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Zinc—bromine flow batteries (ZBFBs) are promising candidates for
large-scale energy storage, with their cycling lifetime determined by
the reversibility of the Zn anode. However, dynamic fluctuations in ion
concentration within the Inner Helmholtz Plane (IHP) at the Zn
anode—electrolyte interface inevitably induce Zn?* ion concentration
polarization and tip effects, resulting in dendrite growth and the
hydrogen evolution reaction (HER), thus ultimately shortening the
battery cycling lifetime. In this work, a Gd**-enriched IHP is recon-
structed by dynamically adsorbing Gd®* cations to maintain a uniform
Zn?* jon concentration and stabilize the electric field distribution
within the IHP. Specifically, the selective adsorption of Gd®* ions
promotes preferential growth of the Zn (101) crystal facet and repels
protons, thereby simultaneously suppressing Zn dendrite growth and
the HER. Benefiting from the highly stable IHP of the reversible Zn
anode, the Zn||Zn symmetric flow battery demonstrates over 10 000
cycles (more than 2000 hours) with an ultra-high cumulative areal
capacity of 53 A h cm~2. Meanwhile, the ZBFB with Gd>*-electrolyte
achieves over 3300 hours of charge—discharge cycling, showing a 22-
fold increase in cycling lifetime compared to the control electrolyte.
This study provides new insights into designing highly reversible Zn
anodes for flow battery systems with commercial grade cycling life.

1 Introduction

Aqueous Zn-bromine flow batteries (ZBFBs) are distinguished
by their intrinsic safety, low cost, and high theoretical energy
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density,"* positioning them as competitive technologies for
large-scale energy storage, particularly in renewable energy
integration and grid stabilization.*®* However, the unsatisfac-
tory cycle lifetime and low coulombic efficiency (CE) of ZBFBs,
associated with challenging issues on the Zn anode side, ie.,
dendrite growth and the hydrogen evolution reaction (HER),
significantly hinder their commercial deployment.®** More-
over, when adopting larger areal capacities and working
currents to achieve higher energy and power density of ZBFBs,
these irreversible anode side reactions can be exacerbated,
further degrading cycling stability.

The reversibility of the Zn anode is fundamentally deter-
mined by the stability of ion concentration and the uniformity
of ion distribution within the inner Helmholtz plane (IHP),
which acts as the interfacial layer between the Zn anode and the
electrolytes.’>® Specifically, Zn** cations inside the IHP are
gradually consumed during battery charging, i.e., the Zn plating
process, and meanwhile they are dynamically refilled from the
bulk electrolyte to maintain the stability of ion concentration, as
illustrated in Fig. 1a. However, the disparity between Zn*"*
consumption and replenishment rates leads to non-uniform
ion distribution and localized ion accumulation within the
IHP. It further gives rise to a non-uniform electric field to induce
concentration polarization and tip effects, which consequently
induces Zn dendrite growth.' Moreover, the as-formed Zn
dendrites, rich in charges, provide abundant active reaction
sites for adsorption and reduction of protons (H"), thus result-
ing in severe HER. This, in turn, leads to the accumulation of
residual hydroxide ions (OH™), which further react with Zn**
cations to form undesirable inert by-products within the IHP.
These insulating byproducts further disrupt the local ionic
environment to exacerbate concentration polarization and tip
effects.’>'® The root cause of the uneven IHP is the inherently
unstable ion distribution in this region, which becomes
particularly pronounced at high currents.

On account of the above-mentioned reasons, stabilizing the
IHP has been proven effective in improving Zn anode revers-
ibility, including electrolyte regulation'’** and electrode surface
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Fig. 1 Relationship between IHP ion concentration stability and Zn anode reversibility. (a) Unstable IHP configuration with non-uniform ion
distribution and localized ion accumulation for the irreversible Zn anode with Zn dendrites and the HER, where C; and Cj stand for the Zn* ion
concentrations in two different regions inside the IHP. (b) Stable IHP configuration with uniform ion distribution for a highly reversible Zn anode.

modification,** both aimed at achieving more uniform ion
distribution and stable ion concentration within the IHP.
However, it should be noted that the dominant research on IHP
regulations of Zn anodes has focused on traditional Zn-ion
battery configurations, i.e., the static button and soft pack
configurations, with comparatively little attention given to the
emerging Zn-based flow batteries. In static configurations,
where the electrolyte remains stationary relative to the elec-
trodes, the ion concentration and distribution in the IHP on the
electrode during the electrochemical reaction process can reach
a relatively stable equilibrium state over time. Consequently,
external disturbances to the ion concentration and distribution
are minimal. However, in the flow-battery setup, the electrolyte
is in a state of continuous flow across the electrodes. Because
the continuous influx of the fresh electrolyte with different ionic
concentrations constantly replaces the electrolyte near the
electrode surface, the ion distribution and concentration within
the IHP change more dramatically, thus inducing a severe
fluctuation in the number of ions adsorbed or desorbed at the
electrode-electrolyte interface involved in the electrochemical
reaction. This phenomenon leads to great challenges in main-
taining a stable electrochemical environment within the IHP,
i.e., the low efficiency of charge transfer, intensified local reac-
tions, and mechanical stress and chemical changes on the
electrode surface. This complex interplay between electrolyte
flow, ion behavior in the IHP, and electrode-electrolyte inter-
actions is a key area of study in optimizing the energy efficiency
of flow batteries.

Regarding IHP modification, some organic additives have
been screened and introduced into the electrolytes within
button and soft pack configuration, such as MPS,"” B-CD,"
pyridine (Py),* imidazole group,”® and malate,® which can
adsorb within the IHP to uniformly induce a steric hindrance
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effect to avoid Zn”* aggregation and dendrite growth. Moreover,
creating a water-deficient IHP through the in situ formation of
a PEDOT:PSS hydrogel-based coating layer has been shown to
suppress HER side reactions.” However, these IHP modifica-
tion strategies can impede Zn>" deposition kinetics by virtue of
steric hindrance, and the surface coating strategy may not be
applicable to the three-dimensional electrodes typically used in
flow batteries. On the other hand, effective electrode materials
have been developed, including N-doped porous carbon elec-
trodes,” Zn@ZnS zincophilic electrodes,” and Zn@SiO,-SA
electrodes,” which provide additional Zn nucleation sites to
achieve uniform ion distribution within the IHP. Even though
a uniform deposited Zn morphology can be realized, these
modifications on electrodes/current collectors are mainly
effective at low areal capacities of the Zn anode in Zn-ion battery
systems, e.g., typically below 3 mA h cm 2, and the irreversible
reaction still occurs after the modified electrode surface is fully
covered by thicker deposited Zn. It might not support the
desired higher areal capacities, e.g., generally above
10 mA h cm™2, and thus fails to achieve improved energy flow
batteries. Therefore, developing an effective IHP modification
strategy, which can stabilize ion concentration and homogenize
ion distribution on the dynamically changing electrolyte/
electrode interface under the continuous flow of electrolytes,
is essential for achieving stable and reversible Zn anode
chemistry in ZBFBs, but greatly challenging.

In this study, we present an innovative strategy to recon-
struct the IHP of zinc deposition on a 3D carbon felt (CF)
electrode, serving as the Zn@CF anode for ZBFBs by intro-
ducing rare earth element-based cations, i.e., Gd*" ions, into the
electrolyte to achieve improved anode/electrolyte interfacial
electrochemical chemical stability. Specifically, the Gd*" ions
adsorb within the IHP of Zn@CF forming a Gd**-enriched THP

This journal is © The Royal Society of Chemistry 2025
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that significantly improves the uniformity and stability of ion
concentration within the IHP, thereby minimizing ion concen-
tration polarization and edge effects, as illustrated in Fig. 1b.
Additionally, this modified IHP forms a stable, dynamic ion
adsorption layer, which functions as an electrostatic shielding
layer. This layer is highly adaptable to the three-dimensional
electrodes in flow batteries. Moreover, the reconstructed THP
influences the growth behaviors of zinc deposition by modu-
lating crystal facet orientation through electrostatic shielding,
leading to a distinct Zn (101) crystal orientation on the 3D
Zn@CF electrode. The Gd**-enriched IHP layer also prevents
direct contact between the Zn@CF electrode and H' ions,
effectively suppressing the HER and related byproducts. Thus,
this research provides novel perspectives on establishing
a Gd*"-enriched THP, aiming to improve the reversibility of
Zn@CF anodes in Zn-based flow batteries.

2 Results and discussion

2.1 Deposition behaviors of Zn>* ions on 3D carbon felt
based on the Gd**-enriched IHP

The utilization of an additive in the electrolyte for the IHP
reconstruction of the Zn@CF electrode is investigated by dis-
solving 0.3 M gadolinium nitrate (Gd(NO3);) in 2 M ZnBr, as the
baseline electrolyte, referred to as the Gd**~ZnBr, electrolyte.
First, the nucleation overpotentials of Zn||Zn symmetric flow
batteries are measured, and the battery with the Gd*'-ZnBr,
electrolyte exhibits a higher nucleation overpotential (—51 mV)
compared to the battery using the control pure ZnBr, electrolyte
(—31 mvV) (Fig. S17). Additionally, the collected cyclic voltam-
metry (CV) curves indicate that Zn nucleation in the Gd**~ZnBr,
electrolyte (E4E, = 27 mV) shows a larger polarized potential
compared to the pure ZnBr, electrolyte (P,P, = 18 mV, Fig. 2a).
These results indicate that the addition of Gd*" ions causes
higher energy for Zn>" reduction on the Zn deposit surface
during the early nucleation stage. As shown in Fig. 2b, the Zn
deposition process is further investigated wusing chro-
noamperometry (CA) to characterize the concentration changes
of electroactive species in the vicinity of the electrode surface.”®
In the control electrolyte without Gd** ions, the response
current presents a gradual downward trend throughout the
entire test. In contrast, the electrolyte with Gd** ions features
a slight decrease in response current within the first 60 seconds
and then stabilizes throughout the CA test. This phenomenon
indicates that the Zn deposition process has changed from
a chaotic 2D diffusion mode into an ordered 3D diffusion mode
by introducing Gd** ions, as illustrated in the inset of Fig. 2b.?’

On the other hand, no Gd metal is detected on the carbon
felt after the electrodeposition process in the Gd**~ZnBr, elec-
trolyte, implying that the Gd*" ions are not electrochemically
reduced, as confirmed by X-ray photoelectron spectroscopy
(XPS) (Fig. S21) and X-ray diffraction (XRD) (Fig. S3t).>® This is
correlated with the fact that the reduction potential of Zn*" ions
(—0.76 V vs. SHE, standard hydrogen electrode) is much higher
than that of Gd*" ions (—2.27 V vs. SHE). Moreover, the zeta
potential of the Zn metal in the Gd*'-ZnBr, electrolyte is
35.13 mV, which is positive and much higher than the value

This journal is © The Royal Society of Chemistry 2025
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(2.23 mV) observed for the pure ZnBr, electrolyte (Fig. 2c and
S4t). This indicates the specific adsorption of cationic Gd** ions
inside the IHP of the Zn metal, consistent with previous studies
showing that metal cations, such as Y**?* Sr***° and Ce***
stably adsorb on Zn metal, forming dynamic electrostatic
shielding layers to regulate ion distribution and Zn deposition
behavior. The Gd**-ZnBr, electrolyte exhibits higher ionic
conductivity compared to the pure ZnBr, electrolyte measured
at different temperatures (Fig. S51). Moreover, the activation
energies for Zn deposition in the Gd*'-ZnBr, electrolyte
(27.10 kJ mol ") are relatively higher compared to those in the
pure ZnBr, electrolyte (23.03 k] mol ") (Fig. S61). This suggests
that more energy is required to drive Zn>" transfer at the Zn
electrode/electrolyte interface in the Gd**-ZnBr, electrolyte,
which can be attributed to the preferential adsorption of Gd**
ions onto the Zn electrode as an electrostatic shielding layer.**?*

High-resolution transmission electron microscopy (HRTEM)
analysis is performed to characterize the texture of the depos-
ited Zn metal. Specifically, one major crystalline facet of the Zn
deposits in the Gd**~ZnBr, electrolyte shows a lattice spacing of
0.209 nm, which corresponds to the (101);, facet of Zn (Fig. 2d).
In contrast, in the control pure ZnBr, electrolyte, the deposited
Zn displays more lattice fringes of different facets, such as the
(002);,, facet with a spacing of 0.247 nm and the (100),, facet
with a spacing of 0.231 nm (Fig. 2e). These results imply
a preferential growth orientation of the (100)., facet in the
Gd*'-ZnBr, electrolyte. To further verify the preferential facet
growth, X-ray diffraction (XRD) analysis is conducted on the
deposited Zn for different deposition durations. In the pure
ZnBr, electrolyte, the intensity ratio of the (100)z, and (002)z,
facets decreases from 1.89 to 1.24 (Fig. 2f). Conversely, in the
Gd**~ZnBr, electrolyte, the intensity ratio of the (101)y, peak to
the (002);, peak increases from 1.71 to 2.13, along with the
increase in the capacity of deposited Zn, indicating a distinct
preferential growth of the (101),, facet (Fig. 2g and Table S17).
Furthermore, the X-ray pole figure results also reveal the (101),
facet dominates and uniformly distributes the deposited Zn
from the Gd*"-ZnBr, electrolyte (Fig. S77).

2.2 Preferential adsorption of Gd*" ions in the IHP for
a uniform Zn morphology

To explore the preferential growth of the (101), plane, molec-
ular dynamics (MD) simulations are conducted to study the
adsorption behaviors of Gd** ions on different Zn crystal facets.
The number of ions, molecules, total atoms, and the size of the
simulation box for the modeling system are shown in Table S2.}
Specifically, three Zn facet models are studied on (002),,
(100)z,, and (101)z, planes in the hexagonal close-packed
crystal structure of Zn metal according to the XRD results
(Fig. 3a-c and S87),**% respectively, where the Gd*'-ZnBr,
electrolyte is applied to the planar Zn electrodes with different
facets (Fig. S91).

The numbers of cations adsorbed onto the interfacial IHP of
the (002)z,, (100)z,, and (101),, crystal facets are shown in
Fig. 3d, S10 and Table S3.1 Specifically, the numbers of Gd**
ions on the surface of the (002),,, (100),,, and (101),, crystal
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Fig. 2 Electrochemical and Zn facet growth behaviors of the Zn@CF anode. (a) CV profiles in ZnBr, and Gd>*-ZnBr, electrolytes with a three-
electrode system, and the inset shows the overpolarized potential for Zn nucleation. (b) CA trails for the Zn nucleation process in ZnBr, and
Gd**-ZnBr, electrolytes, respectively. (c) Zeta potentials of Zn metal in ZnBr, and Gd®>*—ZnBr, electrolytes, with the inset illustrating the ion
adsorption mechanism at the inner IHP. (d) HRTEM images of the deposited Zn inside the Gd®>*—ZnBr, electrolyte and the (e) ZnBr. electrolyte,
respectively. (f) and (g) XRD of Zn crystal growth behavior on CF at 20 mA cm™2 in the ZnBr, and Gd**-ZnBr, electrolytes.

facets are 12, 11, and 7, respectively. On the other hand, the
corresponding numbers of Zn>* ions on the (002)zy, (100)z,, and
(101),, crystal facets are 50, 58, and 69, respectively. Thus, the
higher number of Gd*" ions and the lower number of Zn** ions
indicate competitive adsorption between Gd** and Zn>* ions,
leading to the formation of the Gd*'-enriched IHP on the
(002);, and (100);, facets. These competitive adsorption
behaviors correlate with the steric hindrance and electrostatic
shielding effects. The adsorbed Gd** ions can repel the subse-
quent adsorption of Zn** ions on the surface of (002);, and
(100), planes, thereby promoting preferential Zn deposition
onto the (101)z, plane. This is further supported by the lower
adsorption energy of Gd*" ions on the Zn (101)z, crystal facet
with less electrostatic repulsion, which is lower (—111.62 eV)
than those of the (002), facet (—134.28 eV) and the (100), facet
(—134.01 eV), as shown in Fig. 3e.

24458 | J Mater. Chem. A, 2025, 13, 24455-24465

Subsequently, the deposited Zn morphologies for 10, 15, 20,
and 30 minutes in different electrolytes are analyzed. As shown
in Fig. 3f, the scanning electron microscopy (SEM) images show
a gradual increase in the size of Zn clusters with a coarse
morphology as the Zn deposition capacity increases. It leads to
the formation of more dendritic structures on the carbon felt in
the pure ZnBr, electrolyte. In contrast, the deposited Zn in the
Gd*'-ZnBr, electrolyte exhibits a uniform and dense Zn
morphology composed of fine-grained Zn nucleation, which
promotes a dendrite-free morphology. The surface morphology
evolution of the deposited Zn in two different electrolytes is
monitored in situ, where the flat Zn foil electrode is employed to
facilitate direct observation of Zn deposition morphology (Fig.
S117). As shown in Fig. S12,f the Zn electrode deposited at 20
mA cm 2 in the control pure ZnBr, electrolyte exhibits uneven
protrusions after 1.67 mA h cm > deposition, and these

This journal is © The Royal Society of Chemistry 2025
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deposited at 20 mA cm™2 in the ZnBr, and Gd>*-ZnBr, electrolytes.

protrusions become more pronounced after 5 mA h cm 2

eventually forming mossy-like Zn dendrites. In contrast, the Zn
electrode deposited in the Gd**~ZnBr, electrolyte maintained
a flat and dense surface of Zn deposits. This in situ observation
of Zn deposition morphology further verifies the improving
effect of Gd** ions in promoting oriented crystal growth.

2.3 Dynamic electrostatic shielding effect of Gd** ions in
IHP

Based on the above results, it is proposed that the Zn electro-
deposition behaviors are regulated by the preferential adsorp-
tion of Gd** ions inside the THP.>*¥ Specifically, cations are

This journal is © The Royal Society of Chemistry 2025

adsorbed onto the Zn deposit interface of 3D carbon felt,
creating a Gd*"-enriched and positively charged THP (Fig. 4a and
b). It results in the surface potentials shifting from ¥, to ¥ and
WE’ respectively, corresponding to the ZnBr, and the Gd**-ZnBr,
electrolytes.®* In the Gd*'-ZnBr, electrolyte, Gd** ions pref-
erentially adsorb inside the IHP to impart a higher net positive
charge to the electrode surface. The Gd**-enriched IHP enables
electrostatic repulsion to prevent Zn** ion aggregation, mini-
mizes the electrostatic potential gradient, and stabilizes the IHP
with a more uniform ion distribution.*” The stronger electro-
static repulsion prevents Zn>" ion aggregation and dendrite
growth. Accordingly, Gd®" ions exhibit higher adsorption

J. Mater. Chem. A, 2025, 13, 24455-24465 | 24459
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energy, with more Gd** ions adsorbed on the (002),, and (100),
crystal facets, forming a dynamic electrostatic shielding layer
that retards Zn growth kinetics, as shown in Fig. 4c and d. In
contrast, Gd*" ions exhibit lower adsorption energy on the
(101)z, facet, with fewer Gd** ions adsorbed and less electro-
static shielding for Zn>" ions, leading to preferential deposition
on the (101),, facet (Fig. 4e). Ultimately, in the ZnBr, electrolyte,
the unstable IHP causes random deposition and dendrite
formation (Fig. 4f), whereas, in the Gd*'-ZnBr, electrolyte, the
enhanced IHP stability promotes orderly Zn deposition on the
(101),, facet (Fig. 4g). The predominance of Zn deposition on
the (101) facet creates a uniform electrochemical environment
across the electrode surface, ensuring consistent nucleation
and growth conditions on all active sites. This uniformity
prevents preferential deposition at specific locations, thereby
suppressing dendrite formation and enhancing the reversibility
of the Zn@CF anode.

2.4 Suppressed HER by the proton shielding effect of the
reconstructed IHP

Besides the uncontrolled Zn dendrites, the HER is another
undesirable side reaction on the Zn@CF electrode. Linear

24460 | J Mater. Chem. A, 2025, 13, 24455-24465

sweep voltammetry (LSV) is performed in two different elec-
trolytes, showing that the Zn electrode in the Gd**~ZnBr, elec-
trolyte exhibits a 10 mV larger HER overpotential compared to
that in the pure ZnBr, electrolyte (Fig. 5a). Furthermore,
according to the Tafel results, the corrosion current density in
the pure ZnBr, electrolyte, which is 13.5 mA cm >, is signifi-
cantly larger compared to that of the Zn electrode in the Gd**-
ZnBr, electrolyte (8.5 mA cm ™2, Fig. 5b). To further assess the
HER inhibitory effect, Zn||Zn symmetric flow batteries are
assembled based on the two electrolytes and cycled at 50 mA
em ™ (5 mA h em™?) for 50 cycles. After cycling, the Zn anodes
are analyzed using X-ray diffraction (XRD), showing that the
Zn@CF electrode cycled in the pure ZnBr, electrolyte exhibits
a large amount of Zns(OH)gBr,-H,O byproducts (Fig. 5c),*®
which originated from the HER as shown in the following
formulation:

3Zn(OH,)¢*" + 2Zn*" + 2Br~ + 2x — 8)H' + 2xe™ —
Zns(OH)gBr2~H20 + 9H20 + tzT

In contrast, only metallic Zn is observed on the anode, with no
by-products found in the battery cycled in the Gd*'-ZnBr,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Analysis of Zn@CF anode reversibility. (a) LSV profiles of Zn electrodes in the ZnBr, and Gd®*-ZnBr., electrolytes. (b) Tafel curves in the
ZnBr, and Gd**-ZnBr, electrolytes. (c) XRD patterns of deposited Zn after 50 cycles of the Zn||Zn symmetric flow batteries at a current density of
50 mA cm~2and 5 mA h cm™2, demonstrating reduced byproducts in the Gd**—ZnBr, electrolyte. (d) The volume variations of H during cycling.
(e) Voltage profiles of Zn||Zn flow batteries utilizing ZnBr, and Gd**-ZnBr, electrolytes at 50 mA cm™2and 5 mA h cm™2, and the insets show the

amplified voltage profile in different cycles. (f) XRD patterns of precipitates in ZnBr, electrolyte after 520 cycles at 50 mA cm~2and 5mA hcm

-2

and the inset shows the containers of ZnBr, and Gd**-ZnBr, electrolytes after 520 cycles, respectively. (g) Diagram of the Gd*>*-enriched IHP
suppressing undesirable parasitic reactions, and the insets show the influence of the IHP on protons.

electrolyte. These results reveal the stabilizing effect of Gd**
ions in inhibiting HER side reactions for enhanced reversibility
of Zn@CF electrodes.

The volume of hydrogen produced at the Zn@CF anode is in
situ characterized in the flow battery configuration based on
different electrolytes. The variation in H, evolution flux
throughout the battery cycling process is shown in Fig. 5d.** At
a current density of 40 mA cm ™2 with a deposition capacity of
5 mA h cm ™2 per cycle, the amount of H, evolution in the ZnBr,
electrolyte reached 30 ppm after 1 hour (4 cycles). After 6 hours
of operation (24 cycles), the H, content in the ZnBr, electrolyte

This journal is © The Royal Society of Chemistry 2025

rises to 169 ppm, which is four times higher than the 42 ppm in
the Gd*>'-ZnBr, electrolyte, where the HER is effectively sup-
pressed. On the other hand, it can also be confirmed by in situ
measurements of the pH variations in the electrolyte on the
Zn@CF anode side of the flow battery. Throughout the 6-hour
test, the pH of the Gd**-ZnBr, electrolyte remains relatively
stable with a smaller variation (from 4.20 to 4.56) compared to
the pure ZnBr, electrolyte (from 4.20 to 4.90), which can be
attributed to the less H, evolution and the consequent OH™
produced (Fig. S13%).*** By measuring the variations in H,
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evolution flux and pH values, the Gd*'-ZnBr, electrolyte is
shown to inhibit irreversible HER at the Zn@CF anode.

To further assess the impact of the Gd**-enriched IHP on the
performance of Zn-based flow batteries, Zn||Zn symmetric flow
batteries with different electrolytes are characterized at various
current densities ranging from 20 to 100 mA cm ™2 (Fig. S14at).
The voltage hysteresis values of the Gd**-ZnBr, electrolyte
range from 58 to 260 mV, higher than those of the pure ZnBr,
electrolyte, which range from 52 to 240 mV. As shown in Fig.
S14b,i the exchange current density (i,) of the Gd*'-ZnBr,
electrolyte is relatively lower at 21.22 mA cm ™2 than that of the
pure ZnBr, electrolyte of 22.37 mA cm ™. This is related to the
relatively slow kinetics of Zn electrodeposition, which promotes
preferential growth on the (101), plane. The Zn||Zn symmetric
flow batteries are tested to evaluate the cycling stability of the
Zn®@CF anode in two different electrolytes. At a high current of
100 mA cm ™2 and an areal capacity of 10 mA h cm ™2, the Zn||Zn
symmetric flow battery using the Gd*'-ZnBr, electrolyte
exhibits markedly improved cycling stability. It lasts for over
4900 cycles, with a cumulative areal capacity of 49 A h em™>.
This performance is approximately 15.3 times longer than that
of the battery using the pure ZnBr, electrolyte, which only lasts
for 320 cycles (Fig. S157). Moreover, at a smaller areal capacity of
5 mA h em™2 at 50 mA cm ™2, the Zn||Zn symmetric flow battery
with the Gd**-ZnBr, electrolyte maintains stable operation over
10 000 cycles and 2000 hours (Fig. 5e). This leads to a cumula-
tive areal capacity of 53 A h cm ™2, approximately 20 times longer
than the battery with the pure ZnBr, electrolyte, which lasts only
520 cycles. The increased polarization in the control Zn||Zn cell
results from uneven Zn deposition and accumulation of insu-
lating byproducts, which increase interfacial resistance and
hinder ion transport. This leads to deteriorated electrode
kinetics and reduced reversibility, ultimately causing cell
failure.

It should be noted that there is a chance for “soft shorts” (SS)
in the symmetric batteries to overestimate the cycling stability,*
which refers to the small localized electrical connection
between two electrodes that enable the coexistence of direct
electron transfer and interfacial reaction.*®*” To verify it, EIS is
performed during the cycling of the Zn||Zn symmetric flow
batteries at a high current density of 100 mA cm 2. Due to
differences in interfacial reaction kinetics and diffusion limi-
tations, the voltage curve of a standard symmetric battery typi-
cally exhibits a slope (Fig. S16at). Moreover, as illustrated in Fig.
S16b,t the impedance R, at different cycle numbers (1st/25th/
50th/250th) was tested. There are no sudden drops of R, which
indicates that there are no soft shorts during the long-term
cycling by utilizing the Gd**-ZnBr, electrolyte.**

To further elucidate the role of the Gd*" ions in improving
the cycling stability of flow batteries, the electrolytes of the
batteries after cycling are investigated. As shown in the inset of
Fig. 5f, the flow battery using the pure ZnBr, electrolyte con-
tained many gray-color precipitates in the control electrolyte
tank after 520 cycles (when the control battery fails) at 50 mA
cm 2 and 5 mA h ecm 2. These precipitates are likely byproducts
and dead Zn generated during battery cycling, which is collected
and identified as Zn;(OH)gBr,-H,0 and Zn metal according to
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the XRD results. In contrast, the Gd**-ZnBr, electrolyte remains
clean with no precipitates (Fig. 5f). Similar findings can be seen
after 320 cycles at a larger current of 100 mA cm™> and a larger
areal capacity of 10 mA h cm ™2 (when the control battery fails in
the pure ZnBr, electrolyte) (Fig. S17t). These results demon-
strate that enhancing the stability of the IHP effectively
improves the reversibility of the Zn@CF anode in flow batteries.
The inhibition of Zn dendrite formation and the HER by
applying a stable IHP is illustrated in Fig. 5g. Specifically, in the
pure ZnBr, electrolyte, the unstable IHP leads to concentration
polarization and an uneven electric field, causing Zn>" ions to
laterally diffuse across the IHP and deposit at energetically
favorable sites. Therefore, it results in Zn dendrite formation
and exaggerates the HER as the irreversible Zn@CF anode. In
contrast, the preferential adsorption of Gd*" ions restructures
and stabilizes the Gd**-enriched IHP with a dynamic electro-
static shielding layer, which prevents the direct contact between
the Zn®@CF electrode and protons in the electrolyte, thereby
suppressing the HER and the by-product formation.

2.5 Performance of ZBFBs based on the Gd**-enriched IHP

ZBFBs based on Gd**-ZnBr, and the ZnBr, negolytes are
assembled, respectively (Fig. 6a), which are cycled at different
current densities ranging from 20 to 100 mA ¢cm ™. The rate
performance and the corresponding GCD profiles in Fig. 6b, c,
and $18t confirm that Gd**~ZnBr, as the negolyte is superior to
the pure ZnBr, negolyte. Specifically, flow batteries assembled
with the Gd**~ZnBr, negolyte exhibited higher CE and EE due to
the significantly enhanced electrode/negolyte interfacial elec-
trochemical stability, as proven above.

The ZBFBs assembled with the pure ZnBr, negolyte show
a sharp decline in CE after 150 hours of cycling at a current
density of 20 mA cm ™2 and an areal capacity of 10 mA h cm ™2, as
shown in Fig. 6d. In sharp contrast, the ZBFB based on the
Gd**-ZnBr, negolyte operates stably up to 3300 hours, and it
achieves a cumulative areal capacity of over 33 A h cm ™2, which
represents a 22-fold increase in cycling lifetime compared to the
control pure ZnBr,-based ZBFB. Cumulative areal capacity
serves as a key parameter for quantifying the total zinc depo-
sition and stripping during cycling.®** A higher cumulative areal
capacity correlates with improved cycling stability and revers-
ibility of the zinc anode, which are critical for maintaining high
energy and consistent energy storage. Moreover, the ZBFB
operates continuously for 2000 cycles based on the Gd**-ZnBr,
negolyte at a higher current density of 40 mA cm ™2 and an areal
capacity of 5 mA h cm™?, achieving a cumulative areal capacity
of 10 Ah cm 2. As for the flow battery with pure ZnBr, negolyte,
only 150 cycles are realized (Fig. 6e). The inferior performance
of the battery with pure ZnBr, negolyte could be attributed to
the continuous accumulation of Zn dendrites, irreversible HER,
and byproducts on the anode side, causing short circuits in
ZBFBs. Additionally, the selected GCD profiles of ZBFBs, cor-
responding to Fig. 6d and e, are presented in Fig. S19.7 The
profiles show that batteries assembled with pure ZnBr, negolyte
begin to fluctuate, with a significant decline in CE around 150
cycles. The corresponding time-voltage curves are exhibited in

This journal is © The Royal Society of Chemistry 2025
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Zn@CF anodes in ZBFBs, and the details are listed in Table S4.+

Fig. S207 and the obvious voltage fluctuations can be observed
at the point of battery failure (inset of Fig. S207).

Lastly, the cumulative areal capacity and cycling stability are
superior those of previously reported ZBFBs (Fig. 6f; the
comparison details are shown in Table S4t). Specifically, the
cumulative capacity achieved is 33 A h cm ™2 at a current density
of 20 mA cm ™ by applying the Gd*>*~ZnBr, negolyte, which
exceeds other cumulative capacities compared to previously
reported studies on Zn@CF anode reversibility in ZBFBs. This
highlights the effectiveness of stabilizing the IHP in improving
battery performance.

This journal is © The Royal Society of Chemistry 2025

3 Conclusion

In summary, a Gd*"-enriched IHP is reconstructed to signifi-
cantly improve the reversibility of the Zn anode and cycling
performance in ZBFBs, which acts as an electrostatic shielding
layer to ensure uniform ion concentration and electric field
distribution. The inert and dynamic nature of the reconstructed
IHP makes it highly suitable for three-dimensional electrodes in
flow batteries. It mitigates concentration polarization and tip
effects, while simultaneously promoting preferential growth on
the Zn (101) crystal facet and suppressing the HER. As a result,
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the ZBFB achieves ultra-long cycling stability, with 3300 hours
of charge-discharge cycling and a cumulative capacity of 33 A h
cm ™~ at 20 mA cm™ >, representing a 22-fold increase in cycling
lifetime compared to the control ZnBr, negolyte. This study
highlights rare-earth Gd** ions as a highly effective additive for
enhancing IHP stability and Zn anode reversibility, providing
valuable insights for developing high-performance Zn-based
flow batteries.
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