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High-energy aqueous metal batteries are promising candidates for the next-
generation energy storage systems but face critical challenges of dendrite and
corrosion in metal negative electrodes. To address these issues, we report an
aqueous cadmium-metal battery employing a fast-kinetics structure-breaking
electrolyte composed of CdCl, and NH,CI. The addition of NH,Cl induces the
formation of dual structure breakers, NH," and tetrachlorocomplex
([CdCl,4J*), which facilitate fast charge transfer kinetics in aqueous cadmium-
metal batteries and endow dendrite-free/corrosion-resistant capabilities to Cd
negative electrodes. This tailored electrolyte realizes a convincing Coulombic
efficiency (99.93%) for Cd plating/stripping behavior at a high Cd utilization of
55%, making it suitable for practical applications. Moreover, the fast-kinetics

aqueous cadmium-metal batteries exhibit remarkable compatibility with
diverse types of positive electrodes, including conversion-, coordination-,
intercalation- and capacitance-type, offering enhanced rate performance and
durable rechargeable stability. These results establish a robust and scalable
aqueous battery design for sustainable energy storage systems.

The transition from carbon-rich fossil fuels to environmentally friendly
renewable energy sources to achieve decarbonization has become a
fundamental goal across academia, industry, and government’. How-
ever, the increasing reliance on renewable but intermittent energy
sources—such as solar, wind, and tidal power—necessitates the devel-
opment of cost-effective, safe, and durable energy storage solutions
for large-scale electricity storage”. Although lithium-ion batteries have
successfully dominated the market for high specific energy applica-
tions, they may not be the optimal choice for all scenarios, particularly
for grid-scale energy storage, due to their reliance on flammable
organic electrolytes and scarce electrode materials’. In contrast, aqu-
eous metal batteries have emerged as promising candidates in various
energy storage contexts, offering high power density, fast-charging
capability, minimized safety risks and lower manufacturing costs’.
However, the key challenge lies in lack of reliable aqueous energy
storage systems to support the decarbonization of renewable elec-
tricity generation. This explains why century-old lead-acid batteries,

despite their low specific energy (30-50 Wh kg™), remain essential for
grid-scale energy storage, portable electronics and electric vehicles™.
In recent years, rechargeable aqueous zinc-metal batteries (AZBs) have
been considered promising candidates for multi-scenario storage
applications”®. The metallic zinc (Zn) is one of the few metal negative
electrode capable of reversible plating/stripping behavior in aqueous
media while offering a suitable redox potential (-0.76 V vs. standard
hydrogen electrode, SHE) and high specific capacity (820 mAhg™).
AZBs fitted with manganese (Mn)-based, vanadium (V)-based, and
organic positive electrodes are attractive for their high theoretical
specific energy (60-250 Whkg™)’. However, the fatal issues of cell
shorting by dendrites and passivation due to corrosion have hindered
the deployment of this technology'*".

Motivated by this background, several emerging metal negative
electrodes are being investigated as potential alternatives to Zn
negative electrodes, such as iron (Fe)'>"", indium (In)"**¢, nickel (Ni)"?,
tin (Sn)**%, copper (Cu)***, and bismuth (Bi)**. While these metal
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negative electrodes exhibit impressive electrochemical properties,
they still face varying degrees of challenges for next-generation
energy storage applications (Fig. 1a). For instance, Fe negative elec-
trodes suffer from passivation reactions that hinder ionic transport”.
In is a rare and noble metal, making it unsuitable for large-scale
energy storage’. The plating/stripping behavior of Ni negative
electrode exhibits sluggish kinetics, resulting in high potential
polarization®*, The redox potentials of the Cu?*’/Cu (+0.34 V vs. SHE)
and Bi*/Bi (+0.32 V vs. SHE) couples are too high for practical use in
batteries***°. In contrast, acidic Sn-metal batteries paired with acidic
positive electrodes show greater promise, whereas preventing Sn*'
shuttle and the subsequent redox reactions of Sn*’/Sn*" at the posi-
tive electrode surface is a prerequisite for ensuring the normal
cycling of the battery®. To address these challenges, recently, Wu'’s
group proposed a competitive aqueous cadmium-metal battery
(ACB) utilizing a 1mol L™ CdCl, electrolyte®. Herein, the metallic
cadmium (Cd) negative electrode not only possesses the dendrite-
resistant and corrosion-resistant capabilities but also exhibits a high
specific capacity (477mAhg?”) and a suitable redox potential
(-0.40V vs. SHE), as shown in Fig. 1a. This gives Cd negative elec-
trode several advantages over other metal anodes, including the Zn
negative electrode (Fig. 1a, b). While the study by Wu et al primarily
aims to advance the understanding of Cd plating chemistry, it also
highlights the practical significance of developing ACBs®. Further-
more, Cd is inherently present in Zn ores, such as Zn(Cd)S, with
approximately 90-98% of global Cd resources found in these
deposits™. As a result, Cd extraction is an inevitable by-product of Zn
mining and refining®. Advancing ACB technology not only offers a
meaningful application for this by-product but also complements the
ongoing development of Zn-based energy storage systems.

In this work, we introduce the ACB operating with a fast-kinetics
structure breaking electrolyte (SBE) composed of CdCl,+ NH4CI.
Unlike classical water-in-salt electrolytes®~*°, which reduce H,0 activ-
ity by increasing salt concentration but compromise charge transfer
kinetics due to their high viscosity and low ionic conductivity*’, the
SBE achieves fast-kinetics advantage by leveraging the concept of
structure breaker. The structure breaking is a strategy that introduces/
forms specific structure breakers, e.g., K, NH,", CI', and [AuCl,]” with
large sizes and low charge densities, which form loosely bound sol-
vation shells, enhancing diffusion and lowering viscosity of
solutions*™*%, Our proposed SBE inherits these features. The inclusion
of concentrated NH,Cl promotes the formation of dual structure
breakers, NH," and tetrachlorocomplex ([CdCl,J*), which disrupt the
ordered H,O molecule structure, reduce electrolyte viscosity, and
enhance exchange current of ACBs. Therefore, the SBE facilitates the
fast kinetics in ACBs and endows dendrite-free and corrosion-resistant
capabilities in Cd negative electrodes. As a result, the tailored SBE
enables convincing Coulombic efficiency (CE) of 99.93% and the aging
CE of 99.34% for Cd plating/stripping behaviors at a high negative
electrode utilization (NEU) of 55% (5 mAh cm™). This practical perfor-
mance makes numerous high-energy and durable aqueous batteries
based on Cd negative electrode and SBE possible, including but not
limited to Cd||l, cells, Cd||[MnO; cells, Cd||V,Os cells, Cd||organic cells,
Cdllair cells, and Cd-ion hybrid capacitors (Fig. 1c, d). Their diversity
and universality are demonstrated through the use of four repre-
sentative types of positive electrodes, intercalation-type V,Os,
capacitance-type active carbon (AC), coordination-type organic poly-
aniline (PANI), and conversion-type Cdl,. Overall, our work suggests a
practical ACB with the potential to support robust energy storage
applications.
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Fig. 1| ACBs for energy storage applications. a Schematic of redox potentials,

specific capacities, and characteristics of different electrodes in aqueous electro-
lytes. b Advantages of Cd negative electrode compared to Zn negative electrode.
¢ Schematic diagram of the proposed ACBs featuring a Cd negative electrode and

electrolyte, paired various types of positive electrodes, including conversion-,
insertion-, coordination-, capacitance-type positive electrodes. d Advantages of
ACBs compared to AZBs.
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enabled by structure breaker. b Structure making and breaking ability for different
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spheres, respectively in (c). e, f Dynamic viscosity (e) and exchange current (f) of 1C
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electrolyte without/with extra chlorides with increased concentrations. See Sup-
plementary Figs. 8-13 for details on exchange current measurements. g, h Polar-
ization voltage of Cd||Cd symmetric cells at different current densities in
CdCl, + LiCl system (g) and CdCl, + NH4CI system (h). i Corresponding current
density-varied Cd plating/stripping performance of Cd||Cd symmetric cells in 1C,
1C6L, and 1C6N electrolytes (derived from Supplementary Figs. 18-23). An average
testing temperature of 25 + 2 °C was maintained in (f-i).

Results
Guidelines for structure maker and structure breaker
Before beginning the discussion in this work, we first introduce two
microscopic structures in aqueous media: one associated with struc-
ture maker and the other with structure breaker*’. Small ions of high
charge density bind strongly to H,O molecules (structure makers),
thus making a more orderly and compact arrangement of H,O mole-
cules (top of Fig. 2a), whereas large ions of low charge density interact
weakly with water molecules (structure breakers), which disrupted the
hydrogen bond network and reduced structural integrity compared to
bulk H,0 molecules (bottom of Fig. 2a)**. Based on this characteristic,
common ions can be classified as either structure makers (Mg?, Cd*,
Li*, and Na*) or structure breakers (CI, K*, and NH,"), as shown in
Fig. 2b, Supplementary Fig. 1, and Supplementary Note 1.

Density functional theory (DFT) simulations revealed that the
strong ion-dipole interactions between structure-breaking Li*, Na*, or
Mg? and H,O molecules resulted in compact octahedral solvation

shells with six H,O molecules (Fig. 2c), characterized by strong binding
energies of 137.704, 110.028, and 326.243 kcal mol™ for [Li(H,0)s]",
[Na(H,0)e]" and [Mg(H,0)s]*, respectively (Fig. 2d). However, distinct
solvation shells were observed in the structure breakers (Fig. 2c).
Specifically, NH;* formed a weakly bound tetrahedral coordination
shell, [NH4(H,0),]*, through hydrogen bonding, characterized by the
lowest binding energy of 70.951 kcal mol™ (Fig. 2d); on the other hand,
the K" and CI” formed looser solvation shells due to weaker ion-dipole
interactions, as evidenced by their low binding energies of 93.150 and
91.496 kcal mol™ for [K(H,0)¢]" and [CI(H,0)s]", respectively (Fig. 2c,
d). The detailed stepwise DFT simulations of loose/compact coordi-
nation environments are detailed in the Supplementary Figs. 2-7,
Supplementary Tables 1-14, and Supplementary Note 2.

The structure-making or structure-breaking behavior of solutes in
aqueous solutions can be inferred from their effects on viscosity and
exchange dynamics of H,O molecules. Structure breakers typically
reduce viscosity and lower the activation energy required for H,0O
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exchange, facilitating a more dynamic aqueous environment; in con-
trast, structure makers increase viscosity and stabilize the hydrogen
bonding network, raising the activation energy for H,O exchange.
Furthermore, changes in viscosity directly influence the mass transfer
and diffusion properties of the electrolytes. Leveraging these trends,
we subsequently started with the baseline electrolyte of 1m CdCl,
(referred to as 1C) to investigate how the addition of extra structure
breakers/makers influences its viscosity and charge transfer kinetics of
electrolytes. Note that, due to solubility limitations, not all additional
chlorides can achieve a concentration of 7.5m in the 1C electrolyte,
with the exception of LiCl and NH4CI. Clearly, the 1C electrolyte
markedly raised the dynamic viscosity of the pure water from 1.00
mPa-s to 1.92 mPa-s, due to the nature of structure maker of Cd** with
high charge density (Fig. 2e)**. However, besides the initial decrease in
the viscosity, the introduction of LiCl, NaCl and MgCl, gradually
increased the viscosity with increased concentrations, whose trend
closely correlated with the hydration capacities of these structure
makers (Mg?" > Li* > Na*). We attributed this initial decrease in visc-
osity to the possible competing roles between structure breaker (CI")
and structure maker (Li*, Na*, or Mg*), as discussed Supplementary
Note 3. However, the gradually increased concentration of structure
makers strengthened their interaction with HO molecules, resulting in
a subsequent rise in viscosity as concentration continues to increase.
Interestingly, introducing structure-breaking NH4Cl and KCI in 1C
electrolyte resulted in a rapid decrease in electrolyte viscosity (Fig. 2e).
Notably, the viscosities of the electrolytes containing 1 m CdCl, +1m
NH,CI (1CIN), 1m CdCl,+2m NH,4CI (IC2N), 1m CdCl, +4 m NH,CI
(1C4N), 1m CdCl,+6 m NH,CI (1C6N), and 1m CdCl, +7.5m NH,CI
(1C7.5N) are only slightly above that of pure water, with values of 1.265,
1.156, 1.081, 1.079, and 1.095 mPa-s, respectively.

We subsequently quantified the charge-transfer kinetics in struc-
ture-breaking/structure-making systems by measuring the exchange
currents of Cd||Cd symmetric cells, as summarized in Fig. 2f and
derived from Supplementary Figs. 8-13. Since we confirmed through
limiting currents that exchange currents were conducted under non
transport limited conditions (Supplementary Fig. 14), the obtained
exchange currents can directly reflect the intrinsic charge-transfer
kinetics of ion transport, solvation/desolvation, and plating/stripping
processes®™. It was observed that the structure breaker of NH,CI
enables the fastest charge transfer kinetics compared to other salts,
reflecting in the high exchange currents of 66.7mAcm? and
58.9 mAcmin 1C4N and 1C6N electrolytes, respectively (Fig. 2f). In
addition, we also observed an improvement in the charge-transfer
kinetics even as the electrolyte viscosity increased while introducing
structure makers, which may be related to ClI~ acting as a structure
breaker and its coordination with Cd*" accelerated charge transfer
process (Supplementary Figs. 15-17, Supplementary Tables 15-28, and
Supplementary Note 4).

Since the exchange current reflects charge-transfer kinetics under
non-mass-transport-limited conditions, whereas charge transfer dur-
ing practical cell operation is a continuous process that may involve
ion transport limitations, we further analyzed the polarization beha-
vior of Cd||Cd symmetric cells to assess steady-state charge-transfer
kinetics (Fig. 2g, h and Supplementary Figs. 18-23). Supporting LiCl
and NH,CI, sharing the same valence and parallel concentration but
opposite structure-making/breaking properties, were selected for
comparison. Interestingly, although CdCl, +LiCl system, including
1C+1m LiCl (ICIL), 1IC +2 m LiCl (1C2L), 1C +4 m LiCl (1C4L), IC+6 m
LiCl (1C6L), and 1C + 7.5 LiClI (1C7.5 L), showed relatively high exchange
currents (Fig. 2f), 1C6L and 1C7.5L systems exhibited much higher
polarization at higher current densities than 1C system, indicating
inferior charge-transfer kinetics during sustained Cd plating/stripping
(Fig. 2g). In contrast, NH4ClI greatly reduced cell polarization (Fig. 2h),
with 1C6N system showing only 85.2mV at 100 mA cm™ vs. 141.2 mV
for 1C system. Current density-varied Cd plating/stripping tests further

confirmed these trends: 1C6N system maintained low polarization and
stable plating/stripping over 1-100 mA cm™ and back, while 1C6L
system failed after third sequence of Cd plating/stripping at
100 mA cm (Fig. 2i). Notably, although the ionic conductivity of the
CdCl, + LiCl system increased with the increased concentration of LiCl
(Supplementary Fig. 24), its current density-varied plating/stripping
capability gradually deteriorated (Supplementary Figs. 18-23), high-
lighting that extra structure-making Li* contributed to the high con-
ductivity but restricted the Cd** charge transfer process; conversely, in
CdCl, + NH4CI system, both conductivity and rate stability improved
with increasing NH4Cl, confirming that structure-breaking environ-
ments promote fast kinetics (Supplementary Figs. 18-24). Finally, we
systematically examined current density-varied charge-transfer kinet-
ics across various structure-breaking and/or structure-making sys-
tems, reaffirming the critical role of structure breakers
(Supplementary Fig. 25 and Supplementary Note 5). Overall, building
on the improvements in electrolyte viscosity and charge-transfer
kinetics achieved with the structure-breaking NH,Cl, we focused our
subsequent investigation on how structure breaker-induced SBE
influences the electrochemistry of ACBs.

Fundamentals of SBE

Figure 3a summarized the CEs of Cd||Cu cells in different electrolytes
at a substantial NEU of 33% (3 mAh cm™), highlighting the high average
CE of 99.89% over 400 cycles in the 1C6N electrolyte (Supplementary
Figs. 26, 27). Therefore, the addition of 6 m NH,CI significantly
enhanced the performance of the Cd negative electrode, establishing
the 1C6N electrolyte as the optimal choice for the subsequent
research. This electrolyte demonstrated ultrafast charge-transfer
kinetics across a wide temperature range, evidenced by a high
exchange current of 15.89mAcm? at 0+0.5°C and a limiting
exchange current of 109.07 mAcm™ at 90 +0.5°C—both markedly
superior to those of the 1C electrolyte (Fig. 3b, derived from Supple-
mentary Figs. 28 and 29).

The cyclic voltammetry (CV) profiles showed that the SBE enabled
a lower redox potential for the Cd*'/Cd couple compared to the 1C
electrolyte, shifting from -0.42V vs. SHE in the 1C electrolyte to
-0.51V vs. SHE in the 1C6N electrolyte (Fig. 3c). The slight shift in the
potential in the 1C electrolyte from the standard Cd*'/Cd potential
(0.40V vs. SHE) is likely due to minor differences between actual and
ideal testing conditions. In contrast, the significant negative shift to
-0.51V vs. SHE of Cd*'/Cd in the 1C6N electrolyte is primarily attrib-
uted to the involvement of CI” ligands in the redox reaction of the
[CdCI4]*/Cd couple, as validated by the Nernst equation derivation in
Supplementary Note 6. It is similar to the classical CI~ coordination in
the concentrated ZnCl, electrolytes, where the transition from
[Zn(H,0)** to [ZnCl4* with increasing chloride concentration
effectively reduces H,O activity by replacing the aqua ligands of Zn*
with the strong Lewis base CI"****¢"*%, This key transition accelerates
charge diffusion, lowers desolvation barrier, and facilitates uniform Zn
plating/stripping behavior while suppressing hydrogen evolution
reaction (HER)***°>'. Furthermore, the formation of [CACI]* was
further confirmed by the Raman peak around 260 cm™°*%, which
intensified with increasing NH,Cl concentration (Fig. 3d). It is worth
noting that although the potential hydrated chloride complex,
[Cd(H0),ClJ*™, could showed Cd-Cl stretching at similar Raman
frequencies™, we inferred that the Cd*" predominantly existed in the
form of [CdCl,)* species due to the well-matched practical and theo-
retical potentials (Supplementary Note 6).

To visualize this conclusion, molecular dynamics (MD) simula-
tions were conducted to analyze the solvation shells of the 1C and
1C6N electrolytes, as shown in the MD snapshots for 1C electrolyte
(Fig. 3e) and 1C6N electrolyte (Fig. 3g). The radial distribution function
(RDF) profile of 1C electrolyte, used as a baseline, showed a primary
Cd-0 peak at ~2.3 A with a coordination number (CN) of 5.7, and a
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Fig. 3 | Proposed dual-structure-breaking electrolyte. a Average CE and cycle
number in different electrolytes at 2 mA cm™ and 3 mAh cm™ with a NEU of 33%.
b Exchange current in 1C and 1C6N electrolytes at different testing temperatures
(derived from Supplementary Figs. 28, 29). ¢ Three-electrode CV profiles of Cd
plating/stripping behavior in 1C and 1C6N electrolytes at a scan rate of 5mVs™,
measured at an average testing temperature of 25+ 2 °C. d Raman spectra of dif-
ferent electrolytes. e, f Snapshot of MD simulation (e) and RDF and CN (f) of 1C

electrolyte. g, h, Snapshot of MD simulation (g) and RDF and CN (h) of 1C6N
electrolyte. i, j Schematic microenvirment of 1C electrolyte (i) and 1C6N electrolyte
(j). k DFT simulations for stepwise-coordination solvation shells of [Cd(H,0)¢]*",
[Cd(H,0)sCI]", [Cd(H0)4Cl5]° and [CdCI,J*. I, m DFT simulations for inner
[Cd(H,06)** with outer H,O molecules (1) and inner [CdCI,]* with outer H,O
molecules (m).

secondary Cd-Cl peak at -2.5 A with a CN of ~0.3 (Fig. 3f), indicating
Cd* primarily existed as [Cd(H,0)c]** species, with minor
[Cd(H,0)sCI]" species (Supplementary Fig. 30). Introducing 6 m NH,Cl
shifted this coordination environment: the RDF profile showed a main
Cd-Cl peak at ~2.5 A (CN: ~3.3) and a weaker Cd-O peak at 2.3 A (CN:
~1.2) (Fig. 3h). It confirmed that NH,ClI provided extra CI” as Lewis base,
transforming [Cd(Hs0)e]** species into primary [CdCl,]* species, with
minor [Cd(H,0),Cl,]° and [Cd(H,0)sCl]* species (Supplementary
Fig. 30). In addition, NH," primarily formed a tetra-coordinated
[NH4(H,0)4]" complex via hydrogen bonding, shown by a peak at
~2.7 A with CN values between 3.3 and 4.0 (Fig. 3h). The hydrated NH,*
species were reflected in the Fourier transform infrared spectroscopy

(FTIR; Supplementary Fig. 31), which participated in the formation of
the new hydrogen bonding network and decreased hydrogen bonding
interactions among H,O molecules, as further confirmed by the
nuclear magnetic resonance (NMR; Supplementary Fig. 32) and high-
frequency Raman (Supplementary Figs. 33, 34). We thus identified two
primary electrolyte microenvironments: a structure-making micro-
environment formed by Cd** bound tightly within a hydrogen-bonded
H,0 network (1C electrolyte; Fig. 3i), and a structure-breaking micro-
environment created by [CdCl,]* within a flexible NH,™involved
hydrogen bonding network (1C6N electrolyte; Fig. 3j).

Subsequently, we performed stepwise DFT simulations for the
four solvation shells obtained from previous MD simulations:
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[CdCL,]*, [Cd(H,0)4Cl5]°, [Cd(H,0)sCI]T*, and [Cd(H,0)¢]*, as seen in
Fig. 3k (obtained from Supplementary Figs. 16, 17, 35, 36 and
Tables 25-32). The results revealed that the primary [CdCl,]* species
in the 1C6N electrolyte exhibited the lowest binding energy of
-135.327 kcal mol™, while the primary [Cd(H,0)¢]** species in the 1C
electrolyte showed the highest binding energy of -300.120 kcal mol™
(Fig. 3k). They indicated that the low binding energy of tetrahedral
[CdCI,)* facilitates stepwise desolvation/solvation processes, con-
tributing to the significantly faster reaction kinetics for the [CdCl,]*/
Cd couple compared to the [Cd(H,0)¢]*"/Cd couple. Furthermore,
from the perspective of mass transfer, the high charge density of
structure-breaking Cd*" resulted in strong the ion-dipole interaction,
extending even to the outer-shell H,O molecules (DFT modeling:
assuming one inner-shell H,O corresponds to 2 outer-shell H,O
molecules). This was evidenced by the high binding energy of
215.771 kcal mol™ between the inner-shell H,O and the outer-shell H,O
for the [(Cd(H,0)¢(H,0):15]** (Fig. 31), which restricted the rapid mass
transfer process. In contrast, [CdCl,]*, similar to [AuCl,]™ as a structure
breaker*’, features a largely tetrahedral geometry and lower charge
density, which reduces interactions with surrounding H,O molecules
and facilitates rapid mass transfer. It was further reflected in the
low binding energy (less bound) between inner [CdCl,]* shell and
outer H,O molecules, which exhibited a low binding energy of
-132.211 kcal mol™ (DFT modeling: assuming one inner-shell CI- cor-
responds to two outer-shell H;O molecules; Fig. 3m). Additionally,
NH,4" contributed structure-breaking properties by further disrupting
the hydrogen-bond network. Therefore, the dual-structure-breaking
effect of NH," and [CdCI,]* in 1C6N electrolyte enhanced the charge
transfer kinetics of ACBs.

Cd plating/stripping behaviors in SBE

Considering that the Cd plating/stripping behavior involved the dis-
tinct [CdCI4]*/Cd couple (1C6N) compared to the [Cd(H,0)¢]*/Cd
couple (1C), we anticipated significant differences in their plating
behaviors. To validate this hypothesis and rule out the possible
homogeneous effects, Cd plating/stripping behavior was examined on
Cu foil substrate (Supplementary Fig. 37), with morphological evolu-
tion observed using scanning electron microscopy (SEM; Fig. 4a-c and
Supplementary Figs. 38-54). In the 1C system, where the electro-
chemical plating follows [Cd(H,0)¢]*" > Cd°, a regular textured mor-
phology was sustained up to a plated areal capacity of 3 mAh cm™;
beyond this areal capacity, uncontrolled dendrite growth began
(Fig. 4a and Supplementary Fig. 38). In contrast, the plating process
involving [CdCI4]* > Cd® in the 1C6N electrolyte displayed uniform
grain growth (Fig. 4b and Supplementary Fig. 39), which contributed
to more uniform Cd stripping behavior compared to the mossy mor-
phology seen in the 1C electrolyte (Supplementary Figs. 40-42 and
Supplementary Note 7). Furthermore, Cd electrodeposition at higher
areal capacities demonstrated a consistent, orderly growth pattern of
Cd deposits from 10 to 100 mAh cm (Fig. 4¢), highlighting the high
durability of the [CdCl,]* > Cd° transition in 1C6N electrolyte. How-
ever, parallel comparisons of Cd deposits formed in the 1C and 1C6N
electrolytes clearly revealed a pronounced dendritic disadvantage in
1C system, whereas 1C6N system demonstrated a notable dendrite-free
advantage at high areal capacities (Supplementary Figs. 43-54 and
Supplementary Note 7).

Then, we examined the cross-sectional morphologies of Cd
deposits using focused ion beam SEM (FIB-SEM) and atomic arrange-
ments with high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM), as shown in Fig. 4d-h. Study areas on
both dendritic and smooth surfaces of Cd deposits were selected and
sectioned perpendicular to the substrates for analysis (Supplementary
Fig. 55). In the 1C electrolyte, Cd dendrites displayed polycrystalline
structures with multiple boundaries, suggesting that dendritic growth
involved the formation of new grain boundaries followed by

subsequent grain growth (Fig. 4d). HAADF-STEM images of adjacent
regions (1 and 2 in Fig. 4d) confirmed discontinuous atomic arrange-
ments (Fig. 4f, g), denoting differing growth directions of Cd grains
and underlying dendrite formation. In contrast, the cross section of Cd
deposits in the 1C6N electrolyte exhibited a large, single-crystalline
structure without detectable grain boundaries (Fig. 4e). The HAADF-
STEM image revealed a uniform hexagonal close-packed (HCP) atomic
arrangement (Fig. 4h), where Cd atoms align in an orderly abababab
layer-by-layer pattern, achieving dense atomic packing. This growth
mode prevents the formation of new grain boundaries and thus sup-
presses dendrite formation.

Given the intrinsic link between macroscopic electrodeposition
behavior and microscopic charge-transfer kinetics, influenced by
the electrolyte microenvironment, we directly correlated Cd plating
behaviors with charge-transfer kinetics. Previous results demon-
strated significantly faster kinetics for [CdCl4]*> ¢ Cd® in the 1C6N
electrolyte compared to the relatively slower kinetics of
[Cd(H,0)¢]*" © Cd® in 1C electrolyte, as shown in Figs. 2f-i and 3b,
k-m. We believe that this kinetic disparity contributes to the dis-
tinct Cd plating behaviors observed: a kinetics-limited system vs. a
fast-kinetics system. Specifically, the kinetics-limited 1C system
maintained regular grain growth up to an areal capacity of
3 mAh cm?, but dendritic growth emerged at a higher areal capacity
of 5SmAhcm™ (Fig. 4a). This suggested that the relatively slow
charge-transfer kinetics failed to keep pace with the rapid Cd*
depletion in the electrode/electrolyte interfacial layer as the plated
capacity increased, disrupting the thermodynamic balance required
for uniform grain growth (Fig. 4i)*>*°. As a result, at high plating
capacity, Cd growth became kinetics-limited, leading to new grain
boundary formation and irregular grain growth (Fig. 4d). Notably,
visible dendritic Cd deposit at an areal capacity of 100 mAh cm™
was observed in the optical inset of Fig. 4i. In contrast, in the 1C6N
electrolyte, the fast mass transfer, and effortless desolvation and
plating behavior ([CdCl4]* » Cd?*" » Cd°) facilitated Cd grain growth
without kinetics limitations, thus maintaining the growth of Cd
grain at thermodynamic equilibrium®*. This process resulted in
the controlled and regular grain formation (Fig. 4j). Even at an areal
capacity of 100 mAh cm™, the Cd deposit still exhibited a densely
packed grain arrangement, as shown in the optical inset of Fig. 4j.
However, once structure maker was introduced, even though 1C6L
system contained the fast-kinetics structure breaker of [CACI]*,
the presence of 6 m structure-making Li* significantly hindered
charge-transfer kinetics, leading to severe dendrite formation at an
areal capacity of 10 mAh cm™ (Supplementary Figs. 56, 57, Supple-
mentary Note 8). Thus, the SBE addressed dendritic issue under
deep cycling. By the way, we observed that replicating the success
of the SBE in AZBs proved challenging (see details in Supplementary
Figs. 58-63 and Supplementary Note 9), which further highlights
the uniqueness of our proposed system.

Electrochemical performance of Cd electrodes

We further confirmed that the SBE electrolyte enabled durable Cd
plating/stripping stability at a high areal capacity (5mAhcm™) and
high NEU (55%) for practical applications®. Performance comparisons
were shown in Fig. 5a, b, and Supplementary Fig. 64. The SBE achieved
an initial CE of 99.50% and an average CE of 99.93% over 300 cycles,
with highly consistent plating/stripping profiles, indicating high Cd
plating/stripping efficiency. In contrast, the 1C system exhibited an
initial CE of 98.89% and an average CE of 99.86% over 39 reversible
cycles, after which sudden cell shorting and failure occurred at the
40th cycle (Supplementary Fig. 64a, b). To figure out the high rever-
sibility of the Cd electrode in 1C6N electrolyte, we analyzed post-
cycling electrode morphologies using X-ray diffraction (XRD) and SEM.
The Cd electrode (1C6N) displayed (101) plane-dominant and tightly
stacked texture (Fig. 5¢c, d; as illustrated in the schematic of Fig. 5e). In
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Fig. 4 | Kinetics-controlled Cd plating behavior. SEM images of Cd deposits at a
current density of 10 mA cm™ with increasing areal capacities: from 0.1 to

5mAh cm™2in 1C electrolyte (a), from 0.1to 5 mAhcm™in1C6N electrolyte (b), and
from 10 to 100 mAh cm™ in 1C6N electrolyte (c). Cd electrodeposition was carried
out at an average temperature of 25 + 2 °C. FIB-SEM images of cross-section Cd
deposits in 1C electrolyte (d) and 1C6N electrolyte (e) with an areal capacity of
5mAh cm™ f, g HAADF-STEM images of cross-sectional Cd deposits in 1C
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electrolyte at a current density of 10 mA cm™ with an areal capacity of 5mAh cm?,
corresponding FFT patterns shown in insets. h HAADF-STEM image of cross-
sectional Cd deposit in 1C6N electrolyte at a current density of 10 mA cm™ with an
areal capacity of 5 mAh cm™, corresponding FFT pattern shown in inset. Schematic
of kinetics-controlled Cd plating behaviors in 1C electrolyte (i) and 1C6N electrolyte
(j). Insets: optical morphologies of Cd deposits at a current density of 10 mA cm™
and an areal capacity of 100 mAh cm™ in 1C electrolyte (i) and 1C6N electrolyte (j).

contrast, the Cd electrode (1C) showed random crystal orientations
and irregular plate-like textures (Fig. 5c and Supplementary Fig. 65),
which could easily lead to cell shorting. In addition, comparative Cd||
Cu cells using 1C6L, 1m CdSO,, 1m CdSO4+2m Li,SO4, and 1m
CdSO, + 3 m (NH4),S0, electrolytes further highlighted the superiority
of the dual structure-breaking system, as evidenced by the poor Cd
plating/stripping capability of the other electrolyte systems (Supple-
mentary Figs. 66, 67 and Supplementary Note 10). Consequently, the
dendrite-free capability of the SBE provided highly electrochemical
reversibility for the Cd electrode, further evidenced by a reversible Cd||
Cu cell at a higher areal capacity of 15 mAh cm™, which exhibited a

consistently regular Cd texture (Supplementary Figs. 68, 69 and Sup-
plementary Note 11).

Given that energy storage applications inherently require inter-
mittent operation and long-term storage, high corrosion resistance is
essential for ACBs. This necessity was first assessed via acidic corrosion
testing (Supplementary Fig. 70). However, based on the Pourbaix
diagram of Cd and H,O (Supplementary Fig. 71 and Supplementary
Note 12), we noted that the redox potential of the [CdCl,]*/Cd couple
in the 1C6N electrolyte was lower than that of the HER, and the addi-
tion of NH,ClI reduced the pH of electrolytes from 5.32 in 1C to 3.68 in
1C6N, posing a potential corrosion risk for the Cd electrode.
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Fig. 5 | Corrosion-resistant and dendrite-free Cd electrode. CEs of Cd||Cu cells in
different electrolytes measured at 10 mA cm™and 5 mAh cm™ with a NEU of 55% (a)
and the corresponding Cd plating/stripping curves in 1C6N electrolyte (b). XRD
patterns of Cd electrodes in 1C and 1C6N electrolytes after cycling 10 cycles (c),
SEM image in 1C6N electrolyte (d) and the schematic of stacked Cd texture (e).
Aging CE test sequence (f), the corresponding voltage profiles in 1C6N electrolyte
(g), and aging CEs in different electrolytes (h). Aging CE performed at a fixed plated
capacity of 5 mAh cm™ and current density of 5 mA cm™, an aging time of 12 h, and

then a stripped current density of 5 mA cm™ for per cycle with a NEU of 55% (f-h).
i CEs of Cd||Cu cells in different electrolytes measured at 0.5 mA cm™ and

5 mAh cm™ with a NEU of 55%. j Voltage curves of Cd||Cd symmetric cells in dif-
ferent electrolytes at 0.5 mA cm™ and 0.1 mAh cm™. An average electrochemical
testing temperature of 25 + 2 °C was maintained in (a, b, f-j). XRD patterns (k) and
XPS spectra of O 1s (I) of Cd electrodes after Cd plating/stripping for 229 h in Cd||
Cd cells.

Interestingly, despite these factors, the Cd electrode in the SBE
exhibited high corrosion resistance. We evaluated the aging CE of the
Cd electrode under intermittent use, as shown in Fig. 5f. The results
indicated that intermittent storage of metallic Cd in the SBE did not
lead to capacity loss from corrosion, as confirmed by stable voltage
polarization curves for plating, aging, and stripping processes (Fig. 5g),
a high average CE of 99.34% (Fig. 5h), and highly consistent plating/
stripping curves over multiple cycles (Supplementary Fig. 72a). In
contrast, while the Cd electrode in the 1C electrolyte was cycled only 6
cycles, its failure was attributed to cell shorting rather than corrosion
(Supplementary Fig. 72b, c). Notably, it still achieved a relatively high
average aging CE of 97.58% (Fig. 5h), though slightly lower than that of
the 1C6N system, indicating a somewhat lower corrosion resistance
compared to the SBE system.

The aging CE primarily evaluated the long-term storage capability
of the Cd negative electrode in aqueous medium. To further assess
electrochemistry-induced corrosion, HER, we investigated the Cd
plating/stripping CE at a low current density of 0.5mAcm?, as sug-
gested by Ji and Nazar®, with a high areal capacity of 5 mAh cm™ and
high NEU of 55% in Cd||Cu cells; in other words, the highly reversible Cd
plating/stripping behavior under low current density, high areal

capacity and high NEU offers a more compelling demonstration of its
corrosion-resistant capability. The results indicated that the Cd plat-
ing/stripping behavior in the 1C6N electrolyte achieved a high average
CE of 99.24% (Fig. 5i) with highly consistent voltage polarization curves
(Supplementary Fig. 73a, b), in contrast to the limited reversibility
observed in the 1C electrolyte (Fig. 5i and Supplementary Fig. 73c, d). It
indicated that the SBE imparted electrochemical corrosion resistance
to Cd electrodes. Furthermore, the post-cycling electrode morpholo-
gies at low current density mirrored those in Fig. 5a: the 1C6N system
exhibited a (101) plane-dominant and regular texture, while the 1C
system showed an irregular plate-like texture (Supplementary
Figs. 74 and 75), illustrating the difference in cycling lifespan deter-
mined by these distinct plating/stripping behaviors. In addition, post-
cycling XRD analysis revealed the formation of Cd(OH)CI by-products
on the Cd electrode in the 1C electrolyte, likely due to HER facilitated
under low current conditions (Cd* +H,0 +Cl+e > Cd(OH)Cl +H,),
whereas no such by-product was detected in the 1C6N system (Sup-
plementary Fig. 75). This finding with high CE further underscored
that, due to fast kinetics in the SBE, HER was effectively suppressed.
The Cd|ICd symmetric cells reinforced this corrosion-resistant
conclusion by applying continuous low-current fluctuations to induce
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Fig. 6 | Rechargeable capability of high-loading Cd||CdlI, full cells in 1C and
1C6N electrolytes. a CV curves of 5 cycles at a scan rate of 0.2 mV s in 1C and 1C6N
electrolytes at 25+ 2 °C. b Exchange currents in 1C and 1C6N electrolytes at

25+ 2 °C. Charge/discharge cruces in 1C electrolyte (c) and 1C6N electrolyte (d) at
25+2°C and 357.1mA g (10 mA cm™). Charge/discharge cruces in 1C electrolyte
(e) and 1C6N electrolyte (f) at 0+ 0.5°C and 324.7 mA g™ (10 mA cm™). Charge/
discharge cruces in 1C electrolyte (g) and 1C6N electrolyte (h) at 60 + 0.5°C and
1,562.5mA g™ (50 mA cm™2). Charge/discharge cruces in 1C electrolyte (i) and 1C6N
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electrolyte (j) at 25+2°C and 219.8 mA g™ (10 mA cm™) with a high Cdl, loading
~45.5 mg cm™ and total negative and positive electrode mass of ~75.1 mg cm™.

k Corresponding cycling performance in 1C6N electrolyte at a low N/P ratio of
~1.00. 1 Comparison between practical and theoretical specific energies of Cd||Cdl,
full cells, calculated based on the total mass loading (including Cd foil, Cdl,, AC, KB,
and binder) of both negative and positive electrodes: 53.4 mg cm™ (d),
57.3mgcm™ (f), 59.0 mg cm™ (h), 75.1 mgcm™ (j).

HER (Fig. 5j)**°. Stable and minimal voltage fluctuations were
observed over 229 h in both 1C and 1C6N electrolytes. However, in the
1C electrolyte, fine crystalline Cd(OH)Cl particulates formed on the Cd
electrode surface, contrasting with the smooth Cd electrode in the
1C6N electrolyte (Fig. 5k and Supplementary Fig. 76). Further analysis
with X-ray photoelectron spectroscopy (XPS) revealed that these
corrosive compounds covered the entire Cd electrode surface in the
1C electrolyte, while the shallow surface layers on the Cd electrode
(1C6N) were attributed to slight air oxidation or mild electrochemical
corrosion (Fig. 51 and Supplementary Fig. 77). Therefore, this range of
experiments and detailed characterizations confirmed that the fast-
kinetics SBE effectively suppressed corrosion reactions. To advance
scientific understanding, we further explored the limits of Cd corro-
sion resistance in the SBE (Supplementary Fig. 78 and Supplementary
Note 12) and verified the incompatibility of this SBE with AZB systems
through parallel comparisons (see discussions in Supplementary
Figs. 79-87 and Supplementary Note 13).

Electrochemical performance of full cells

The electrochemical performance of ACBs was evaluated using com-
mercially available positive electrode materials without process opti-
mization. These materials included coordination-type PANI,
capacitance-type AC, intercalation-type V,0s, and conversion-type
Cdl,, paired with the durable Cd negative electrode and SBE, and

benchmarked against full cells with the 1C electrolyte. CV profiles of
the high-loading Cd||Cdl, full cells were initially collected to examine
electrochemical behaviors (Fig. 6a). Due to the lower redox potential
of the [CdCI,]*/Cd couple compared to the [Cd(H,0)¢]*"/Cd couple,
while matching the I,/I" couple at 0.54 V vs. SHE as the positive elec-
trode, the full cell in the 1Cd6NH, electrolyte exhibited higher reduc-
tion (1.02V) and oxidation (1.14 V) voltages than the cell in the 1C
electrolyte. Additionally, the cell with the 1C6N electrolyte showed a
higher response current, indicating the faster reaction kinetics. This
was further validated by the increased exchange current of the full cell
with the 1C6N electrolyte (Fig. 6b and Supplementary Fig. 88).

This kinetics disparity was particularly reflected in the charge/
discharge profiles of the full cells operated at a specific current of
357.1mAg" (current density: 10 mAcm™) at an average testing tem-
perature of 25+ 2 °C, as shown in Fig. 6c, d. In the 1C electrolyte, the
restricted mass transport and the sluggish reaction kinetics within the
high-loading positive electrode caused the discharge plateau of the full
cell to vanish, leading to smoothly curved discharge profiles and pre-
mature cell failure due to cell shorting (Fig. 6¢ and Supplementary
Fig. 89a). In contrast, the SBE facilitated accelerated reaction processes
at both the negative and positive electrodes, driven by the rapid
charge-transfer kinetics. It enabled the full cell with the 1C6N electro-
lyte to sustain a stable discharge plateau above 1.00V, even with a
high-loading Cdl, positive electrode of -28.0mgcm= and low
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negative-to-positive capacity (N/P) ratio of -2.03 (Fig. 6d). Additionally,
it exhibited durable rechargeability retaining ~92% of its initial capacity
after 300 cycles (Supplementary Fig. 89b).

Furthermore, this performance gap widened significantly at a low
average testing temperature of 0+ 0.5°C. The full cell with the 1C
electrolyte delivered a limited discharge capacity of just 44 mAhg?,
with cell shorting occurring after only five charge cycles due to
severely impeded reaction kinetics at low temperatures (Fig. 6e and
Supplementary Fig. 90a). In contrast, despite slight reductions in both
the discharge plateau and specific capacity, the SBE showed minimal
impact on charge-transfer kinetics under low-temperature conditions
(Fig. 6f and Supplementary Fig. 90b). It achieved durable cycling over
300 cycles with a high-loading Cdl, positive electrode of 30.8 mg cm™
and low N/P ratio of ~2.05, maintaining a high-capacity retention of
~94% over 300 cycles. Considering the exchange current in the 1C6N
electrolyte approached its limit at an average testing temperature of
60 °C +0.5°C, while the 1C electrolyte exhibited unstable exchange
current beyond 60+0.5°C (Fig. 3b), we further evaluated the
rechargeable performance of full cells at an average temperature of
60 +0.5°C under a high specific current of 1,562.5mA g™ (current
density: 50 mAcm™), as shown in Fig. 6g, h. Notably, the elevated
temperature did not enhance the fast charge/discharge stability of the
full cell in the 1C electrolyte at an increased specific current. In con-
trast, the high-loading full cell with a low N/P ratio in the 1C6N elec-
trolyte sustained durable operation over 700 cycles at a high specific
current, maintaining negligible capacity fading and showing a dis-
charge capacity of -100 mAh g (Fig. 6h and Supplementary Fig. 91).

To satisfy the specific energy requirements of energy storage
systems, such as 40 Wh kg™ *, we further evaluated the rechargeable
capability of full cells with a lower N/P ratio of ~1.00 and a higher Cdl,
loading of 45.5mgcm™ (Fig. 6i-k). Unlike the poor rechargeability
seen with the 1C electrolyte (Fig. 6i and Supplementary Fig. 92), the full
cell with the 1C6N electrolyte achieved a high specific energy of
729 Whkg, calculated based on the total negative and positive
electrode mass, including the inactive binder and conductive carbon
(Fig. 6j), and demonstrated stable cycling over 100 cycles with a
capacity retention of ~94% (Fig. 6k). In addition, all Cd||CdI, full cells,
presented here, exhibited acceptable specific energies based on the
total mass of negative and positive electrodes, specifically 66.3 Wh kg™
(25+2°C, 357.1mAg™; Fig. 6d), 6L.5Whkg' (0+0.5°C, 324.7mAg;
Fig. 6f), and 53.4 Whkg™ (60 +0.5°C, 1,562.5 mA g%; Fig. 6h), as sum-
marized in Fig. 61. These results indicated the potential of Cd||Cdl, full
cells for practical energy storage applications.

On the other hand, ACBs assembled with the SBE demonstrated
compatibility across various types of positive electrodes. For
instance, coordination-type Cd||PANI full cells with the 1C6N elec-
trolyte exhibited improved rechargeability under diverse conditions,
including the low specific current (145.3 mA g™), high specific current
(6,544.5mA g™, low N/P ratio (1.91), high positive electrode loading
(38.22 mg cm™), and intermittent usage (see details in Supplemen-
tary Figs. 93-98). The capacitance-type Cd||AC hybrid capacitor
displayed typical characteristics of electric double-layer capacitors,
with large response currents at scan rates ranging from 20 to
100 mVs™, and achieved high rechargeability, retaining ~90% capa-
city after 10,000 cycles (Supplementary Fig. 99). Lastly, the ACB with
an intercalation-type V,0s positive electrode demonstrated
rechargeable capability, delivering a high discharge capacity of
270 mAh g™ after 100 cycles (Supplementary Fig. 100).

Practicality of ACBs

To evaluate the practical ACBs with the SBE, we further assembled a
scaled-up Cd||Cdl, full cell using a Cdl, positive electrode, a glass fiber
membrane soaked in 1C6N electrolyte, and a Cd foil negative electrode
within an enlarged cell mold (Fig. 7a), which powered an LED light
(Fig. 7b). This scaled-up cell featured a large active area of 49 cm?

(7cmx7cm) for both the negative and positive electrodes, with a
high-loading Cdl, of 1.1g (22.45mgcm™) on the positive electrode.
Despite its size, the cell still performed a stable discharge voltage of
~1.00V, a discharge capacity of ~120 mAh g™, minimal polarization
(-0.15 V), and consistent charge/discharge profiles over multiple cycles
(Fig. 7c, e). This performance highlighted the ability of SBE to enable
rapid charge-transfer kinetics, allowing two full cells connected in
series to deliver a combined discharge voltage of ~2.00 V, with a dis-
charge specific capacity comparable to that of a single cell (Fig. 7c). In
contrast, the full cell with the 1C electrolyte exhibited significant vol-
tage polarization and limited cycling (Fig. 7c, d). Additionally, the
scaled-up cell with 1C6N electrolyte demonstrated high recharge-
ability, maintaining a discharge capacity of -120 mAh g™ with high-
capacity retention of ~97% over 300 charge/discharge cycles spanning
~1586 h (Fig. 7f). It indicated the robustness and practicality of ACBs.
Further optimization of cell components could unlock new opportu-
nities, establishing ACBs as a promising candidate for next-generation
energy storage applications.

It is important to note that due to their geochemical affinity, Cd
and Zn rarely occur as discrete minerals but are primarily co-located in
major sphalerite deposits. Consequently, Cd recovery is an inevitable
by-product of Zn refining—wherever Zn is extracted, Cd is also
present®*?*. As metallic Zn refinement inherently involves concurrent
Cd processing, the accelerating demand for Zn mining and refining
driven by the development of AZBs as future energy storage systems
will similarly increase Cd production (Fig. 7g). This presents an
opportunity for utilizing extracted Cd resources to advance ACB
development based on the expectable specific energy of practical
energy storage applications (Supplementary Fig. 101 and Supplemen-
tary Note 14). More importantly, although ACBs sacrifice some specific
energy compared to AZBs, they exhibit superior corrosion resistance
and stability—advantages not inherent to Zn negative electrode—deli-
vering efficient electrochemical performance through simple electro-
lyte optimization. However, it is crucial to emphasize that Cd metal and
its compounds are toxic, rendering them unsuitable for everyday
consumer electronics unless comprehensive protective measures are
implemented. Instead, as illustrated in Fig. 7g, ACBs could be envi-
sioned for applications such as grid storage, wind and solar energy
storage, and industrial energy storage, as well as the charging station.
Furthermore, advancements in battery manufacturing and recycling
technologies could help mitigate or even resolve toxicity concerns.

Discussion

In summary, we developed a fast-kinetics and durable ACB enabled by
a low-cost and quasi-neutral SBE. The dual structure breakers, NH,"
and [CdCI,J*, imparted rapid kinetics to the ACB system, effectively
addressing two issues commonly found in metallic negative electrode-
based batteries: dendritic growth and corrosion. As a result, the Cd
electrode achieved a compelling CE of 99.93% and an aging CE of
99.34% for plating/stripping at a high NEU of 55% (areal capacity:
5mAh cm™). Furthermore, the fast-kinetics ACB demonstrated high
compatibility with various positive electrode materials, including Cdl,,
PANI, AC, and V,0s. These findings demonstrated the potential of SBE-
based ACBs to advance aqueous metal battery concepts. Promising
full-cell performance at high loadings and low N/P ratios underscores
their practicality and commercial promise.

Methods

Materials

Cadmium chloride (CdCl,, 99.99%), ammonium chloride (NH4CI,
99.99%), zinc sulfate heptahydrate (ZnSO4-7H,0, 99%), sodium chlor-
ide (NaCl, 99%), lithium chloride (LiCl, 99%), potassium chloride (KClI,
99%), magnesium chloride (MgCl,, 98%), zinc chloride (ZnCl,, 98%),
isopropanol (anhydrous, 99.5%), cadmium iodide (Cdl,, 99%), vana-
dium (V) oxide (V,0s, 99.95%), polyaniline (PANI, average M,:
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Fig. 7| Practicality of ACBs. a Schematic diagram of the scaled-up Cd||Cdl, full cell.
b lllustration of scaled-up Cd||CdlI, full cell powering the LED light. ¢ Charge/dis-
charge curves of single and two-in-series scaled-up Cd||CdI, full cell in 1C and 1C6N
electrolytes at 50 mA. Charge/discharge curves of single scaled-up Cd||Cdl, full

cells in 1C electrolyte (d) and 1C6N electrolyte (e) at 50 mA. f The corresponding
cycling performance in 1C6N electrolyte. Inset: photograph of the scaled-up Cdl,
positive electrode. An average testing temperature of 25 + 2 °C was maintained in
(c-f). g Mining, applications, and recycling of the ACBs.

~100,000) and sulfuric acid (H,SO4, 95%-97%) were obtained from
Sigma Aldrich. Cd foil (99.9%), Zn foil (99.9%), and polytetra-
fluoroethylene (PTFE) aqueous dispersion solution (D-210C, solid
content: 60 w%, size: ~0.25 um size) were obtained from the supplier of
SCI Materials Hub. Activated carbon (AC, YPS8OF), conductive carbon
(Ketjen black; KB), copper (Cu) foil (MA-EN-CU-0002, thickness: 9 um,
purity: >99%), titanium (Ti) mesh (MA-EN-CU-0017, purity: >99%, pore
size: 100 mesh, thickness: 0.27 mm thickness, areal density:
~26.5 mg cm™) and graphite (MA-EN-AN-0019) were obtained from the
Canrd New Energy Technology.

Preparation of electrodes

Cd and Zn electrodes preparation: metallic electrodes were achieved
by continuously rolling of commercial Zn and Cd foils through a roll
press (MSK-2150-H5) until the required areal capacity of Cd and Zn
electrodes in detailed cells were attained, which were subsequently cut
into circular foils with a diameter of 1cm for electrode usage of Swa-
gelok cell, as shown in Supplementary Table 33. V,0s5 positive elec-
trode preparation: Commercial V,0s and graphite powders were
mixed at a mass ratio of 8:2 and loaded into an 80 mL agate grinding
bowl along with agate balls (diameter: 40 mm), using a ball-to-powder

mass ratio of 3:1. The total mass of the solid mixture was 10 g. The
mixture was subjected to ball milling using a FRITSCH planetary mono
Mill (Pulverisette 6) at a rotation speed of 500 rpm for a total duration
of 480 min, with an interval mode of 25 min milling followed by 5 min
rest. Subsequently, the V,0s positive electrode was prepared by
manually grinding the ball-milled V,0s/graphite mixture, KB, and PTFE
in a mass ratio of 8:1:1 in isopropanol using an agate mortar and pestle
until a uniform and clay-like consistency was achieved. Finally, the
resulting pliable mixture was pressed into Ti mesh through a roll press
(MSK-2150-H5) and dried in the vacuum oven at 80 °C for 8 h. Pre-
paration of PANI, AC and Cdl, positive electrodes: the PANI positive
electrode was prepared by manually grinding the commercial PANI, KB
and PTFE in a mass ratio of 7:2:1 in isopropanol using an agate mortar
and pestle, until a uniform and clay-like consistency was achieved.
Finally, the material mixture was pressed into Ti mesh through a roll
press (MSK-2150-H5) and dried in the vacuum oven at 80 °C for 8 h.
Preparation of AC positive electrode is similar to PANI positive elec-
trode, where the difference lies in the mass ratio of AC: KB: PTFE is 8:1:1.
Preparation of Cdl, positive electrode is also similar to PANI positive
electrode, where the difference lies in the mass ratio of Cdl,: AC: KB:
PTFE is 7.5:1.5:1:0.5. Finally, all the positive electrodes for the usage of
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Swagelok cells were cut into circular electrodes with a diameter of
1cm. For the scaled-up full cell, the Cd foil negative electrode (100 pm
thickness, obtained by rolling) and Cdl, positive electrode (Cdl,
loading: 22.45 mg cm™) were cut into a 7 x 7 cm square for subsequent
cell assembly. Corresponding loadings of the positive electrodes are
clearly indicated in the corresponding figures or captions of Manu-
script and Supplementary Information. All the current collectors used
in this work were employed without any additional treatments. Except
for the necessary drying steps to remove residual solvents, all elec-
trodes were prepared under a laboratory environment at an average
temperature of 25+2°C.

Materials characterizations

'H nuclear magnetic resonance (*H NMR) and O nuclear magnetic
resonance (YO NMR) were conducted on a Bruker (AVANCE Ill, HD
500 MHz) NMR spectrometer. The NMR spectra were calibrated to an
internal capillary tube containing D,O within NMR tube. Scanning
electron microscopy (SEM, JEOL JSM-7600F) equipment was used to
investigate the microstructure. Fourier transform infrared spectro-
scopy (FTIR) spectra were recorded using a Thermo (Nicolet 6700)
system with a resolution of 4 cm™. X-ray diffraction (XRD) patterns
were collected on a Bruker D8 Advanced X-ray diffractometer with
Cu Ka radiation. X-ray photoelectron spectroscopy (XPS) tests were
performed on an XPS instrument (PHI, Model 5600). The Ar* sput-
tering rate was estimated to be about 5nm min™. The high/low fre-
quency Raman data were carried out by a Raman spectroscopy
(Horiba LabRAM HR Evolution) using a laser with a wavelength of
532 nm. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) mode was conducted on JEM-ARM200F
NeoARM with a spherical aberration corrector at 200 kV. HAADF-
STEM samples were prepared using a focused ion beam (FIB) of FIB-
SEM (ZEISS Crossbeam 540). The SEM, XRD, XPS, FIB-SEM, and
HAADF-STEM characterizations were all conducted in an ex-situ
manner of bare and post-cycling electrodes. The post-cycling elec-
trode samples were retrieved from the cells under laboratory envir-
onment at an average temperature of 25+ 2 °C. The harvested post-
cycling electrodes were first rinsed thoroughly with deionized water
three times to remove residual electrolyte throughout the electrode,
followed by two rinses with isopropanol to eliminate remaining
water. The electrodes were then dried in a vacuum oven at 80 °C for
4 h to ensure complete removal of residual isopropanol. Finally, the
dried electrodes were sealed in airtight self-sealing bags for storage
and subsequent characterizations. The viscosities of different elec-
trolytes were carried by a rolling ball viscometer (Anton Paar Lovis
2000 M).

Electrochemical measurements

Two-electrode and three-electrode Swagelok-type configurations were
supported by SCI Materials Hub (Supplementary Figs. 102,103), where
two electrodes (Zn and Zn, Cd and Cd, Zn and Cu, Cd and Cu, Cd and
PANI, Cd and V,0s, Cd and AC, or Cd and Cdl,) were separated by a
glass fiber separator (GF/A, Whatman, one layer, 2.7 pum particle
retention, ~-80-90% porosity, 675 pm thickness, 12 mm diameter) using
electrolytes of about 80 pL. The stacked scaled-up Cd||Cdl, cell was
assembled using a 100 pm-thick Cd foil as the negative electrode and a
Cdl,-based cathode with sizes of 7cmx7 cm (Fig. 7a). The positive
electrode was prepared with a total Cdl, material loading of 1100 mg,
using a mass ratio of Cdl,: AC: KB: PTFE =7.5:1.5:1:0.5. A single layer of
glass fiber separator (Whatman GF/A, 2.7 um particle retention,
675 pm thickness, ~80-90% porosity, 7cm x 7 cm in size) was placed
between the electrodes. An electrolyte volume of 500 pL was added to
the glass fiber separator using a syringe. Ti plates with tabs were used
as current collectors on both the negative and positive electrode sides.
PTFE plates were employed as the outer casings for both electrodes.
The cell was assembled in the following sequence and secured using

screws and nuts: PTFE plate, Ti current collector, Cd negative elec-
trode, separator, Cdl, positive electrode, Ti current collector, and
PTFE plate. The stacked configuration for the scaled-up cell was sup-
ported by SCI Materials Hub. No external stack pressure was applied
during battery testing. Electrochemical impedance spectroscopy (EIS)
was performed in potentiostatic mode after the cells were rested for
1h at open-circuit voltage (OCV), using a 10 mV voltage perturbation
around the OCV over a frequency range of 1 MHz to 10 mHz, with 12
data points per decade and logarithmic spacing. EIS, linear sweep
voltammetry (LSV), and Cyclic voltammetry (CV) profiles were col-
lected by a Biologic VMP3 system. Charge-discharge with/without
aging process tests of the Zn||Zn symmetric cells, Cd||Cd symmetric
cells, Zn||Cu cells, Cd||Cu cells, Cd||PANI full cells, Cd||AC full cells, Cd||
V,0s full cells, high-loading Cd||PANI full cells, high-loading Cd||Cdl,
full cells and scaled-up Cd||Cdl, full cells, as well as the electro-
deposition and electrodissolution experiments using separator-free
Cd||Cu and Zn||Cu cells (Supplementary Fig. 104) were carried out
using the galvanostatic method on a multichannel Neware instrument.
All the detailed electrochemical test conditions, including current
density, areal capacity, load mass of electrodes, and N/P ratio, were
given in the Manuscript and Supplementary Information. Unless
otherwise specified, the electrochemical tests were conducted in an
air-conditioned laboratory environment with an average temperature
of 25+ 2 °C. The specified high- and low-temperature electrochemical
measurements were conducted in a temperature-controlled Neware
climatic chamber (MGDW-225-40HB-208V), with an average tempera-
ture deviation of +0.5 °C. All the electrochemical testing temperatures
have been explicitly indicated in the Manuscript and Supplementary
Information.

Theoretical simulations

MD simulations were performed to visualize the solvation structures of
the baseline 1C and tailored 1C6N electrolytes, informed by experi-
mental spectroscopic evidence and theoretical derivations based on
the Nernst equation. The 1C electrolyte model comprised 40 Cd*" ions,
80 CI” ions, and 2222 H,0, while the 1C6N model included 40 Cd*, 240
NH,4", 320 CI', and 2,222 H,O0. All species were spatially distributed
within the cubic simulation cells to match the intended electrolyte
compositions. The MD simulations were performed using the COM-
PASS Ill force field®**%, with van der Waals interactions treated using an
atom-based approach and Coulombic electrostatics handled via Ewald
method with a cutoff distance of 12.5A. A time step of 1fs was
employed to integrate the equations of motion throughout the simu-
lation. Following energy minimization, each system was equilibrated
for 600 ps in the NPT ensemble (7=298.0 K, P=1atm) using the Nose
thermostat and Berendsen barostat, allowing stabilization of thermo-
dynamic properties. Subsequent simulations under NVT conditions
were carried out for an additional 600 ps to collect trajectory data for
the analysis of RDFs and coordination CNs, with configurations
recorded every 5 ps.

DFT calculations were employed by the DMol3 module® to cal-
culate the total binding energy (AEy), successive binding energy (AE),
enthalpy (AH) and Gibbs free energy (AG) of the stepwise hydration
and/or ionization processes for different ion clusters, as shown in the
detailed parameters of Supplementary Tables 1-32. Firstly, the gen-
eralized gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional was employed to fully relax ion
complex cluster®*®>, The DFT-D correction was considered by Grimme
method. The double-numeric quality basis sets with polarization
functions were used. The iterative tolerances for energy change, force
and displacements were 1x10°Ha, 0.002HaA™, and 0.005A,
respectively®®®. In the self-consistent field (SCF) procedure, 10 a.u.
was used for the convergence standard electron density. After struc-
ture optimization, single point energy calculation was executed. Using
the Cd(H,0),* cluster (n =1-6) as an example, the AE,, AE, AH, and AG
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were calculated according to the following equation:

AEy =Ecqmaom — Eca — Mo @®

(03

AE= ECd(HZO)n—l + EHZO - ECd(H2O)n

where the Ecqaom, Ecdmzom-1, Eca and Eyo are the energies of
Cd(H,0),%, Cd(H,0),-**, Cd** and H,0, respectively.
AH =Hcquz0m — Hea — MHizo 3
where the Hequzoyn, Hca and Hypo are the enthalpy of Cd(H,0),>", Cd**
and H,0, respectively. H = Epgr + Ezpe + En. Epfr, Ezpe, and Ey are the
static calculation energy, zero-point energy, and enthalpy contribution
energy.
AG=AH — A(T xS) 4)
where A(Tx S) is entropy contribution energy. T is the temperature
(293.0K) and S is the entropy.

Data availability

The authors declare that all data supporting this work are available.
The relevant datasets have been publicly deposited in the Zenodo
repository®® and are also available from the corresponding author
upon request.
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