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ABSTRACT: The Zn dendrite issue, which is closely related to the creation
of the space-charge region upon local anion depletion during cycling, has
plagued the practical applications of aqueous Zn metal batteries (ZMBs).
Herein, we propose a Kevlar-derived hydrogel (KevlarH) electrolyte with
immobilized anions to diminish the space-charge layer effect. SO,>~ anions
are strongly tethered to amide groups of polymer chains, which mitigates the
concentration polarization of interfacial Zn>* ions by preventing the anion
depletion. Furthermore, the relatively weak interaction between Zn>* cations
and carbonyl groups can redistribute Zn’*-ion flux without sacrificing the ion
diffusion rate. The synergistic “zincophilic” and “anionphilic” building blocks
enable dendrite-free Zn deposition behavior and suppressed side reactions,
thereby extending the lifespan of a Zn metal anode up to 3500 h with an ultrahigh Coulombic efficiency of 99.87%.
Importantly, the KevlarH electrolyte can be directly used to assemble high-voltage bipolar ZMBs and break the 2 V barrier in
aqueous ZMBs.

Anion immobilization :
©@ —> @ zn*ionflux

mong various emerging electrochemical energy storage ions near the interface in real time; meanwhile, the reversed
Atechnologies, aqueous zinc metal batteries (AZMBs) movement of free anions near the reaction interface

based on the fundamentally low-cost element of Zn exacerbates the Zn?' ion concentration gradient because of
have stood out for their potential to achieve intrinsic safety, the principle of charge neutrality. In 1990, Chazalviel
environmental friendliness, and versatility/low requirements developed an electromigration-limited model to better under-
for manufacturing processes.' ™’ Despite these prominent stand the generation of dendritic electrodeposition of metals.”
advantages, the zinc metal anode still faces severe challenges In this theory, anions are expelled from the metal electrode and
of dendrite formation and interface parasitic side reactions, accumulated near the counter electrode during the metal
including HER (hydrogen evolution reaction) and byproducts deposition process, which creates an anion-depleted boundary

generation [such as Zn,SO,(OH)s«H,O in zinc sulfate
solution], that result in poor cycling stability and unsatisfactory
Coulombic efficiency (CE) during repeated cycling, which
further impede their commercialization.*™® Besides, the
intrinsic relatively narrow voltage window of water also limits
the operating voltage of AZMB:s.

To date, numerous efforts have been devoted to resolving
the aforementioned issues of the Zn metal anode, such as

and electric field at the metal electrode/electrolyte interface.
Such a space-charge region is generally accepted to be another
important inducement of dendrites formation.””*® Accord-
ingly, Archer et al. proposed a novel concept of anion
immobilization by introducing ionic liquid—nanoparticle
components with tethered anions into liquid electrolytes, and
the in-depth theoretical modeling results revealed that

L . _ immobilizing even a small proportion of anions (10%) would
anode structure design, "' electrolyte regulation,">™'° sepa- i prop (10%)

rator modification,’’~*° and artificial interface layer con-

struction.”' ~>° Despite how these strategies differ from each Received:  February 18, 2023

other, most of them have been predominantly concentrated on Accepted: March 27, 2023

manipulating the distribution of Zn®* cations during cycling. It
is unquestionable that the homogenized Zn**-ion flux is prone
to smooth and stable Zn deposition behavior. Nonetheless, Zn
reduction is a dynamic process that consumes abundant Zn**
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Figure 1. (a) Schemes for structure and Zn>*-conductive mechanism of the KevlarH electrolyte (inset is photograph of the KevlarH

electrolyte prepared by the phase inversion method). The distribution of Zn*
anions (b) after 1.0 s and (c) at the steady state. Schematic representation

electrolyte with different proportion of immobilization SO,*~

concentration from the Zn deposition interphase to the bulk

depicting (d) series-connected conventional monopolar-designed zinc metal batteries (ZMBs) with a liquid electrolyte and (e) the stack of
bipolar ZMBs with the KevlarH electrolyte. (f) The open-circuit voltages of bipolar ZMBs with different stack numbers within a sealed cell.

substantially promote the electrodeposition stability.””*° To
date, the strategy of constructing an anion immobilization
interface has become an significant guideline for the
suppression of Li dendrite growth.”'™*’ Although tethered
anionic sites in various organic materials, including Nafion,****
polyanionic polymers,*>*” and SPEEK,***° have been
demonstrated to be coordinated with Zn*" cations to rectify
ion transport, the space-charge layer effect induced by free
anions in a conventional aqueous electrolyte is usually
overlooked.

In this contribution, we propose a Kevlar-derived hydrogel
(KevlarH) electrolyte (inset in Figure la) with both anion
immobilization and cation interaction at the molecular level,
which is demonstrated to facilitate a homogeneous flux of Zn**
ions and undermine the space-charge layer effect simulta-
neously. The strong interaction between amide groups of
polymer chains and SO,*” anions can effectively fix SO,*~
anions, thereby leading to the high transference number of
Zn* and relieving the space-charge effect (Figure la).
Moreover, the relatively weak interaction between carbonyl
groups and Zn®* cations is in favor of redistributing Zn**-ion
flux without sacrificing the ion diffusion rate. Importantly, the
gel-state KevlarH electrolyte with good water retention is also
demonstrated to be compatible with bipolar battery design.

The superiorities of anion immobilization were first
investigated through COMSOL Multiphysics (Figure 1b,c).
Because of the creation of a space-charge layer, a serious
concentration gradient is observed for the Zn electrode
interphase with no immobilization anions after 1.0 s (Figure
1b), and the concentration polarization becomes more
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significant as the plating process continues to a steady state
(Figure 1c). As SO,  anions are immobilized, the
concentration polarization of interfacial Zn>* ions is well
mitigated because it benefits from the diminished space-charge
effect. Besides, the gel-state KevlarH electrolyte membrane also
provides great opportunities to realize high-voltage bipolar zinc
metal battery (ZMB) design.”” For conventional ZMBs with
liquid electrolyte, each single cell is connected in series to form
a battery pack (Figure 1d). However, the bipolar ZMB design
with a more compact structure impressively reduces the
utilization of inert components to improve the energy density
(Figure 1le).*' Moreover, the current in bipolar ZMBs is
perpendicular to the electrode plane, which flows directly
across the thickness direction of the current collector rather
than through its length direction, which leads to the reduced
internal resistance and lower ohmic polarization."”** Accord-
ingly, the open-circuit voltages of two- and three-stacked
bipolar ZMBs in a single CR-2036-type coin cell case are
successfully boosted to 2.306 and 3.411 V (Figure 1f),
respectively, thereby demonstrating the feasibility of enhancing
the working voltage through the innovative bipolar stacking
approach.**

The KevlarH electrolyte with the thickness of ~238 ym is
prepared through a facile phase inversion process in 2 M
ZnSO, solution (Figure S2), which leads to a interwoven
porous structure (Figure $3).***® The energy barrier of cis—
trans isomerization for the CO—NH bond (AEZ) in poly(p-
phenylene terephthalamide) (PPTA) is relatively high, reach-
ing 70.6 k] mol™" (Figure 2a), and the cis conformation energy
(AE = 22.3 kJ mol™") is higher than that of the original trans
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Figure 2. Energy barrier of cis—trans isomerization of CO—NH amide bond in (a) the PPTA molecular chain, (b) the deprotonation of the
PPTA molecular chain, and (c) the protonation of the PPTA molecular chain binding with Zn>*. (d) The snapshots of MD simulation for the
deprotonation of PPTA molecular chains in water at the original state and after 10 ns. (e) The snapshots of MD simulation for the
deprotonation of PPTA molecular chains in ZnSO, aqueous solution at the original state and after 20 ns. (f) Raman spectra of Kevlar fiber,
Kevlar DMSO solution, and KevlarH electrolyte membrane. (g) The measurements of tensile strength for the GF/A separator and KevlarH
electrolyte membrane after drying. (h) Concentration diffusion of SO,”” anions across the GF/A separator and KevlarH electrolyte

membrane.

structure, which indicates that PPTA tends to form rigid
straight molecular chains. After the deprotonation reaction in
KOH/DMSO solution, AEZL is reduced to 62.6 kJ mol™!
(Figure 2b), and AE is —20.2 k] mol™', which is substantially
lower than that of the trans, which means that the molecular
chains become flexible and are more prone to bending. MD
simulations show that after deprotonation, the Kevlar
molecular chains are well dispersed in DMSO solution, and
the solution remains stable after 20 ns (Figure S4).

When deprotonated PPTA is put into a large amount of
water to carry out phase inversion, which is a conventionally
used method to prepare Kevlar nanofiber-based hydrogel,
protons will recombine to PPTA, which makes PPTA return to
the original state of a rigid straight chain. In MD simulation,
the PPTA molecular chain gathers into a bundle of fibers after
10 ns (Figure 2d). This compact packing structure implies that
the interaction effect between nanofibers and solvent may be
relatively weak because of the small specific surface area.
However, if the molecular chain is put into ZnSO, solution
instead of pure water, some N atoms will combine with Zn**.
In the combined molecule, AE% is reduced to 52.6 k] mol™,
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and the energy of the cis and trans conformations are almost
equal (Figure 2c), which means that compared with the all-
protons-obtained method (in pure water), the phase reversal
reaction in ZnSO, solution provides some bending sites and
cross-linking sites for PPTA chains. MD simulation shows that
PPTA chains form an interwoven porous structure after 20 ns
of simulation (Figure 2e), which enables the KevlarH
electrolyte membrane to obtain both high mechanical
properties and good water retention. For the Kevlar fiber,
Raman peaks between 1183 and 1650 cm™' match well with
previously reported results (Table S2).*” After the deprotona-
tion treatment, most Raman peaks disappear in the Kevlar
DMSO solution, which reappears in the KevlarH electrolyte,
thereby implying the successful structure reconstruction. It
should be noted that the peak intensity of Raman spectra at
1571 cm™! representing the N—H deformation in the KevlarH
electrolyte is lower than that of pristine Kevlar fiber (Figure
2f), which reveals that a portion of negatively charged polymer
chains may also be integrated with Zn** and corroborates the
theoretical calculation results. As expected, the KevlarH film
after drying exhibits outstanding tensile strength (39.6 MPa)

https://doi.org/10.1021/acsenergylett.3c00385
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Figure 3. (a) COMSOL Multiphysics modeling of current density distribution in both KevlarH and liquid electrolytes. (b) SEM image and
(c) AFM image of Zn electrode after 100 cycles in 2 M ZnSO, electrolyte. (d) SEM image and (e) AFM image of Zn electrode after 100
cycles in the KevlarH electrolyte. In situ optical images of Zn deposition at 10 mA cm™” in (f) 2 M ZnSO, electrolyte and (g) the KevlarH
electrolyte. (h) XRD patterns of pristine Zn and Zn electrodes after 100 cycles in both electrolytes.

compared with that of commercial GF/A separator (0.15
MPa), thereby ensuring its structural integrity during repeated
Zn plating/stripping processes (Figure 2g). Furthermore, the
ionic conductivity of KevlarH electrolyte is comparable with
conventional 2 M ZnSO, solution and most gel electrolytes
(Figure SS, Table S3). The anion immobilization effect of
KelvarH electrolyte was also verified by measuring the
transmembrane anion transport property (Figure 2h). The
Cso2- across the GF/A separator rapidly increases to 21.63 mg

mL™" after only 15 min and reaches as high as 52.13 mg mL™"
over 60 min. However, the Cgo2- across the KevlarH electrolyte

membrane is maintained lower than 1.35 mg mL™'
consistently, thereby indicating the sufficient blocking function
to the anion diffusion.

The current density distribution of Zn electrodes in both
electrolytes is also simulated (Figure 3a). Aramid nanofibers
can serve as fast ion diffusion paths to redistribute Zn-ion flux
effectively, and the current density becomes more homoge-
neous for smooth Zn deposition in the KevlarH electrolyte.
After 100 cycles in 2 M ZnSO, electrolyte, many ultrathin
nanosheets with a vertical and loose arrangement are observed,
which reveal the formation of Zn dendrites (Figure 3b). In
contrast, Zn deposition in the KevlarH electrolyte exhibit a
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compact stack of microsized horizontal hexagonal plates
ranging from 4 to 10 ym (Figure 3d). Moreover, the surface
of the Zn electrode after cycling in liquid electrolyte (Figure
3c) is also confirmed to be more rough in contrast than in the
case of the KevlarH electrolyte (Figure 3d). Grazing incidence
X-ray diffraction (GIXRD) patterns of deposited Zn for
different plating times further confirm the preferential
orientation of a (002) plane in the KevlarH electrode (Figure
S6). Moreover, many hydrogen bubbles are generated
continuously on the surface of a Zn electrode in 2 M ZnSO,
during cycling (Figure 3f, Video S1), thereby resulting in
dramatic destabilization on the interface. In sharp contrast, no
hydrogen bubbles were detected from the Zn electrode in the
KevlarH electrolyte (Video S2), thereby indicating the superior
interfacial stability (Figure 3g). As shown in Figure 3h, the
XRD pattern of the Zn electrode after cycling in the KevlarH
electrolyte shows the existence of zinc (JCPDS 01-04-0831)
with only weak diffraction peaks of Zn,SO,(OH)¢xH,0,
which suggests the suppressed side reactions.

The cycling stability of Zn electrodes was investigated by
assembling Zn//Zn symmetrical cells. Figure 4a displays the
highly reversible electrochemical deposition/stripping behavior
for an ultralong lifespan of 3500 h with a stable voltage

https://doi.org/10.1021/acsenergylett.3c00385
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Figure 4. (a) Cycling stability evaluations of Zn//Zn symmetrical cells in 2 M ZnSO, and KevlarH electrolytes at 1 mA cm > with a plating/
stripping capacity of 1 mAh cm™2. (b) CEs of Zn//Cu half cells in 2 M ZnSO,, and KevlarH electrolytes at 5 mA cm™> with a fixed plating
capacity of 1 mAh cm™” (insets are the charge—discharge profiles). (c) The comparison of CEs in different electrolytes. (d) Cycling
performance and Coulombic efficiency of ZnllV,Oj full batteries in liquid and KevlarH electrolytes at 5 A g™" in the voltage of 0.2—1.6 V. (e)
Cyclic voltammetry profiles of ZnlIV,Oj full batteries at a scan rate of 0.1 mV s~" for the monopolar, two-stacked and three-stacked designs.
Cycling performance and Coulombic efficiency of (f) bipolar ZnllV,Oj full cells at 10 A g~' and voltages of 0.4—3.2 V and (g) bipolar ZnllL,

full cells at 0.5 C and the voltages of 1.6—3.2 V.

hysteresis of ~71 mV at 1 mA cm ™ in the KevlarH electrolyte.
This is a distinct comparison with the case in 2 M ZnSO,
electrolyte, which showed the internal short-circuit after only
54 h because of the accumulation of Zn dendrites and
byproducts in the pores of the GF/A separator (Figure S7). In
addition, a prolonged lifespan of 1500 h was also achieved at a
high current density of S mA cm ™ for the KevlarH electrolyte
(Figure S8). Besides, the KevlarH electrolyte also delivered an
impressive CE improvement (99.87%) over 2500 cycles
(Figure 4b), which is superior to most, if not all, recently
reported electrolyte regulation studies for Zn metal anodes
(Figure 4c).””**~°" Inspired by the exceptional Zn deposition/
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stripping reversibility and interface stability with the KevlarH
electrolyte, ZnllV,Oj5 full batteries were fabricated to probe its
feasibility in full cells. As shown in Figures 4d and S9, the Znll
V,0O; full cell using a thin Zn foil (thickness of 20 ym) with a
limited N/P ratio of 4.3 in the KevlarH electrolyte exhibited a
high areal capacity of ~1.2 mAh cm™ after 1500 cycles at 5 A
¢! with good interfacial stability (Figure S10), thereby
demonstrating a certain predominance over the routine liquid
electrolyte. Self-discharge tests (Figure S11) showed that the
capacity retention of the ZnllV,O; full cell with the KevlarH
electrolyte (95.0%) was also superior to that of the routine
liquid electrolyte (82.3%).
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Figure 5. (a) Transference numbers and (b) desolvation activation energy of Zn electrodes in 2 M ZnSO, and KevlarH electrolytes. (c)
Conductivity calculations of 2 M ZnSO, and KevlarH electrolytes from MDs. (d) MESP isosurface plots between an aramid chain and

different species of Zn**, SO,”~, and H,O. The ratio of various binding conditions between (e) SO,*~
Zn?* cations and a carbonyl group. Structural snapshots from MD simulations of (g) a free SO,>~
chain and (h) a Zn®' interacting with an aramid polymer chain transport to the free state. (i) Statistical trajectory analysis of a SO,>~
binding with an aramid polymer chain. (j) Statistical trajectory analysis of a SO,>~

anions and an amide group and (f)
anion interacting with an aramid polymer
anion
anion in 2 M ZnSO,.

Furthermore, the two-stacked and three-stacked bipolar Znll
V,0; Dbatteries were further assembled with the KevlarH
electrolyte, which show reduction peaks of 1.89 and 2.84 V and
oxidation peaks of 2.38 and 3.60 V, respectively (Figure 4e).
These values were nearly twice and three times higher (0.93
and 1.22 V, respectively) than the value of a conventional
monopolar ZnllV,Oj cell, thereby verifying that the successful
fabrication of bipolar batteries in a single coin cell case without
ionic shortcut can enhance the output voltage of batteries
effectively. Encouragingly, the two-stacked bipolar ZnllV,Oq
cell delivers a high reversible capacity of 138.4 mAh ¢! after
3000 cycles at 10 A g™" in the expanded voltage range of 0.4—
3.2 V (Figure 4f). In addition, the electrochemical performance
of a three-stacked bipolar ZnllV,Oj5 cell in the voltage range of
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0.6—4.8 V was also investigated (Figure S12). Moreover, the
two-stacked bipolar Znlll, full cell using the KevlarH
electrolyte also showed a high areal capacity of ~1.30 mAh
cm™? after 200 cycles at 0.5 C with a negligible capacity decay
(Figure 4g), thereby suggesting the universality of KevlarH
electrolyte for bipolar ZMB systems.

The interface stability should be closely associated with the
Zn** transport and charge-transfer kinetics. As shown in
Figures Sa and S13, the Zn*" transference number (t,>*) of
the KevlarH electrolyte (0.69) was measured to be higher than
that of the liquid electrolyte (0.33). It reveals that a higher
proportion of Zn** ions is involved in efficient migration in the
KevlarH electrolyte, which is attributed to the anion
immobilization effect. As shown in Figures 5Sb and S14, the
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desolvation activation energy (E,) of KevlarH electrolyte (33.1
kJ mol™) is also calculated to be smaller than that of liquid
electrolyte (60.3 kJ mol™"), which implies that coordinated
H,0 molecules in [Zn?*(H,0)4] may interact with Kevlar
nanofibers to reduce the energy barrier of removing the
solvation sheath.

Molecular dynamic (MD) simulations were performed to
get deeper insight into the species distribution and interaction
in both electrolytes (Figure S15). As shown in Figure Sc, the
ionic conductivities of 2 M ZnSO,, KevlarH electrolytes were
calculated to be 29.7 and 19.8 mS cm™’, respectively, which are
basically consistent with the measured experimental results
(44.0 and 35.6 mS cm™’, respectively). Moreover, cationic and
anionic contributions to the total current can be further
analyzed. It is evident that the anionic conductivity of the
KevlarH electrolyte (9.9 mS cm™') is substantially reduced
compared with that of 2 M ZnSO, (19.0 mS cm™), thereby
demonstrating the contributing anion immobilization impact.
However, the cationic conductivity of the KevlarH electrolyte
(9.9 mS cm™) is still close to that of 2 M ZnSO, (10.7 mS
cm™!), which implies the relatively weak interaction between
aramid nanofibers and Zn?*.

More quantized interaction energies between different
species and aramid chains are shown in Figure 5d. As
expected, the binding free energy between SO,*” ions and the
amide group of the aramid chain (—30.2 kJ mol™") is higher
than in the case between the hydrated Zn®* ions and the
carbonyl group of the aramid chain (—15.4 kJ mol™).
Furthermore, both the amide and carbonyl groups can form
hydrogen bonds with water molecules to effectively reduce the
amount of free water, which show binding energies of —17.1
and —16.3 kJ mol ™, respectively. Despite the huge amount of
SO,* anions in the KevlarH electrolyte, only 36.5% of SO,*~
anions have no interaction with aramid chains, which indicates
that the proportion of immobilization anions is as high as
63.5% (Figure Se). Notably, about 12% of SO,*” anions are
completely fixed to the aramid during the overall simulation
duration of 20 ns. By contrast, the interactions between Zn**
cations and aramid chains are transient dynamic processes that
contribute to no irreversible fixation of the Zn>" cation (Figure
5f). Once a SO,*~ anion approaches the amide group of the
aramid polymer chain, it is spontaneously absorbed onto the
surface of the aramid nanofiber (Figure Sg and Video S3).
Moreover, the corresponding statistical trajectory analysis
during the duration of 1 ns indicates the strong immobilization
effect of the SO,*” anion without obvious movement (Figure
5i), whereas the random thermal motion of a SO,*~ anion in 2
M ZnSO, is detected (Figure Sj). In addition, the interaction
between the Zn?* cation and aramid chain is modest, which
ensures the fast separation of Zn** ions from binding sites
(Figure Sh, Video S4) and is in favor of redistributing Zn**-ion
flux without sacrificing the ion diffusion rate.

Through comprehensive experimental and theoretical
investigations, the simultaneous cation interaction and anion
immobilization are confirmed in the KevlarH electrolyte, which
originates from the weak interaction between carbonyl groups
and Zn®" cations and the strong interaction between amide
groups and SO,’” anions, respectively. Importantly, the
KevlarH electrolyte membrane can be directly used to fabricate
bipolar zinc metal batteries, which not only reduce inert
components but also enhance the output voltage in a single cell
case. The KevarH electrolyte provides a facile pathway for

1965

realizing a long-life and ultrastable Zn metal anode, thereby
enabling the development of high-voltage bipolar ZMBs.
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