSA results in a smaller solvation shell, reducing BSA
spatial repulsion at the SEI and enhancing Zn*" reaction
dynamics.

By calculating the specific solvation energy (E,) and
desolvation energy (Eu,) of BSA and H,0 in Zn**
complexes (Figure S19), we unveiled the Zn*" desolvation
process with BSA and H,0. The solvation energy to form
[Zn—-H,0)*" and [Zn—(H,0),]*" structures in ZnSO, elec-
trolyte are —0.1333 eV and —0.2455 eV, respectively (Fig-
ure 4e). Upon adding BSA, the solvation energy required to
form [Zn-BSAJ*" and [Zn—BSA,)*" structures decrease
significantly to —0.35915eV and —1.0507 eV, respectively.
The reduction in solvation energy facilitates more favorable
conditions for the rapid and reversible insertion and
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extraction of Zn>* ions through the SELP" The significant
alterations in the Zeta potential of BSA (Table S1) verify
that chelating with Zn®' ions can largely improve the
positive potential of BSA molecules, thereby compensating
for the decrease in mobility caused by their spatial
hindrance. This pre-bonding strategy also promotes the
formation of ion channels in the BSA bilayer, effectively
enhancing the surficial Zn?* affinity during consequent
deposition.P*!

Among the three principal crystal planes of Zn metal,
the Zn (101) and Zn (100) planes exhibit uneven atomic
arrangements and interface charge distributions, which
increase the risk of dendritic growth.” In contrast, the Zn
(002) plane is characterized by a smooth atomic arrange-
ment and high atomic density, which results in low surface
energy.’! This configuration facilitates the parallel deposi-
tion of Zn’>" ions to the anode, effectively inhibiting the
growth of dendrites at the Zn anode and enhancing its
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H,0. e) Solvation energy and desolvation energy of Zn>* with H,0 and
BSA molecules. f) Comparison of adsorption energies of BSA and H,O
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corrosion resistance.*) Herein, our calculation focused on
the Zn (002) plane to evaluate the influence of BSA in
modulating its properties. The adsorption energy (E,q)
between H,O and BSA with Zn (002) plane is calculated
using the following equation:!**#!

Eis = E Bsa/m,0+zn002) — (EBSA/HZO + EZn(OOZ))

The charge difference and adsorption energy of the Zn
(002) plane with H,O and BSA are presented in Figure S20.
Notably, the charge difference distribution of the Zn (002)
plane with H,O is more localized than that with BSA.
Furthermore, the adsorption energy of the Zn (002) plane
with BSA (—0.68¢eV) is higher than that with H,O
(—0.44 eV) (Figure 4f). Based on the density functional
theory (DFT) calculations, it has been observed that BSA
has a greater tendency to adsorb on the Zn (002) plane than
H,O. This is due to the strong interactions between the
functional groups of carboxyl and amide, which helps reduce
the interaction between Zn and H,O, thereby minimizing
side reactions.”’**!

We employed linear sweep voltammetry (LSV) to test
the electrochemical stability windows (ESW) of Zn metal
anodes with and without BSA. As shown in Figure 5a, the
BSA bilayer can effectively extend the ESW from —0.75 V-
1.53 V to —0.76 V-1.57 V at a scanning rate of 0.1 mV S™',
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confirming its  improved  resistance to  water
decomposition.*! The addition of BSA shifted the corrosion
potential of the Zn metal anode from —0.82V to —0.80 V
(vs. Ag/AgCl electrode) (Figure 5b). The reduction in
corrosion potential and the expansion of the ESW suggest
that the internal hydrophobic layer of the BSA bilayer
effectively diminishes the involvement of water molecules in
electrochemical reactions on the Zn metal surface, thereby
mitigating corrosion induced by hydrogen evolution. Fig-
ure 5c shows the electrochemical impedance spectroscopy
(EIS) measurement results on Zn||Zn symmetric cells at
different cycles. The EIS plots indicate that during the
cycling process, the impedances of the batteries showed a
gradually decreasing trend, which is attributed to the BSA
bilayer‘s ability to improve the stability of the Zn metal
surface. In contrast, the impedances of the cell without BSA
continuously increased upon cycling (Figure S21). Based on
the EIS results, we calculated the ionic conductivity of the
SEI according to the equation o=I/(RA).*! After the
addition of BSA, the ionic conductivity of the SEI signifi-
cantly increased from 1.55x107°Scm™ to 4.97x10°%Scm™.
This enhancement demonstrates that BSA effectively im-
proves the ionic conductivity of the SEI layer, thereby
enhancing the overall electrochemical performance of the
Zn-ion batteries.

The cycling stability of the BSA-protected Zn anodes
was first evaluated in Zn| | Zn symmetric cells. As shown in
Figure 5d, the cell using the electrolyte with BSA exhibits a
long cycle life of 2400 h at the current density of 10 mA cm >
with the capacity limitation of 1mAhcm™2, which has
surpassed most previous reported work (Figure S22 and
Table S2). In contrast, the cell with pristine ZnSO, electro-
lyte exhibited a much shorter lifespan (700 h). The voltage
profiles of the symmetric cells were compared at 0-3 h, 710—
713 h and 2400-2403 h (insets in Figure 5d). The voltage
plateaus during both charging and discharging remained
stable during cycling for the cell with the BSA additive,
demonstrating dramatically enhanced cycling stability of Zn
metal anodes. Additionally, the Zn||Zn symmetric cells
with BSA additive also exhibit excellent rate performance
(Figure S23). The Coulombic efficiency (CE) of Zn plating/
stripping is crucial in assessing the cycling durability of Zn
metal anodes as well.*) Under the conditions of 2 mA cm™
and 0.5 mAhcm 2, the Zn| | Cu cell with the BSA additive in
the electrolyte demonstrated stable cycling performance for
over 4800 hours with an average Coulombic efficiency
exceeding 99 %, significantly outperforming the Zn| |Cu cell
with the pristine electrolyte (Figure 5e). Comparative analy-
sis of the voltage-specific capacity profiles shows that the
Zn| | Cu cell with BSA additive maintained a high degree of
congruence at different cycles (Figure 5f and 5g). Addition-
ally, the SEM images in Figure S24 demonstrate that the
BSA additive effectively suppresses the formation of Zn
dendrites and promotes uniform Zn deposition. The CE
tests prove that the BSA interfacial layer-protected Zn
electrode sustains a highly reversible plating/stripping proc-
ess throughout the long-term cycling up to 1000 cycles. To
investigate the influence of the amount of the BSA additive
in the electrolyte on the CEs of Zn metal anodes, Zn| |Cu
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Figure 5. a) The electrochemical stability windows of the cells measured by LSV at 0.1 mVs™'. b) Tafel plots of Zn anodes in aqueous electrolytes
with and without BSA additive. ¢) The Nyquist plots of the assembled cell with BSA at different cycles. d) Cycling performance of Zn| |Zn

symmetric cells at a current density of 10 mAcm™ with a capacity of 1 mAhcm™,

2. e) The Coulombic efficiencies of Zn| | Cu half cells using

electrolytes with and without BSA at 2 mAcm 2 and 0.5 mAhcm 2. f), g) The corresponding voltage vs. capacity profiles of the CE tests. h) The

cycling performance of the assembled full cells with different electrolytes.

half cells were tested in the aqueous electrolytes with
different concentrations of the BSA additive. As shown in
Figure S25, the Zn||Cu half cells with the electrolyte
containing 0.5 wt % BSA achieved the best cycling stability
among other electrolytes. We believe that the high concen-
tration of BSA (>0.7 wt %) leads to chelation between Zn**
ions and BSA functional groups, which reduces the con-
ductivity of Zn>* ions. Additionally, the excessive presence
of BSA molecules may increase the thickness of the
interfacial layer on the Zn anode, potentially blocking ion
channels and increasing polarization.

We further investigate the cycling performances of
Zn| | V,0s full cells using the electrolytes with and without
the BSA additives. As shown in Figure 5h, at a high current
density of 5 Ag™', the capacities of the full cell with pristine
electrolyte start to continuously decay after 60 cycles,
indicating the deterioration of the Zn metal anode and the
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depletion of aqueous electrolyte. In contrast, the full cell
using the electrolyte with BSA maintained a high capacity
over 4800 cycles, achieving a capacity retention rate of
94.69 %. The significantly improved electrochemical per-
formance of the cell with BSA additive demonstrates the
excellent protecting capability of BSA interfacial toward Zn
anodes in Zn | | V,Os full cells.

Conclusion

This study investigated BSA as an electrolyte additive to
construct an interfacial layer on Zn metal anodes via a self-
assembly process for dendrite-free Zn metal anodes. BSA
molecules form a complex bilayer structure on the Zn
anode, featuring a hydrophilic outer layer and a hydro-
phobic inner layer, which is crucial in optimizing Zn ion
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migration and desolvation processes. The hydrophilic outer
layer effectively reduces the activity of interfacial water
molecules, while the hydrophobic inner layer blocks the
intrusion of solvated water molecules, promoting the
desolvation of [Zn(H,0)¢*" and reducing direct contact
between water molecules and the Zn anode. This unique
mechanism effectively suppresses the formation of Zn
dendrites and significantly reduces the generation of by-
products. Using Cryo-EM and XPS etching techniques, we
successfully observed and confirmed the existence and
detailed composition of the BSA bilayer on the Zn metal
anode. In addition, the AIMD simulation and DFT calcu-
lation confirm that BSA can enhance the desolvation
process of Zn>* at the Zn anode by modifying the electro-
lyte‘s solvation structure, hence improving deposition effi-
ciency by directing Zn>* deposition on the Zn (002) plane.
Electrochemical characterization results highlighted the
significant contribution of the BSA bilayer in enhancing the
cycling stability of Zn||Zn symmetric cells, Zn| |Cu half-
cells, and Zn| | V,O;s full cells. Notably, the Zn| | Zn battery
demonstrated stable cycling performance for 2400 hours at a
current density of 10 mAcm™ and a capacity limitation of
1 mAhcm™. Moreover, the Zn| | V,05 battery maintained a
high specific capacity of 95 mAhg™ after 4800 cycles at a
high current density of 5 Ag™'. This study opens a new
avenue for developing safe, dendrite-free, high-energy
density Zn metal anodes for Zn-ion batteries.
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