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Lee et al. report a multifunctional polymeric protective layer for zinc anode. The
protective layer promotes stable zinc deposition and stabilizes anode interphase
with suppressing hydrogen gas evolution and chemical side reactions, leading to a
highly durable battery operation.
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SUMMARY

Aqueous rechargeable batteries based on zinc anodes are among
the most promising systems to replace conventional lithium-ion bat-
teries owing to their intrinsic safety, high ionic conductivity, and
economic benefits. However, inferior reversibility of zinc anode re-
sulting from zinc dendrites and surface side reactions limits the prac-
tical realization of zinc-ion batteries. Herein, we develop a thin but
robust polymeric artificial interphase to enhance reversibility of
zinc anode. The grafted maleic anhydride groups in the polymer
structure restrain the detrimental reactions through selective zinc-
ion penetration and homogenize ion distribution, leading to a
smooth electrode surface after plating-stripping processes. Conse-
quently, the coated zinc anode shows excellent stability with a long-
term symmetric cell lifespan (>3,000 h at 3 mA-cm?) and maintains
capacity retention of 80% after 2,500 cycles, paired with a manga-
nese oxide cathode. This study provides a facile fabrication process
and accessible analysis methods to rationalize the development of
high-performance zinc-ion batteries.

INTRODUCTION

The emerging issues of the global energy crisis and climate change have become
major problems for our society. Thus, a great deal of research pursuing sustainable
energy sources such as wind, solar, and hydropower has explored how to overcome
upcoming problems.’ However, sustainable energy sources suffer from uncer-
tainty and instability in power generation since they significantly depend on external
environmental factors.””> Consequently, additional energy storage systems (ESSs)
are inevitably required to manage excess electricity efficiently and transfer energy
timely. Rechargeable batteries that enable the facile conversion and storage of en-
ergy produced thus have been extensively investigated as a rational solution for
renewable energy sources. In particular, lithium-ion batteries (LIBs) paired with
organic solvent-based electrolytes are reported as the most widely used systems
presently.®” However, organic solvents have the chance to cause battery explosion
by side reactions and chemical degradations inside the batteries.®” Therefore, non-
flammable, aqueous-based battery systems have been actively studied as alterna-
tives to conventional LIBs since water media have distinct advantages over organic
electrolytes in intrinsic safety, nontoxicity, cost-effectiveness, and outstanding
power output.'%""

Among various aqueous batteries based on different charge carrier metal cations
(Na*, K*, Mg?*, Zn?*, and AI**),'*"'° aqueous Zn-ion batteries (ZIBs) are studied
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Figure 1. Schematic illustration of zinc anode during cycling

(A) Bare zinc foil anode with dendritic growth that involves surface side reactions during cycling.

2+

(B) SEBS-MA coating layer induces smooth electrode surface with uniform Zn“" ion flux and no side reactions.

as the most attractive system owing to the beneficial properties of the Zn anode,
including large theoretical capacity (gravimetric capacity of 820 mAh-g~" and volu-
metric capacity of 5,855 mAh-cm™3), low reduction potential (—0.76 V versus stan-
dard hydrogen electrode), insensitive manufacturing condition, and low material
cost.'’ Despite several existing studies on ZIBs, the practical application of Zn-based
ESSs is under challenge due to dendritic growth and low electrochemical revers-
ibility of the Zn anode."® Like other metals, Zn tends to form a dendritic architecture
during stripping/plating processes due to inhomogeneous charge distribution and
surface diffusion, leading to an internal short circuit.'” Furthermore, Zn dendrite
with a large surface area facilitates detrimental surface side reactions to induce insu-
lating by-products (e.g., ZnsSO4(OH)s-5H,0), Zn corrosion, and competitive
hydrogen evolution reaction (HER) in mild acidic electrolytes (Figure 1A).?%?" The
“detrimental side reactions” incur local environmental change to accelerate
dendritic growth and degrade batteries, resulting in low Coulombic efficiency (CE)
and subsequent capacity fading.”” As a result, an effective anode modification strat-
egy is urgently needed to achieve long-cycle life in ZIBs.

Several strategies, such as using a three-dimensional (3D) porous substrate, Zn-
metal alloy-based electrode, electrolyte modification, gel polymer electrolytes,
and artificial protective layer, reportedly enhance the electrochemical reversibility
of the Zn anode and address the remaining challenges.?*?” Most of all, introducing
an artificial protective layer is an attractive method because it can be fabricated by a
simple coating process and exhibits tunable electrochemical and mechanical
properties according to layer components. Meanwhile, uniform Zn plating and
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suppressing the side reaction of electrolytes have been considered vital to
improving the working performance of Zn anodes.***! An artificial protective layer
can achieve homogeneous Zn?* transfer through the interphase and prevents direct
contact between the aqueous electrolyte and the electrode, thereby stabilizing the
interface and increasing the lifespan of batteries.’”** However, numerous studies
on artificial protective layers still require additional improvements because the as-re-
ported interphase layers should be designed with a thick structure to alleviate
infinite volume expansion of Zn during the repetitive charge/discharge cycles. Un-
fortunately, this thick interphase electrochemically brings out negative effect for
the overall energy density of batteries. Also, studies on ion behavior inside the pro-
tective layer remain in the infant stage, and investigation of ion conduction through
the interphase layer is required to develop advanced anode materials.

Herein, polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-ma-
leic anhydride (SEBS-MA) is introduced as an artificial protective layer for the Zn
anode through a simple spin-coating process. The 180-nm-thick SEBS-MA thin film
can withstand the volume change of Zn during repetitive charge-discharge
processes due to its high stretchability and mechanical robustness (Figure S1).
Generally, polar functional groups like carboxylic groups feature anion shielding
effect and attract metal cations to align ion migration.***® In the SEBS-MA layer, ma-
leic anhydride functionalities contained in SEBS-MA undergo protonation processes
in aqueous condition to form maleic acid, which possesses abundant carboxylic
groups. Consequently, they attract Zn?* dissolved in the electrolyte and form a cation
transporting channel, leading to a smooth electrode surface without dendritic metal
growth as described in Figure 1B. Moreover, this SEBS-MA layer exhibits an ion-se-
lective property, so only Zn?* can pass through the interphase, whereas water mole-
cules and SO4%~ anions are chemically restricted. This ion-selective layer effectively
suppresses HER and the formation of detrimental species caused by surface side re-
actions. Accordingly, the electrochemical reversibility of the Zn anode can be highly
improved. Consequently, based on the synergetic effects between the electrode sur-
face stabilization and the uniform ion distribution, the SEBS-MA-coated Zn (denoted
as Zn@SEBS-MA) symmetric cell demonstrates ultralong cycle life (>3,200 h) at a high
current density of 3 mA-cm™ and an areal capacity of 1 mAh-cm™2. The beneficial
effect of SEBS-MA was further investigated using Zn@SEBS-MA|MnO,, full cells that
exhibit improved rate capability and capacity retention, which maintained 80% of
the initial capacity even after 2,500 cycles at 5C.

RESULTS AND DISCUSSION

Surface protection of polymer interphase

Polymer layer coated electrodes were prepared using a simple spin-coating process
for the SEBS-MA and polystyrene-block-poly(ethylene-ran-butylene)-block-polysty-
rene (SEBS) polymers. For the SEBS-MA and SEBS copolymers, the Fourier transform
infrared spectroscopy (FTIR) results (Figure S2) show that polymer layers were clearly
detected on the Zn surface through the existence of newly developed chemical
bonds after coating process. The characteristic peaks at 2,920 and 2,850 cm™'
represent the C—H stretching in SEBS polymer chains.* In contrast, no notable peaks
are detected in bare Zn foil, indicating successful surface coating of protective SEBS-
MA layers. The polymer-coated Zn foil exhibits peaks at 1,601 cm™", assigned to the
C=C stretching of aromatic ring in the polymer structure of SEBS.?” As expected,
compared with the SEBS-coated Zn foil (denoted as Zn@SEBS), the Zn@SEBS-MA
demonstrates a characteristic peak at 1,710 cm ™' that represents the C=0 stretch-
ing of maleic anhydride groups grafted on SEBS-MA polymer.*®
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Figure 2. Suppression of surface degradation by SEBS-MA layer

(A and B) Top-view SEM images of bare Zn electrode before immersion (A) and after immersion (B) in 2 M ZnSOy electrolyte for 5 days. Inset in (B) shows
photo image of bare Zn after immersion.

(C and D) Top-view SEM images of Zn@SEBS-MA electrode before immersion (C) and after immersion (D) in 2 M ZnSO,4 electrolyte for 5 days. Inset in
(D) shows photo image of Zn@SEBS-MA after immersion.

(E) XRD patterns of Zn@SEBS-MA, Zn@SEBS, and bare Zn electrode after being soaked in 2 M ZnSQO, electrolyte for 5 days.

(F) Time-of-flight secondary ion mass spectrometry 3D plots of C7, ZnO™, and SO, for three different electrodes.

Qualifications, such as anti-corrosion property and suitable mechanical robustness
to entail infinite volume expansion of Zn dendrite during repetitive electrodeposi-
tion/dissolution processes, are required to be a rational interphase on the Zn anode.
To investigate the surface stabilization of the introduced polymeric layers, Zn elec-
trodes (bare Zn and coated Zn) were immersed in 2 M ZnSO, electrolyte for
5 days. The morphological change of the surfaces of the electrodes appeared using
scanning electron microscopy (SEM). Surface side reactions and Zn corrosion re-
sulted in loosely piled insulating species on the Zn surface that impede a facile
charge migration upon the electrode interphase.’” Accordingly, the surface of
bare Zn foil changes from flat to rough structure (Figures 2A and 2B). Unfortunately,
the formed by-product layers are highly porous, so they cannot prevent further
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electrolyte side reactions like the solid electrolyte interphase layer in organic elec-
trolyte-based batteries.”® Besides the formation of the surface insulating layer, Zn
foil lost its intrinsic gloss due to the severe corrosion, which upholds the instability
of the Zn foil inside the mild acidic electrolyte system. However, Zn@SEBS-MA
and Zn@SEBS maintained smooth surface structure with glossy foil surfaces even af-
ter being soaked in an electrolyte, indicating the absence of noticeable surface side
reactions or corrosion (Figures 2C, 2D, and S3). The protective effect of SEBS-MA
layer was further investigated by obtaining the cross-sectional SEM images, in which
cracked flakes, formed by the surface degradation, were only detected on the bare
Zn surface after electrolyte immersion (Figure S4).

X-ray diffraction (XRD) patterns were obtained after being soaked in the electrolyte
for 5 days (Figure 2E) to further verify the surface by-products’ formation. As ex-
pected, the XRD patterns of Zn@SEBS-MA and Zn@SEBS exhibit identical XRD peaks
corresponding to (002), (100), (101), (102), (103), (110), and (004) planes of a pristine
Zn metal (Figure S5). Meanwhile, the XRD pattern of the bare Zn anode after immer-
sion demonstrates the newly formed sharp peaks, indicating the formation of
some species (i.e., ZnySO4(OH)s - 5H,0) insulating the metal surface due to chemical
side reactions of electrolyte.”’ Additionally, after electrolyte immersion, the
surface degradation characteristics of the three electrodes (bare Zn, Zn@SEBS-
MA, and Zn@SEBS) were quantitatively investigated using time-of-flight secondary
ion mass spectrometry (TOF-SIMS) analysis. Figure 2F shows the spatial distribution
of C7, ZnO~, and SO, using depth profiling TOF-SIMS plots to confirm the surface
stability through artificial interphase. As-prepared Zn@SEBS-MA and Zn@SEBS have
intense C™ signals, suggesting the uniform coating layer on the Zn foil surface. How-
ever, a small amount of C™ ions are detected around the bare Zn surface, stemming
from the natively formed Zns(CO3),(OH), layer.*? Due to the blocking effect of the
coating layer, intrinsic zinc oxide species with only low intensity appear in the poly-
mer-coated Zn electrodes. In contrast, bare Zn foil shows a continuous distribution of
ZnO" as sputtering proceeds, which supports the surface degradation of Zn after
electrolyte contact. Moreover, Zn@SEBS-MA and Zn@SEBS have stable electrode
surfaces without noticeable SO, signals, whereas bare Zn exhibits intense SO,
signals due to the formation of Zn,SO4(OH)s-5H,0, which serves as additional
evidence for the electrode protection of the coating layer.

Meanwhile, it has been reported that an elastic and stretchable polymer layer such as
SEBS can alleviate the random vertical metal growth.** As a result, tensile tests were
conducted to investigate the feasibility of the SEBS-MA polymer film as an ultrathin
protective layer that can endure volume expansion during battery operation and
suppress dendritic growth (Figures S6 and S7). Surprisingly, the mechanical analysis
results revealed that the SEBS-MA has sturdy physical properties, high maximum
stretchability (>700%), and structural reversibility on repeated deformation cycles
under 300% strain showing possibility as a physical barrier.

lon-transporting behavior of polymeric layer

The maleic anhydride functional group in SEBS-MA plays a critical role to serve as a
protective layer. In essence, the SEBS-MA protective layer is expected to beneficially
affect the Zn?" migration through the formation of an ion-transporting channel that
results from the electrostatic interaction between maleic anhydride and an aqueous
electrolyte (2 M ZnSO, in deionized water). Hence, to investigate the ion coordina-
tion behavior inside the SEBS-MA layer, silicon wafers coated with two different
polymers (SEBS and SEBS-MA) were immersed in the electrolyte for 5 days and
washed carefully to conduct in-depth molecular distribution in the coating layer
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Figure 3. lllustration of Zn?* transporting effect of the coating layer

BareZn  Zn@SEBS Zn@SEBS-MA

(A) TOF-SIMS plots of Zn* and C* for polymer-coated silicon wafers (SEBS-MA and SEBS polymer) after electrolyte immersion in electrolyte for 5 days.
(B) Ring-opening process of maleic anhydride groups. After being soaked in an electrolyte, hydrolysis of maleic anhydride occurs, resulting in CO-O-CO

bond dissociation.
(C) Schematic illustration of Zn?* coordination behavior.

(D) FTIR spectra of SEBS-MA polymer pellet and Zn@SEBS-MA electrode after immersion in an aqueous electrolyte for 5 days.

(E) Transference number of electrodes (bare Zn, Zn@SEBS, and Zn@SEBS-MA).

through TOF-SIMS analysis. Figure 3A displays the TOF-SIMS results of polymer-
coated silicon wafers for Zn* and C*. Uniform C* signals are detected in both
samples, stemming from the carbon species in the polymer backbone, indicating
a uniform coating of both the polymers. However, different distributions of Zn™
appear, such that remarkable amounts of Zn are in the whole SEBS-MA film. In
contrast, the SEBS film shows deficient Zn species along the depth, indicating that
the SEBS cannot uniformly distribute the Zn-ions due to no realization of ion-coordi-
nating properties in the chemical structure of the sole SEBS copolymer. It is worth
noting that the formation of by-products related to surface side reactions are sup-
pressed in the case of the SEBS-MA-coated electrodes, indicating that the detected
Zn* signals originated from the coordinated Zn?* cations inside the polymer layers.

Typically, the maleic anhydride can easily break the ring chain in a polar solvent like
water, causing the protonation of the ring structure to produce an acidic form that
features the Zn cation-chelating properties in the electrolyte (Figure 3B).***> The
suggested ion coordination mechanism of the grafted maleic anhydride, when
immersed in an electrolyte, is illustrated in detail (Figure S8). First, as-formed maleic
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Figure 4. Uniform Zn deposition during cycling and surface stability against electrochemical reaction in an aqueous electrolyte
(A and B) In situ OM observation of bare Zn (A) and Zn@SEBS-MA (B) under a current density of 10 mA-cm 2.
(C) Chronoamperometry results of bare Zn and Zn@SEBS-MA, indicating restrained 3D diffusion of Zn@SEBS-MA.
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Figure 4. Continued

(D) Linear polarization curves of bare Zn and Zn@SEBS-MA electrodes.

(E) Differential electrochemical mass spectrometry (DEMS) analysis of evolved H, gas by 1 mA-cm ™2 constant current application for 5 h.

(F) Faradaic efficiency of bare Zn and Zn@SEBS-MA with different current densities (1 and 2 mA-cm™2), showing highly suppressed H, gas evolution of
Zn@SEBS-MA.

acid is hydrated and undergoes two successive proton dissociation processes, which
produces the maleate dianion structure that can interact with Zn?* contained in the
electrolyte. Accordingly, several negative charges in maleate ions attract the Zn
cations and form successive Zn?* coordination groups in polymer structure, which
form the Zn-ion-transporting channel in turn. The consequent Zn?* coordination
structure is supposed to be a coexistence of two different forms (i.e., two O~ in
the one maleate ion interact with the same Zn®*, or two O~ in different adjacent
maleate ions interact with the same Zn?* cation; Figure 3C).

The ring-opening process of maleic anhydride was further verified by FTIR spectros-
copy of a pure SEBS-MA polymer pellet and a free-standing film after electrolyte
immersion (Figure 3D). The bare SEBS-MA pellet exhibits the characteristic transmit-
tance peaks of SEBS-MA at 2,920 ecm~" (C-H stretching), 2,850 cm™" (C-H stretch-
ing), 1,710 cm~ ' (C=0 stretching), and 1,601 cm~ ' (C=C stretching of aromatic
ring), which can be confirmed identically in the Zn@SEBS-MA electrode. Concerning
the SEBS-MA pellet, an intense peak at 1,030 cm™" can be attributed to the asym-
metric stretching of the C-O-C bond in anhydride groups.*® The results revealed
that maleic anhydride caused the ring-opening to lose the C-O-C chain after elec-
trolyte immersion, enabling the Zn cation coordination and helping to induce ion
cloud formation in the whole polymer interphase, like a single-ion conductor to
pave the facile ion channels for effective charge transfer. The Zn?* coordination pro-
cess was further investigated based on X-ray photoelectron spectroscopy (XPS) anal-
ysis using SEBS-MA-coated silicon wafer immersed in electrolyte solution for 5 days.
As expected, the XPS result shows sharp Zn 2p4,, and Zn 2p3,, peaks with no obvious
S 2p peaks, confirming the coordination behavior of Zn?* toward maleic anhydride
functionality (Figure S9). Owing to the formation of an ion-transporting pathway
through maleic anhydride, the Zn@SEBS-MA electrode presents a high cation trans-
ference number of 0.83, which considerably exceeds those of bare Zn anode and
Zn@SEBS (Figures 3E and S10).

Effect of SEBS-MA layer on electrochemical performance

The ion-conducting behavior of the SEBS-MA layer is expected to induce homoge-
neous Zn?* distribution and ordered Zn electrodeposition during the long-term
cycle life. To estimate the surface homogenizing effect of the SEBS-MA protective
layer, in situ optical microscopy analysis was conducted by applying a current den-
sity of 10 mA-cm~2 for the bare Zn and Zn@SEBS-MA electrodes, respectively (see
Videos ST and S2). The mossy architecture of Zn was detected in bare Zn foil only af-
ter 5 min of discharge, attributed to the inhomogeneous Zn-ion distribution and sub-
sequent uneven Zn growth (Figure 4A). Furthermore, the formation of Zn dendrites
intensifies as current is applied due to the “tip effect,” such that the black-colored Zn
dendrites cover the whole electrode surface.”’*® In contrast, the Zn@SEBS-MA pre-
sents a smooth electrode surface during the whole electrodeposition process
without the formation of noticeable Zn dendrites even under such a high current
density (Figure 4B). The electrochemical analysis based on chronoamperometry
measurements further demonstrated the stabilizing effect of the SEBS-MA layer
on the electrode (Figure 4C). In the current as a function of time under the constant
potential polarization of —150 mV, the initial stage of the discharge process repre-
sents the initial Zn nucleation and two-dimensional (2D) diffusion of Zn°® species
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and the following region indicates the degree of 3D diffusion affected by the early
stages.’””" As expected from the in situ observation results, the bare Zn anode suf-
fers from the prevalent surface diffusion as the 3D diffusion current increases
steadily, indicating a large volume expansion and porous structure establishment
on the Zn electrodeposition. In contrast, the Zn@SEBS-MA could sufficiently restrain
the 3D diffusion on prolonged electrodeposition, reflecting the lateral spread of Zn-
ion distribution during Zn deposition, leading to a formation of dense Zn inside the
powerful polymer interphase.

In addition to the electrodeposition behavior, the electrochemical stability of the Zn
anode in an aqueous electrolyte is another important factor intimately associated
with the operating properties.”’>? Unlike the bare Zn anode, the Zn@SEBS-MA
anode is likely resistant to aqueous medium-induced side reactions including metal
corrosion, formation of passivation layers, and HER attributed to the Zn%* selective
pathways. The anti-corrosion effect of the SEBS-MA was estimated using linear po-
larization curves under 2 M ZnSO, electrolyte conditions for both the bare Zn and
Zn@SEBS-MA electrodes (Figure 4D). Generally, the corrosion potential and current
are indicators of corrosion behavior, so higher corrosion potential indicates more
resistance to electrode corrosion, whereas lower corrosion current implies tardy
corrosion.” The Tafel polarization curves in Figure S11 present the corrosion-pro-
tective effect of the SEBS-MA layer with corrosion potential of —0.9839 V (versus
Ag/AgCl) and corrosion current of 2.123 mA-cm ™2, which are much improved values
compared with bare Zn anode. As well as the electrode corrosion, HER has been re-
garded as one of the critical issues that detrimentally influences battery operation.
To evaluate the HER quantitatively, differential electrochemical mass spectrometry
(DEMS) analysis in terms of hydrogen gas was conducted under a constant current
of 1 mA -ecm~2for 5 h (Figure 4E). Apparently, both the bare Zn and Zn@SEBS-MA
anodes showed suppressed gas generation until an hour. However, at a prolonged
discharge state, the amount of the produced H; gas in the unit time steadily
increased on bare Zn anode, supposedly resulting from the rough electrode surface.
In contrast, the Zn@SEBS-MA continuously suppressed the formation of H, gas for
5 h (5 mAh-cm™2); there was a similar tendency in the DEMS analysis at an elevated
current density of 2 mA cm™? (see Figure S12). Consequently, the Zn@SEBS-MA
shows extremely low Faradaic efficiency values of H, evolution of 0.105% and
0.305% for current densities of 1 and 2 mA-cm 2, respectively, whereas values of
14.45% and 51.86% were calculated for the bare Zn electrode, respectively (Fig-
ure 4F). The impressive results indicate that the SEBS-MA interphase effectively
manipulates the unexpected chemical reaction, including surface corrosion and
HER effect, as well as enhanced electrochemical behavior when used in aqueous
Zn-based batteries.

Electrochemical characterization of Zn@SEBS-MA anode

Notably, the interphase thickness was carefully optimized. Thickness values outside
the optimized range cause untimely cell failure, which can be attributable to the poor
physical endurance and insufficient ion-transporting behavior (Figures S13 and S14).
Accordingly, all experiments conducted herein were based on the Zn@SEBS-MA
electrode with a thickness of 180 nm and the Zn@SEBS electrode with a similar
coating layer thickness. Owing to the ion-transporting channel and side reaction
suppression of the SEBS-MA layer, the Zn@SEBS-MA electrode is expected to pre-
sent superior cycling performance. Thus, the electrochemical behaviors of the bare
Zn, Zn@SEBS, and Zn@SEBS-MA electrodes were investigated under a symmetrical
coin-type cell system using a 2 M ZnSO, electrolyte. First, three electrodes were
operated at an areal capacity of 1 mAh-cm™2 under a current density of 1 mA-cm ™2
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Figure 5. Zn plating/stripping behavior characteristics of different symmetrical cells

(A) Cycling performance of symmetric cells based on bare Zn, Zn@SEBS, and Zn@SEBS-MA anodes at 1 mA-cm 2 current density.

(B) Rate performance of bare Zn and Zn@SEBS-MA symmetric cells at various current densities (for current density of 1, 2, 3,5, 7, 10, 15, 20, 30, and

40 mA-cm ™). After 40 mA-cm~?, the current density was recovered to 1 mA-cm~2. Areal capacity is T mAh-cm

-2

(C) Long-term galvanostatic cycling of bare Zn, Zn@SEBS, and Zn@SEBS-MA symmetric cells at 3 mA-cm™ current density.
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Figure 5. Continued

(D) Cumulative capacity and current density comparison of Zn@SEBS-MA electrode with as-reported studies.

(E) XRD patterns of bare Zn and Zn@SEBS-MA electrodes after 15 plating-stripping cycles, where black and red dots indicate Zn and ZnsSO4(OH)s-5H,0
respectively.

(F and G) Top-view SEM images of bare Zn (F) and Zn@SEBS-MA (G) anode after 15 cycles.

(H and 1) Enlarged top-view SEM images at dashed squares of bare Zn (H) and Zn@SEBS-MA (1).

(Figure 5A). All three electrodes reveal stable cycling behavior in the early cycles with
almost identical plating/stripping voltage profiles. In comparison, as the working
time passes, the cells based on bare Zn and Zn@SEBS suffer from a large overpoten-
tial with irregular voltage profiles, resulting from surface side reactions and limited
ion-transporting effect of SEBS interphase. In contrast, the Zn@SEBS-MA-based
cell exhibits stable electrochemical behaviors for 400 h owing to the beneficial prop-
erties of the SEBS-MA interphase. Furthermore, a rate capability test was conducted
with increasing current density from 1 to 40 mA-cm 2 to estimate the beneficial
properties of SEBS-MA artificial layer toward facile charge transfer. As shown in Fig-
ure 5B, the Zn@SEBS-MA exhibited more stable cycling behavior even up to 40
mA-cm ™2 and successfully recovered its initial voltage profiles when tuning the cur-
rent density to T mA-cm~2. Based on the critical current density investigation, the
long-term cyclability of the symmetrical cells were further tested at an areal capacity
of 1 mAh-cm~2 and a high current density of 3 mA-cm~2 (Figure 5C). The voltage
hysteresis is the voltage difference between plating and stripping, mostly affected
by the surface properties and charge transfer resistance.”*>° Severe voltage fluctu-
ations are observed in the voltage-time graph of the bare Zn anode with large
voltage hysteresis along the overall cycle time. On the other hand, the Zn@SEBS-
MA-based cell shows an extremely durable cycle life of >3,200 h and low voltage
hysteresis (<80 mV). The efficient interphase developed herein toward long-term cy-
cle stability showed remarkable achievement compared with other recently reported
Zn anodes (Figure 5D and Table §1).40:56-62

In order to investigate the excellent working behavior of the SEBS-MA coated elec-
trode, a postmortem analysis of bare Zn and Zn@SEBS-MA anodes was conducted
after operating the symmetric cells. The XRD results in Figure 5E reveal that inescap-
able amounts of insulating species (i.e., ZnsSO4(OH),-5H,0) were formed on the
surface of the bare Zn anode due to severe side reactions at the interface between
the aqueous electrolyte and the Zn anode. However, the Zn@SEBS-MA anode re-
mained intact without evident insulating species, which is attributable to the Zn?*-
selective property of the SEBS-MA layer that directly blocks the direct contact
between the aqueous media and the electrode surface while transporting Zn?*
ions. The durability of Zn@SEBS-MA was further examined using SEM after cycling.
As shown in the top-view SEM image of Figures 5F and 5H, the bare Zn anode
showed a highly impaired electrode surface, so sharp and vertically grown Zn spe-
cies are clear on the overall surface. Such a rough surface negatively affects the
cycling behavior since it facilitates side reactions and can induce internal short
circuit across the separator, which in turn causes cell failure. On the contrary, the
Zn@SEBS-MA electrode presents a smooth electrode surface without unexpected
by-produced-derived roughness in both the low- and high-magnification images,
supporting the ion distribution effect of the SEBS-MA layer that results in the uniform
Zn plating/stripping behavior during cycling (Figures 5G and 5I).

Moreover, full cells were assembled to investigate the practical application of the

Zn@SEBS-MA electrode by pairing it with a carbon nanotube (CNT)-modified birnes-
site manganese dioxide cathode (denoted as MnO5). The synthesized MnO, was
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identified using XRD analysis, and the product showed a porous flower-like structure
along with CNT fibers (Figure S15). The full cells were estimated using 2 M ZnSO, +
0.2 M MnSQOy electrolyte, where 0.2 M MnSO, salt was added to compensate for the
dissolution of Mn™ species in the MnO, cathode.®® The cyclic voltammetry curves of
the two cells (Zn[MnO, and Zn@SEBS-MA|MnO,) show almost identical electro-
chemical behavior corresponding to typical redox pairs of birnessite-based ZIBs,
as reported in previous studies (Figure 6A).°%°> Furthermore, both cells exhibit
similar voltage profiles under galvanostatic charge/discharge processes with clear
H* and Zn?* insertion regions, while the Zn@SEBS-MA-based cell presents a slightly
higher charge capacity associated with the modified anode interphase (Figure S16).
The anode stabilization effect on the rate performance was investigated under vary-
ing current densities from 0.5C to 20C (1C = 99.1 mA-cm~?) as depicted in Figure 6B.
In the first five cycles at 0.5C, both cells cycle stably, such that almost unchanged
capacities are obtained. Interestingly, the Zn@SEBS-MA cell exhibits stable capacity
variations, while bare Zn|MnO, presents fast capacity drop, accompanying the
capacity fluctuation due to the deteriorated anode.

Further, the long-term cycle performances of full cells were evaluated (Figure 6C).
The Zn@SEBS-MA cell suffers from capacity decay in the early stages induced by
the intrinsic MnO, phase transformation.®® However, after the phase transformation,
the cell shows a gradual capacity recovery and stable cycling behavior at 5C, thereby
enabling the capacity retention of 80% even after 2,500 cycles. Also, the Zn@SEBS-
MA-based cell exhibits a superior CE of 99.7% after the phase deformation steps,
indicating its feasibility for practical purposes. The long-term durability of
Zn@SEBS-MA is ascribed to a beneficial effect of the SEBS-MA layer that induces
a dendrite-free electrode surface and suppresses detrimental side reactions. The
bare Zn anode-based cell suffers from analogous capacity fade, while it undergoes
continuous capacity decay since the formation of Zn dendrites and severe side reac-
tions accelerate the damage in electrochemical behaviors. The remarkable electro-
chemical property of Zn@SEBS-MA can be further rationalized by comparing voltage
profiles of the second and 1,000t cycles (Figures 6D and 6E). In both cells, bare Zn
and Zn@SEBS-MA exhibited similar electrochemical behaviors in the second cycle,
respectively. In the 1,000 cycle of the Zn@SEBS-MA cell, an intact voltage profile
appears without considerable capacity degradation; thus, more than 90% of the
charge capacity can be maintained. However, the bare Zn anode reveals a contrast-
ing trend, such that only about a half of the charge capacity is retained after 1,000
cycles, indicating incompatibility in long-term operation. Hence, these results sup-
port that the SEBS-MA is a promising protective layer species that enables long-
term cyclability through side reaction suppression and ion-regulating functionalities.

In summary, we constructed a thin and powerful SEBS-MA interphase to effectively
restrain both the chemical and electrochemical degradation before and during bat-
tery cycling. The ring-opening process of the MA group formed the facile Zn?*
pathway and blocked the direct contact of water and reactive anion with the Zn
electrode, leading to anti-corrosion properties related to hydrogen evolution and
surface destruction. Furthermore, the SEBS copolymer as the main backbone flexibly
controlled the Zn morphology from unexpected dendrite growth. Thus, the artificial
interphase finally enabled lateral and dense Zn electrodeposition up to 10

mA-cm—?

, unveiled through in situ optical microscopy observation. Furthermore,
the stable Zn deposition-dissolution processes during long-term cycle life without
metal depletion or chemical decomposition of the electrolyte resulted in a cumula-
tive capacity of 4,740 mAh-cm 2 under a current density of 3 mA-cm 2. Based on

these enhancements, we realized fast-charging and stable full cells paired with
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Figure 6. Full cell electrochemical characterization
(A) Cyclic voltammetry curves of Zn|[MnO, and Zn@SEBS-MA|MnO; cells at 0.2 mV s ™' scan rate.
(B) Rate performance comparison of Zn and Zn@SEBS-MA electrodes.
(C) Long-term cycling performance and corresponding Coulombic efficiency at 5C cycle rate of Zn|MnO, and Zn@SEBS-MA|MnO; cells.
(D and E) Charge/discharge profiles at second and 1,000t cycles of Zn|MnO; (D) and Zn@SEBS-MA|MnO;, (E) cells.
MnO, cathode over 2,500 cycles at 5C without fatal electrochemical degradation
with the help of a thin SBES-MA layer on Zn. This study provides an effective design
strategy with an ultrathin and versatile polymer structure as the artificial interphase
Cell Reports Physical Science 3, 101070, October 19, 2022 13
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and is further expected to open a large-scale system market of Zn-based aqueous
rechargeable batteries with the application of a practical system using comma
coater and roll-to-roll equipment.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Soojin Park (soojin.park@postech.ac.kr).

Materials availability
This study did not generate new materials.

Data and code availability
All data generated during the study are available from the lead contact upon reason-
able request. This study did not generate a code.

Preparation of Zn@SEBS-MA electrodes

The Zn@SEBS-MA electrodes were fabricated using the facile spin-coating method.
Here, different concentrations (1, 3, and 5 wt %) of SEBS-MA (Sigma-Aldrich) poly-
mer pellets were dissolved in toluene under vigorous stirring. The Zn foils were
washed with ethanol before spin-coating. Subsequently, the polymer solutions
were spin-coated at 1,000 rpm for 60 s on Zn foils (125 pm). Then, the Zn@SEBS-
MA electrodes were obtained after drying in an inert argon condition.

Synthesis of MnO,-CNT cathode material

Modified MnO, was prepared according to a previous study.®’ First, 100 mg of
commercially available multiwalled CNTs (Hanhwa Solutions) and 2.5 g of
KMnOy, (Sigma-Aldrich) were ground homogeneously using an agate mortar. After
grinding, the mixed powder was transferred to a glass vial and dispersed in 100 mL
of deionized water with vigorous stirring for 10 min. Next, 0.5 mL of concentrated
H,SO4 (Junsei Chemical) was added to the mixture with stirring for 30 min, which
was transferred to the oil bath and heated at 80°C for 1 h with constant stirring.
Afterward, the mixture was cooled to room temperature naturally, and the reactant
was collected using vacuum filtration and washed with deionized water repeatedly.
Finally, the resulting precipitate was dried at 60°C overnight to obtain
MnO,@CNT.

Cell assembly

The Zn|MnO full cells were prepared as follows: MnO,@CNT, carbon black, and
polyvinylidene fluoride (PVDF) were mixed uniformly at a weight ratio of 7:1:2 and
dispersed in N-methyl-2-pyrrolidone (NMP) to prepare the cathode slurry. Then,
the prepared slurry was coated on carbon paper (WizMAC) and vacuum dried at
80°C for 15 h. The dried carbon paper was pressed using a roll press machine and
punched into disks (® = 12 mm). Meanwhile, bare Zn and the Zn@SEBS-MA foils
were punched into disks (® = 14 mm) and used as the anode. The coin cells were
assembled by pairing the zinc anode with an as-prepared cathode using glass fiber
and 2 M ZnSO4 + 0.2 M MnSQO, aqueous solution as the separator and electrolyte
respectively. The mass loading of cathode active materials (total mass of CNT and
MnQ,) was ~2-3 mg-cm 2. Zn-Zn symmetric cells were prepared using two iden-
tical bare Zn and the Zn@SEBS-MA electrodes, punched into disks, and assembled
in 2032-type coin cells. An aqueous electrolyte of 2 M ZnSO, (Sigma-Aldrich) was
employed as a mild acidic electrolyte, coupled with a glass fiber separator. All
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electrochemical measurements were tested at 25°C using sufficient 2 M ZnSO, elec-
trolyte, except for the cathode-paired full cells.

Material characterization

To investigate the side reaction suppression, XRD patterns of the Zn electrodes
were obtained by powder XRD (Rigaku Smartlab) with Cu Ka radiation
(A = 1.5406 A). Field-emission scanning electron microscopy (FE-SEM, Hitachi
S-4800) was used to collect images of the surfaces of the Zn electrode and the
MnO,@CNT morphology. The ion coordination effect of the SEBS-MA coating layer
in the aqueous electrolyte was investigated using FTIR (Agilent Technologies Cary
600) at a resolution of 4 cm~". The mechanical properties of the polymer layer
were investigated using a universal tensile machine (Petrol LAB DA-01) at a constant
strain rate of 5 mm-min~'. Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) 3D profiling and depth analysis was conducted with lonTOF TOF-SIMS 5. A
stylus profilometer (Bruker DektakXT) was employed to measure the coated polymer
layer thickness.

Electrochemical measurements
Galvanostatic charge/discharge measurements were conducted using a battery
cycler system (Wonatech WBCS3000Le). The galvanostatic characterization on sym-
metric cells was performed after the initial electrode stabilization cycle at 0.5
mA-cm 2. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were measured by an electrochemical workstation (Bio-logic Science Instru-
ments VMP-300). In detail, the CV of Zn|MnO; cells was conducted under a scan
rate of 0.2 mV-s™" at a potential range of 0.8-1.8 V. To measure the transference
number, the EIS spectra of the symmetric cells were investigated under the poten-
tiostatic EIS mode condition with 10 mV amplitude and a frequency range of
1 MHz-10 mHz. Furthermore, to identify the diffusion behavior during the initial
Zn plating, chronoamperometry was performed in a three-electrode configuration.
Bare Zn or the SEBS-MA-coated Zn, bare Zn foil, and Ag/AgCl (saturated KCI) served
as the working, counter, and reference electrodes, respectively. The applied poten-
tial polarization was 150 mV. The corrosion behavioral characteristics of zinc anodes
were characterized using a linear polarization curve with a three-electrode configu-
ration. Bare Zn or the SEBS-MA-coated Zn, bare Zn foil, and Ag/AgCl (saturated KClI)
served as the working, counter, and reference electrodes, respectively. The corro-
sion current and corrosion potential were calculated from Tafel fit analysis in the
electrochemical workstation. The electrode morphology change during plating
was investigated using in situ optical microscopy (Olympus BX53M) at a current den-
sity of 10 mA-cm™2. Bare Zn or Zn@SEBS-MA served as the working electrode and
bare Zn foil for reference and counter electrodes. The transference number of
Zn%* (t;,2+) was investigated using a symmetric cell system based on the EIS results
before and after the chronoamperometry tests and calculated by the following
equation:

tree = H, (Equation 1)
where 4V is the applied potential polarization, lp and Ry are the current and
resistance of the initial state, respectively, and I; and Rs are the steady-state
current and resistance, respectively. The applied potential polarization is 10 mV.
Hydrogen gas evolution was evaluated using in situ DEMS under continuous argon
gas flow. The evolved gaseous species were collected every 5 min. The Faradaic ef-
ficiency of H, evolution was evaluated under the DEMS system by the following
equation:
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Ny, X Fxn
Q
where Q, F, and Ny, represent the total quantity of charge passed, Faraday constant
(96,485 C mol™"), and the total amount of hydrogen produced, respectively. Here
n = 2 for a two-electron reaction. Measurement was conducted using a hole-perfo-

Faradaic efficiency (%) = x 100, (Equation 2)

rated 2032-type coin cell.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
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Figure S1. SEBS-MA coated zinc electrode thickness profile. Average thickness of the SEBS-
MA layer was obtained as 180 nm.
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Figure S2. FTIR spectra of bare Zn and polymer coated Zn foils. Transmittance peaks at 2920
cm™! and 2850 cm™! represent C-H stretching, while peaks at 1710 cm™ and 1601 cm! indicate

C=0 stretching and carbon-carbon stretching of aromatic ring in styrene respectively.
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Figure S3. Top-view SEM image of Zn@SEBS-MA electrode after immersion in 2 M ZnSO4

electrolyte.



Figure S4. Cross-sectional SEM images of electrodes before and after electrolyte soaking.
Cross-sectional SEM images of (A) bare Zn foil (A) and (B) Zn@SEBS-MA before electrolyte
immersion. Cross-sectional SEM images of (C) bare Zn foil and (D) Zn@SEBS-MA after

electrolyte immersion.
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Figure S5. XRD pattern of the pristine Zn foil where sharp peaks at 36.2°, 38.9°, 43.2°, 54.3°,
70.0°, 70.6° and 77.0° present (002), (100), (101), (102), (103), (110) and (004) planes of Zn

respectively.!
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Figure S6. Tensile test results of the polymer films.
A mechanical analysis of (A) the SEBS-MA film and (B) SEBS film estimated under the

constant strain rate of 5 mm-s™.
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Figure S7. Repetitive tensile test results of the polymer films.

Cyclic elongation results of (A) the SEBS-MA film and (B) SEBS film estimated under the
constant strain rate of 5 mm-s™ for 300% stretch.



Step 1: Protonation of the maleic anhydride groups

Protonation
SEBS-MA polymer Maleic acid grafted SEBS
Step 2: Proton dissociation processes
Sequential
dissociation

Maleate dianion form

Step 3: Zn?* coordination process

Figure S8. Suggested ion coordination mechanism of maleic anhydride groups in SEBS-MA

layer in 2 M ZnSO4 aqueous electrolyte. First, maleic anhydride groups undergo protonation
step resulting in the dissociation of CO-O-CO bond (O=C-O-C=0 + 2H" — 20=C-OH). At

the same time, maleic anhydride groups turn into acidic form. Next, two consecutive proton

dissociation processes occur which induce partial negative charges under aqueous system

(2COOH — 2COO +2H"). Finally, the negative charge of the proton-dissociated acid groups

attracts Zn>* cations contained in the electrolyte.
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Figure S9. XPS results of SEBS-MA coated silicon wafer after being immersed in 2 M ZnSO4
electrolyte.

XPS spectra of (A) Zn 2p and (B) S 2p.
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Figure S10. Transference number calculation of bare Zn, Zn@SEBS, and Zn@SEBS-MA
electrodes.

(A-C) Current-time plots of bare Zn (A), Zn@SEBS (B), and Zn@SEBS-MA (C) symmetric
cells with voltage polarization of 10 mV. The inset information exhibit EIS results of respective
cells before (Ro) and after (Rss) polarization applied.

The transference number of Zn*" (t,,2+) was evaluated by the following equation:

__ Is(AV—-IgRg)

t, 2+ =
Zn Io(AV—=IgRs)

where AV is the applied voltage polarization, Iy and Ry are the initial state current and resistance

respectively, and /s and Ry are the steady-state current and resistance respectively.
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Figure S11. Investigation on the anti-corrosive behavior of SEBS-MA protective layer.
(A-B) Linear polarization curves of bare Zn electrode (A), and Zn@SEBS-MA electrode (B).
(C) Corrosion properties of bare Zn and SEBS-MA coated Zn electrode based on obtained

linear polarization curves. lcor and Ecorr represent corrosion current density and corrosion

potential respectively.
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Figure S12. Differential electrochemical mass spectrometry analysis of the evolved H> gas

with applying constant current (2 mA-cm) for 5 h.
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Figure S13. SEBS-MA coating layer thickness comparison by adjusting spin-coated polymer

solution concentration (1wt%, 3wt%, Swt% and 8wt%).
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Figure S14. Symmetric cell performance based on Zn@SEBS-MA electrode with different
coating layer thickness.

(A-C) Zn plating/stripping behaviors of Zn@SEBS-MA electrodes using 1wt% (A), 3wt% (B),
and 5wt% (C) SEBS-MA dissolved in toluene solution during spin-coating process. The cell
cycling was carried out at a current density of 1 mA cm™ and capacity of 1 mAh cm™. Note
that Zn@SEBS-MA electrodes with different solution concentration showed inferior cycling
behaviors and all electrochemical analysis in this paper were conducted using 3wt% SEBS-

MA solution accordingly.
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Figure S15. Characterization on carbon nanotube modified MnO> cathode material.
(A) XRD pattern of the synthesized carbon nanotube modified MnO: indicating well defined

birnessite structure.?

(B) SEM image of the synthesized carbon nanotube modified MnO..
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Figure S16. Charge-discharge profiles at the first cycle of ZnMnO: and Zn@SEBS-MA[MnO>
cells with a cycle rate of 0.5 C.



Table S1. The summary of various zinc ion batteries using surface-modified zinc anodes based

on previously reported literatures.

Areal Applied Cumulative
Life time .
Electrode Electrolyte Capacity Current density " Capacity Ref.
(mAh-cm?) (mA-cm?) (mAh-cm?)
This
Zn@SEBS-MA 2 M ZnSO, 1 3 3160 4740
work
Zn@MXene 2 M ZnSO, 0.2 0.2 820 82 3
Zn@NGO 2 M ZnSO, 5 5 300 750 4
Zn@PA 2 M ZnSO,4 0.25 0.5 8010 2002 5
Zn@PVB 1 M ZnSO, 0.5 0.5 2200 550 6
Zn@XKaolin 2 M ZnSO, 1.1 44 800 1760 7
3iM
Zn@TiO, 1 1 150 75 8
Zn(SOsCF3),
Zn@F-TiO, 1 M ZnSO, 2 2 280 280 9
2M ZnSO4 +
Zn@ZnO-3D 1.25 5 500 1250 10

0.1 M MnSO,
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