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ABSTRACT

Flowless Zn-bromine batteries (FL-ZBBs) are attracting attention as a route to overcome the inherent system-level limitations of

conventional flow batteries. However, the difficulty of achieving high ZnBr, utilization and ultra-high areal capacity jeopardize

practical feasibility: Under practically relevant conditions, Zn-hosting electrodes suffer from top-plating issues and dendrite-

triggered “dead” Zn accumulation, which deteriorates reversible Zn plating/stripping. This work presents a stepwise activation

(SWA) electrode that guides top-plating-free, bottom-to-top sequential Zn deposition. The SWA architecture is designed by

introducing insulating porous membranes physically separating stacked CF layers while electrically linking through controlled

partial Zn penetration. Benefiting from SWA-guided Zn deposition, FL-ZBBs can stably retain higher Coulombic and energy

efficiencies even at a high current cycling (20 mA cm~2) over 10 000 cycles. For the first time, we demonstrate a stable ultra-
high capacity cycling (100 mAh cm~2) of FL-ZBB with SWA electrode by maximizing the ZnBr, utilization (~33%). This simple,
scalable SWA design offers broad applicability, enabling high-capacity operation in flowless batteries and extending to other

metal-deposition-limited redox systems.

1 | Introduction

Sustainable, safe energy storage systems (ESSs) power the tran-
sition to the renewable energy era [1-3]. Compared to lithium-
ion batteries (LIBs) with organic electrolytes, aqueous batteries
have long been considered an ultimate solution for ESSs due
to their inherent non-flammability [4]. Redox flow batteries
(RFBs) utilizing the zinc (Zn) and bromine (Br) redox couple
in aqueous media are particularly attractive due to their envi-

ronmental benignity and cost-effectiveness [5-8]. Nonetheless,
the auxiliary components in RFBs, such as electrolyte tanks
and pumping systems, reduce energy density and increase sys-
tem complexity, thereby hindering widespread adoption. In this
context, flowless Zn-Br batteries (FL-ZBBs) are emerging as
a promising alternative [9-13]. Indeed, the simplified architec-
ture and use of low-cost materials (e.g., ZnBr,) in FL-ZBBs
enable cost-effective (~85$/kWh) and scalable energy storage
solutions.
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In terms of commercial viability, however, most technical chal-
lenges faced by FL-ZBBs are shared with those of conventional
RFB systems, including poor reliability and cycle lifespan, pri-
marily due to Br crossover, gassing and the low reversibility of
the Zn metal anode [14, 15]. The absence of the external pump and
electrolyte reservoirs can exacerbate the crossover of Br species,
such as Br, and polybromides (Br,~) [7, 9]. Br crossover can
occur during cell standby and even during charging, directly
leading to active material loss and substantial capacity fading [16].
Moreover, water—splitting side reactions in aqueous electrolytes
cause the evolution of hydrogen and oxygen gases, which get
trapped in the absence of flow. This increases cell pressure, causes
electrolyte leakage, and can ultimately lead to cell failure [17, 18].

The most striking challenge remains the reversibility of Zn depo-
sition and dissolution. Benefiting from its high specific capacity
(820 mAh g! and 5,885 mAh cm~3) [19-22], achieving high Zn uti-
lization by increasing Zn plating capacity is essential for realizing
practical energy density gains [7]. Nonetheless, higher Zn plating
capacity is risky owing to uncontrolled Zn dendrite growth,
which can puncture the separator (or membrane) and trigger
internal short circuits. Moreover, excessive dendritic growth
and penetration can accelerate Br crossover and gas evolution,
resulting in reduced cycle life, compromised cycling stability, and
ultimately premature cell failure. This cascade of detrimental
effects becomes more severe at high current densities (>10 mA
cm™2), further limiting power density. Therefore, suppressing Zn
dendrite growth is a prerequisite for ensuring the reliability and
longevity of FL-ZBBs.

Recently, numerous strategies have been proposed and actively
explored to suppress Zn dendrite growth [10, 21-26]. Among
them, 3D Zn host structures, such as carbon felt or carbon
cloth, can offer a high surface area to facilitate Zn deposition,
reduce nucleation overpotential, and ensure uniform current
distribution [27, 28]. The major drawback, however, is ‘top-
plating’, which leads to preferential Zn deposition at the top of
the electrode [7, 29, 30]. This phenomenon arises from uneven
electric field distribution and localized current density at the
upper surface. This not only limits spatial utilization but also
undermines the advantages of the 3D host architecture, while
ironically accelerating dendrite growth. To overcome this draw-
back, strategies such as selective insulation of the top surface
[31], decoration with Zn-attracting materials (i.e., zincophilic
materials) at the bottom region [32], and introduction of surface
carbon defects to provide high Zn-affinity sites [26, 28] have
been developed. Nevertheless, these approaches remain limited
in achieving both high Zn utilization and high Zn plating capacity.

In this work, we introduce a novel electrode design that enables
bottom-to-top stepwise activation (SWA) of Zn deposition, tar-
geting a top-plating—free, ultra-high Zn plating capacity. The
SWA electrode is constructed by alternately stacking electron-
conducting carbon felt (CF) layers and porous, thin insulating
films (Figure 1). Porous insulating layers inserted between CF
layers guide Zn plating from the bottom and SWA upon Zn
plating via layer-by-layer electron tunneling, enabling full elec-
trode utilization. Zn deposition initiated at the bottom layer is
crucial to alleviate Zn dendrite growth and electrochemically
inactive ‘dead’ Zn formation. Thus, the SWA electrode con-
sistently exhibits higher Zn Coulombic efficiency (CE) under

various cell conditions. Moreover, FL-ZBBs employing the SWA
electrode outperform those using conventional CF electrodes,
stably retaining higher cell CE and energy efficiency (EE) even
at a high-current cycling (20 mA cm=2) over 10,000 cycles.
Notably, FL-ZBB with SWA electrode demonstrated a stable
cycling without short-circuiting failure even under challenging
conditions, ultra-high Zn plating capacity (100 mAh cm™2).
The SWA electrode design enables high-capacity FL-ZBBs and
highlights its potential for broader applications in battery systems
that require excessive metal deposition.

2 | Results and Discussion

To meet the technical cost requirements of ESSs, FL-ZBBs with
optimized cell architectures target an extremely low levelized
cost of energy storage (LCOES) of 0.017$/kWh/cycle/%, which
is significantly lower than that of vanadium redox flow batteries
(0.065), Zn-Br flow batteries (0.052), and LIBs (0.58) [9, 12, 33—
35]. FL-ZBBs employ bromine chemistry with bromide anions
in various oxidation states (Br~, Br,, Br;~, Br;~, and Br;”)
at the positive electrode and Zn?**/Zn redox reactions at the
negative electrode [7, 14, 17, 18]. The cell architecture, designed
to realize this mechanism, is schematically illustrated in Figure
S1. To ensure sufficient reaction sites for each half-cell reaction,
commercially viable CF electrodes were positioned at both the
positive and negative sides. The electrolyte, which consists of
2.8 M ZnBr, dissolved in deionized (DI) water, serves as the active
material source, providing both Zn and Br ions. When the state—
of—charge exceeds 30%, the battery delivers a capacity of 100 mAh,
which aligns with the expected Zn utilization. Higher capacity
and Zn utilization directly lower the cost-per-kWh, contributing
to the targeted LCOES.

In FL-ZBBs, the electrolyte itself functions as the active material
and must be stored within the electrode chambers, making the
use of a thick CF structurally necessary [7]. Achieving higher
cell capacity and Zn utilization requires a thick CF electrode
(~4.6 mm) capable of accommodating sufficient Zn through
abundant reaction sites (Figure 1a). Nonetheless, due to lower
resistance near the counter electrode, Zn preferentially deposits
on the upper CF region (top-plating) rather than uniformly from
the bottom (Figure 1b). Over long-term cycling, this top-plating
phenomenon exacerbates dendrite growth and the formation of
electrochemically inactive ‘dead’ Zn, ultimately leading to prema-
ture cell failure. In contrast, the SWA electrode design partitions
the CF layers with insulating films, delaying the electrical acti-
vation of the upper layers while promoting Zn deposition at the
bottom CF layer (Figure 1c). As Zn plating progresses, adjacent
porous insulating films deliberately allow Zn protrusion, which
forms electron tunneling pathways that sequentially activate the
upper CF layers. This results in bottom-to-top SWA, enabling
greater Zn accommodation and improved electrode utilization
without the top-plating issue (Figure 1d). For proof-of-concept,
we selected the optimal insulating interlayer by evaluating the
physical properties of various commercial membranes, focusing
on the trade—off between porosity and mechanical strength (Table
S1). While glass fiber separators (GF/F) offer high porosity
(>90%), favorable for ion transport, they lack the mechanical
strength (~0.18 MPa) required to block dendrites. Conversely,
polypropylene separators (PP3501) provide high tensile strength
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FIGURE 1 | Optical image of (a) Bare CF electrode. (b) Schematic illustration of potential issues arising during long-term cycling of bare CF under

high Zn deposition conditions. Optical image of (c) SWA electrode. (d) Design strategies for Zn dendrite suppression and high-capacity deposition using

the SWA electrode under long-term cycling.

(103 MPa) but suffer from low porosity (55%) and significant
mechanical anisotropy, where the transverse strength is nearly
an order of magnitude lower than the machine direction strength
[36]. In contrast, the hydrophilic polyvinylidene fluoride (PVDF,
VVLP) membrane effectively balances these properties, featuring
a high porosity of 70% to prevent concentration polarization
and an isotropic tensile strength (~11 MPa) sufficient to with-
stand multidirectional dendritic stress. Furthermore, its uniform
sponge-like pore architecture (~0.1 um) facilitates homogeneous
ion flux compared to the irregular fibrous networks of GF/F
or cellulose-based counterparts (NKK). Consequently, the VVLP
membrane significantly outperformed the alternatives (Figure
S2) and was employed as the interlayer to enable controlled
stepwise Zn deposition.

An optical half-cell was constructed for proof-of-concept to
visualize Zn plating/stripping in real time at the microscale
(Figure 2a). The cell was constructed using a Zn counter electrode
and three pieces of carbon paper (CP), replacing excessively thick
CF owing to limited space. To mimic the SWA design, three CP
pieces were parallelly arranged with spatial separation, instead
of using a VVLP layer, and the external lead was connected
exclusively to the bottom CP (see Figure S3 for details). When
applying a current (10 mA c¢cm~2), Zn plating initially occurs
only on the bottom CP, as the middle and top CPs remain
electrically isolated. After 5 min, the middle CP becomes activated
via contact with plated Zn at the bottom CP, and subsequent
Zn plating predominantly occurs on the upper region of the
middle CP rather than on the bottom CP. To elucidate these
behaviors, we conducted a simulation study using COMSOL
Multiphysics (Figure S4). The model domain was constructed by
stacking VVLP layers among the three CP layers, incorporating
a columnar structure representing Zn dendrites between the
bottom and middle CPs. The simulated behavior was consistent
with experimental observations, showing the preferential elec-

trodeposition on the middle CP rather than on the bottom CP
(Figure S4a). Thickness variations simulated at each interface
between layers further supported this trend. While the bottom
and top CPs exhibited nearly negligible changes, the middle CP
showed a significant positive thickness increase as indicated in
red, whereas the counter Zn electrode exhibited a negative value
marked in blue related to Zn stripping (Figure S4b). This behavior
is attributed to the higher local Zn*" concentration and shorter
diffusion length in the upper region of the middle CP (or top
CP) compared to the bottom CP. These results demonstrate that
under high current density conditions, the relatively lower mass
transport rate than reaction rate can activate SWA behaviors in the
stacked CP electrode configuration as well as Zn dendrite growth.
These findings theoretically verify the operating mechanism of
the SWA electrode, demonstrating that electrochemical reactions
predominantly occur in the upper region under conditions
where electrical connectivity is ensured. During Zn stripping, the
reverse sequence was observed, starting from the top CP layer.
After Zn stripping from the top CP was completed, the process
sequentially progressed to the middle and then the bottom CP,
validating the intended functionality of the SWA electrode.

Leveraging the insights into Zn plating and stripping at the
SWA electrode, Znl||CF half-cells were constructed on the FL-ZBB
platform (Figure S1). Figure 2b presents a direct comparison of the
electrochemical responses between SWA and bare CF electrodes.
At a current density of 10 mA cm™2, Zn plating and stripping
were performed on both electrodes with a capacity of 100 mAh
cm~2, While similar Zn CEs (~85%) were observed, the voltage
profiles were clearly distinct. The cell with bare CF displayed
a single voltage plateau during both plating and stripping,
whereas the SWA cell exhibited multiple plateaus, likely due
to the sequential activation of the middle and top CF layers.
The dQ/dV analysis (inset of Figure 2b) further revealed three
distinct peaks for the SWA cell, compared to a single peak for
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FIGURE 2 | (a) Verification of SWA electrode during the Zn plating/stripping process using an in situ optical microscopy cell. (scale bar size: 200
um) (b) Voltage profiles and assessment of Zn reversibility and dQ/dV curve analysis at 10 mA cm~2, 100 mAh cm~2 condition. (c) Optical microscopy
image of bare CF and optical image of penetrated separator and (d) optical microscopy image of each layer of SWA electrode at 10 mA cm~2, 100 mAh

cm~2 condition.

the bare CF cell, indicating that the electrochemical environment
for Zn reactions evolved during the sequential activation process.
Whereas the bare CF harvested after Zn plating exhibited top-
plating and Zn dendrite penetration (Figure 2c), bottom-to-top
Zn deposition in the SWA electrode was confirmed by analyzing
the Zn distribution across each CF layer (Figure 2d). Indeed, the
individual CF layers were reassembled into separate Znl||CF half-
cells for Zn stripping tests to assess layer-specific reversibility
(Figure S5). The Zn plating distribution across the bottom,
middle, and top CF layers was 68.2%, 16.8%, and 0.0%, respectively,
confirming preferential deposition at the bottom layer followed
by progressive activation of the upper layers. Therefore, the SWA
architecture effectively suppresses internal short-circuiting, even
during high-capacity Zn deposition.

To examine the Zn plating/stripping cycling stability, Zn|ICF half-
cell tests were performed at a moderate Zn capacity (30.25 mAh
cm™2) to avoid the earlier deterioration of the Zn counterpart.
Figure 3a reveals that the cell with bare CF exhibited significant
Zn CE fluctuations, showing an average Zn CE of 95.1% over
100 cycles. In contrast, the SWA cell demonstrated high stability,

maintaining an average CE of 99.2%, which is attributed to
bottom-to-top Zn deposition. After 100 cycles, optical images of
the bare CF and SWA electrodes were acquired from the cells
(Figures S6 and S7). The bare CF electrode showed accelerated
dendrite formation in the top region, whereas Zn plating and
stripping in the SWA electrode occurred uniformly within the
bottom layer, leaving the middle and top CF layers electrochem-
ically inactive. The superior electrochemical stability of the SWA
electrode was further supported by the stable voltage profiles
observed between the 10th and 100th cycles, in contrast to the
significant voltage fluctuations seen in the bare CF (Figure 3b,c).
Therefore, the SWA electrode enables stable Zn plating/stripping
without CE loss, motivating further cycling validation in an
FL-ZBB full-cell configuration.

A stress cycling test was carried out in an FL-ZBB full-cell con-
figuration at 20 mA cm~2 for further comparison. To minimize
the influence of Br, crossover and isolate the degradation caused
by Zn dendrite formation, the full-cell tests were conducted
using a 2.8 M ZnBr, electrolyte containing 0.5 M 1-methyl-1-
ethylpyrrolidinium bromide (MEPBr) as the bromine capturing
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agent (BCA) [37]. BCA additives such as MEPBr are widely
employed in FL-ZBBs to stabilize Br, and suppress Br species
crossover-induced self-discharge and side reactions. Owing to
the absence of Br-containing species in the half-cell cycling,
BCA incorporation is required only in the full-cell system, where
suppressing Br-related parasitic reactions is essential for accu-
rately evaluating Zn deposition/stripping reversibility. Despite
the minimized Zn utilization (0.67%), the FL-ZBB with bare
CF delivered a lower average CE of 96.3% over 10 000 cycles,
whereas the SWA-based cell exhibited enhanced performance
with a CE of 97.5%. Energy efficiency (EE), which reflects the
overall reversibility of the cell by combining CE and voltage
efficiency (VE), was comparable for both cells (~68%) at the
beginning (Figure 4a). However, the bare CF cell showed a sharp
EE decline within 1000 cycles, eventually dropping to 49%. In
contrast, the cell with the SWA electrode exhibited robust cycling
performance, with no noticeable decrease even after 10 000
cycles. Owing to the negligible change in CE, the EE decay of
the bare CF cell is attributed to a reduction in VE. Br, generated
at the positive electrode during charging typically diffuses to the
negative electrode due to the inter-electrode chemical potential
difference, causing self-reduction with Zn metal and resulting in
CE loss [7]. Accordingly, the overpotential increase in bare CF
is mainly ascribed to ‘dead’ Zn buildup and cumulative Br, side-
reaction products. Indeed, the charge-discharge overpotential of
the bare CF cell increases markedly from 450 to 880 mV within
1,000 cycles (Figure 4b), whereas the SWA cell shows only a
minimal increase (Figure 4c). This, in turn, suggests that SWA-
guided Zn deposition suppresses ‘dead’ Zn formation, thereby
mitigating Br, crossover-driven Zn corrosion.

To further assess the practical viability of the SWA electrode
architecture, full-cell FL-ZBBs were cycled at a high Zn utilization
(33%), corresponding to an ultra-high areal capacity (100 mAh
cm~2), achieved for the first time [7]. While such conditions
offer significant gains in energy density, they also pose consider-
able challenges to electrochemical stability. High Zn utilization
increases the total amount of Zn deposited, which can impair
the uniformity of plating/stripping behavior and promote Zn
dendrite growth. Indeed, the bare CF cell failed at an early stage
due to dendrite-induced internal short-circuiting, as evidenced
by severe voltage fluctuations (Figure 5a), whereas the SWA cell
demonstrated stable cycling, maintaining smooth and consistent

charge-discharge voltage profiles over 20 cycles (Figure 5b).
This highlights the necessity of the SWA-guided bottom-up Zn
deposition for practical feasibility. Moreover, the bare CF cell
exhibited a markedly lower discharge capacity compared to the
SWA cell, likely due to bromine crossover. Excessive growth of Zn
dendrites can reduce interelectrode spacing, thereby increasing
the risk of bromine crossover. These unfavorable conditions
hinder efficient redox cycling and ultimately compromise the
long-term stability. As shown in Figure 5d,e, the cell with bare
CF experienced a sharp decline in CE (from 73.0% to 40.2%) and
EE (from 63.0% to 36.2%) within the first five cycles. In contrast,
the SWA cell consistently maintained its initial CE and EE (72.5%
and 61.9%, respectively) throughout cycling, achieving average
values of 78.4% and 67.0%, respectively. Reflecting these efficiency
differences, the volumetric energy densities calculated at the 10th
cycle were 32.1 Wh L! for the bare CF cell and 60.4 Wh L! for
the SWA cell. This significant disparity confirms that the SWA
architecture enables stable operation with sustained high energy
density particularly under ultra-high capacity conditions. This
robust performance under demanding high-capacity conditions
highlights the structural stability of the SWA electrode and
underscores its potential for practical application in high-energy
FL-ZBB systems.

3 | Conclusion

In this work, we propose an SWA-guided bottom-up Zn depo-
sition strategy to enable stable cycling under high-capacity
conditions. The notorious top-plating issue commonly observed
in 3D Zn hosts is effectively suppressed by periodically inserting
insulating porous membranes between stacked CF layers. These
membranes guide preferential Zn deposition directly beneath
the CF layer, where electrical connectivity is secured. The mem-
brane is intentionally designed to permit partial Zn penetration
during the deposition process, thereby electrically bridging the
separated CF layers. This enables bottom-to-top sequential Zn
deposition and maximizes the volumetric utilization of 3D Zn
host. Indeed, SWA-guided bottom-up Zn deposition markedly
suppresses excessive “dead” Zn, improving Zn CE to 99.2% (vs.
94.8% for bare CF). It also enables reliable cycling without
noticeable decay in CE or EE over 10 000 cycles in FL-ZBB cells.
Notably, we demonstrate for the first time the operability of a
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simple SWA electrode under conditions previously unattainable
with conventional CF, achieving 33% active materialutilization
and an ultra-high areal capacity of 100 mAh cm~2. Apart from the
current SWA design is proof-of-concept, inter-membrane should
be further optimized for controlled Zn penetration, reliable inter-
layer bridging, and regulated Zn stripping to enhance reversibility
and cycle life. Together with its configurational merits over
traditional flow batteries, we anticipate that this simple, scalable
SWA framework will open new possibilities for FL-ZBBs and be
extendable to diverse redox chemistries.

4 | Methods
4.1 | Cell platform Design for Electrochemical
Test

To evaluate the FL-ZBB, a custom-designed single cell structure
was utilized. Each single cell was composed of two bipolar plates,
Cu current collectors, and end plates. Two pieces of CF host
(4.6 mm, ceramaterial) were employed as the cathode and anode
within a polytetrafluoroethylene (PTFE) chamber. The CF acted
as a porous host that supported the electrochemical reactions
occurring at both electrodes. At the anode side, the CF provided
the conductive and porous interface required for the Zn/Zn**

plating/stripping reaction. At the cathode side, the Br~/Br, redox
couple in the electrolyte served as the active material. Therefore,
the electrochemical reactions at each electrode in the full-cell can
be represented by the half-cell reactions shown below:

At the negative electrode:

Zn** (aq)+2e~ < Zn°(s) (E° = —0.76 V vs SHE) €))
At the positive electrode:

2Br~ (aq)+2e~ < Br,(aq) (E°= +1.09 Vvs SHE) (2)

In the half-cell evaluation, one piece of CF and a Zn foil (250 pm,
Goodfellow) were used to assess the reversibility of Zn during the
plating/stripping process. The CF was thermally treated in an air
atmosphere at 530°C for 8 h prior to use to improve hydrophilicity
and electrolyte wettability, without causing any surface changes
(Figure S8) [38-40]. The electrode reaction area was uniformly
controlled to 3.92 cm? by the PTFE chamber size. A total of 8 mL of
electrolyte was evenly injected, 4 mL each at the top and bottom,
through holes in the PTFE chamber. The utilization of active
material was calculated based on the volume and concentration
of the electrolyte. Accordingly, a 10% active material utilization
corresponds to a value of 119 mAh. Similarly, active material
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FIGURE 5 | Voltage profiles of (a) bare CF and (b) SWA electrode during high-active material utilization conditions of FL-ZBB full-cell test at 10
mA cm~2, 100 mAh cm~2 (utilization 33%). (c) Voltage profile of second cycle, (d) CE and (e) EE under active material utilization of 33% condition.

utilization of 33% corresponds to a value of 392 mAh, calculated
using the same method.

4.2 | Characterization

To analyze the morphology of Zn electrodeposition, SEM cou-
pled with EDX (Hitachi-SU-8020) was employed. Additionally,
postmortem optical image analyses were conducted to investigate
the activation and deactivation mechanisms of the SWA electrode
under varying deposition capacities and current densities. To
validate the SWA concept in real time, an in situ cell capable of
monitoring the stripping and plating processes was fabricated.
Subsequently, ZnlICP cells were assembled and observed using
optical microscopy (ToupTek, SCMOS05100KPA).

4.3 | Electrochemical Test

As described earlier, all electrochemical tests were conducted
using the same single-cell structure. A hydrophilic PVDF mem-
brane (Merck Millipore, VVLP09050) and a ZrO, membrane
were placed between the CF (or Zn foil) to prevent internal
short circuits. Specifically, the ZrO, membrane was incorporated
to mechanically suppress Zn dendrite growth [41]. For short-
circuit time (T,,) test, NKK cellulose membrane beyond battery),
GF/F (Whatman), and PP3501 (Celgard) were utilized. Electrolyte

for a half cell was used with a 2.8 M ZnBr, in DI water, and
in a full-cell test, 0.5 M of 1-Methyl-1-ethylpyrrolidinium bro-
mide (MEPBr, 99%, Sigma-Aldrich) was added as a complexing
agent for bromine capturing in 2.8 M ZnBr,. A battery tester
(WBCS3000L, WonATech) was used for electrochemical perfor-
mance evaluation. All the electrochemical test were conducted in
a temperature-controlled chamber maintained at 25°C

4.4 | Computational Simulation

The two dimensions of Zn deposition model was constructed
using COMSOL multiphysics 6.2. The model domain was con-
structed by stacking VVLP layers between the three CP layers,
in the sequence of bottom CP followed by VVLP, middle CP
followed by VVLP, and top CP, and the thicknesses of each layer
were set to 80 um for the CP layers and 100 pm for the VVLP
layers, corresponding to Figure 2a. Since the VVLP acts as an
insulating layer, a columnar structure representing Zn dendrites
was incorporated to provide a conductive pathway between the
bottom CP and the middle CP. Both the CP and VVLP layers were
porous media, allowing Zn** ion to migrate through the structure.
Based on material’s property, the CP layers were assigned a high
electrical conductivity, whereas the VVLP layers were insulated to
prevent any electronic conduction between adjacent CP layers. Zn
electrodeposition reaction in the model was expressed following
equation: Zn** + 2e~ — Znwhich reflected the acidic electrolyte
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condition. The electrochemical simulation was performed under
galvanostatic condition based on Nernst-Planck equation and
deforming boundary method (Figure S9). Current was applied
only to the bottom CP electrode, while no external current was
applied to the middle or top electrodes. The electrochemical
parameters used in the model are summarized in Tables S2 and
S3.
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