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Energy & Environmental Science

In the pursuit of next-generation energy solutions, aqueous metal batteries have
emerged as competitive candidates, because of their potentially high safety, high energy,
and low cost. While extensive research has focused on prominent transition metals such
as zinc, our work delves into the overlooked cadmium metal, revealing its remarkable
plating chemistry and unprecedented battery performance. Cadmium exhibits minimal
polarization, extended lifespan, and exceptional plating efficiency, even under
challenging conditions. Remarkably, these achievements are attained without complex
electrolytes, intricate additives, or surface modifications, underscoring the intrinsic
advantages of cadmium, such as its suitable redox potential and unique morphology.
Moreover, our study demonstrates the viability of high-energy and high-rate cadmium
batteries. By shedding light on the unexplored territory of cadmium-based redox
chemistry, our work opens new avenues for designing high-performance metal batteries,

offering significant implications for the advancement of energy storage solutions.
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Aqueous metal batteries represent a compelling avenue for energy storage solutions. Currently, research efforts are heavily
concentrated on period 4 transition metals, starting from the prominent zinc to emerging candidates of iron, nickel, copper,
and manganese. However, period 5 transition metals remain underexplored and poorly understood. Herein, we selected an
underrepresented cadmium metal and investigated its fundamental plating chemistry, which showcases an unprecedented
electrode performance, including low polarization (~5 mV), long lifespan (4000 hours, 5.5 months), and exceptional plating
efficiency. Notably, the efficiency approaches unity (99.92%) at 1.0 mA cm™ and 1.0 mAh cm?, and it retains 99.60-99.82%
in more aggressive conditions (5-10 mAh ¢cm%; 0.25-0.50 mA cm2). Surprisingly, such a performance is achieved without
utilizing sophisticated electrolytes, additives, or surface treatments, which likely results from its suitable Cd?*/Cd redox
potential, high resistance to hydrogen evolution, and densely stacked plate-like morphology. High-energy, high-rate, and
long-cycling cadmium batteries have also been demonstrated. Our work contributes novel insights into the design of high-
performance metal batteries.

batteries, and many interesting results were achieved. Recently, a
post-transition metal of tin (Sn) demonstrated its promise as a low-
polarization and high-efficiency anode.?> For instance, in an acidic
electrolyte, the tin anode exhibited a moderate plating efficiency of
~98% at 2.0 mA cm2.26 Regardless of these advances, rare attention
has been paid to cadmium (Cd) plating chemistry, which constitutes
a great knowledge gap. It also remains elusive whether Cd redox
could bring new innovations for battery studies.

Introduction

Aqueous multivalent metal batteries have attracted growing
attention for energy storage, owing to their potentially high energy,
low cost, and nonflammability.23 Presently, zinc metal batteries
represent the mainstream option, but the parasitic electrode-
electrolyte side reactions lead to insufficient Coulombic efficiency
and inferior cycling stability.*5 Furthermore, zinc metal exhibits high

propensity to dendrite growth,® leading to the short-circuit problem.
To tackle these challenges, numerous approaches have been
proposed, such as the development of sophisticated electrolytes’-10
and functional additives or current collectors!14, However, these
methods may increase the cost of raw materials or battery
manufacturing.

The pursuit of innovative metal plating chemistry is of critical
importance, which not only enhances our fundamental
understanding of element properties but also facilitates the
development of advanced metal battery systems. Therefore,
researchers have started examining alternative metal electrodes. In
2019, Ji et al. demonstrated a proof-of-concept of iron metal
batteries, where the Fe?*/Fe plating behavior and Fe2* ion insertion
reaction was studied.’® Despite the moderate Fe plating efficiency
(~91%), this work caused a paradigm shift for investigating post-zinc
batteries. Later, researchers actively explored plating mechanisms of
copper (Cu),6-18 nickel (Ni),1921 and manganese (Mn)?2-24 for aqueous
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In fact, Cd possesses several appealing merits. Firstly, the standard
Cd?*/Cd electrode potential is -0.40 V vs. standard hydrogen
electrode (SHE),?” which is slightly above the hydrogen evolution
potential at a pH=7 state (-0.413 V vs. SHE, Figure 1a).28 This can
ensure a maximal full cell voltage without causing appreciable
hydrogen evolution side reactions. In comparison, the low-potential
Fe, Zn, and Mn metals easily cause HER and low efficiency, while the
high-potential Ni, Sn, and Cu metals inevitably compromise the full
cell voltage. Secondly, in the catalysis field, Cd is well known for its
high overpotential toward HER (Figure 1b),2>-31 which is on par with
the prominent lead element. Therefore, the parasitic HER side
reaction can be markedly suppressed, which will further contribute
to a high plating efficiency. Thirdly, Cd exhibits a theoretical capacity
of ~477 mAh g! (Figure 1c and Table S1), which is inferior to
transition metals but surpasses the newly developed Sn anode (451
mAh g1).26 Moreover, Cd has a high density of 8.65 g cm3, which
compensates for its volumetric capacity (4125 mAh cm-3).
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Figure 1. (a) The Pourbaix diagram of water and the standard electrode potentials of divalent M2*/M couples, where M = Mn, Fe, Ni, Sn, Cu,
Zn, and Cd; (b) The volcano plot of different metals toward HER, reproduced with permission from Ref. 29, copyright, 1972, Elsevier; (c) The
gravimetric and volumetric capacities of divalent metals; (d) The elemental price of different metals; (e) The working mechanism of
commercial Ni-Cd batteries in strong alkaline electrolytes (pH>14). The anode works on a Cd/Cd(OH), conversion reaction, whereas the
cathode operates on a proton insertion reaction in nickel oxide hydroxide (NiOOH); (f) The working mechanism of proposed cadmium metal
batteries in mildly acidic Cd?* electrolytes (pH~=5). The anode works on a Cd?*/Cd plating mechanism, whereas the cathode operates on a

proton insertion reaction in manganese dioxide (MnO,).

Lastly, Cd is an inexpensive metal (2.73 USD/kg, Figure 1d), which
rivals Zn (2.55 USD/kg) but is much cheaper than Ni (13.9 USD/kg),
Cu (6.0 USD/kg), and Sn (18.7 USD/kg).32 This would be the primary
incentive for its applications in commercial nickel-cadmium (Ni-Cd)
batteries (Figure 1e),33-3>which offer higher energy than lead-acid
batteries but much lower cost than nickel-metal-hydride batteries.
However, Ni-Cd batteries utilize alkaline electrolytes and operate on
the Cd(OH),/Cd conversion reaction instead of the Cd?*/Cd plating
chemistry.

In this work, we investigated the fundamental properties of
cadmium plating chemistry and revealed its superior electrochemical
performance (Figure 1f). Specifically, Cd exhibits an exceedingly low
polarization of ~5 mV, a long cycling life of 4000 hours (5.5 months),
and near-unity efficiency of ~¥99.92% at 1 mA cm2 and 1 mAh cm=2.
At more stringent conditions, such as high capacity (5 and 10 mAh
cm2) and low current (0.5 and 0.25 mA cm2), it still retains a high
efficiency of 99.60-99.82%. We also explored the full cell applications
of Cd metal batteries. The Cd-MnO; battery exhibited a high capacity
of 310 mAh g and a high energy of ~188 Wh kg, whereas the Cd-

KNiFe(CN)g hybrid battery showed an ultrahigh rate of 4000C (200 A
g1) and stable cycling for >30,000 cycles.

Results and Discussion

To explore the Cd plating behavior, we utilized a conventional 1.0
mol Lt CdCl; electrolyte, which shows a mild pH value of 4.91 and
high ionic conductivity of 20.8 mS cm! (Figure S1). Figure 2a shows
the typical cyclic voltammetry (CV) curve of the electrolyte in a three-
electrode cell, where the working, counter, and reference electrode
is titanium foil, Cd foil, and Ag/AgCl electrode (saturated KCI, +0.20 V
vs. SHE), respectively. As shown, when the scanning potential
reaches -0.64 V vs. Ag/AgCl, the cathodic current proliferates, which
results from the Cd plating. During the positive scanning, the anodic
peak occurs at -0.58 V vs. Ag/AgCl, indicating the Cd stripping. The
average reaction potential is calculated as -0.61 V vs. Ag/AgCl,
corresponding to -0.41V vs. SHE, which agrees well with the standard
Cd?*/Cd potential (-0.40 V).

Please do not adjust margins
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Figure 2. Electrochemical characterizations of the Cd metal in 1.0 M CdCl, electrolyte. (a) The CV curve of the electrolyte at 1.0 mV s%; (b)
GCD curves of symmetrical Cd| | Cd batteries at 0.5 mA cm2 and 0.25 mAh cm2; (c) The polarization comparison between different divalent
metals; (d) Rate performance of symmetrical Cd||Cd batteries; (e) GCD curves of the Cd| | Cu battery at 1.0 mA cm2 and 1.0 mAh cmZ; (f)
The plating efficiency during the long-term cycling, where the inset is an enlarged figure version; (g) The comparison between representative
Zn batteries and Cd metal in terms of cycling time and efficiency; (h) A 3D plot to show the Cd plating efficiency at different current densities

(0.25, 0.5, and 1 mA cm2) and capacities (1, 5, and 10 mAh cm2).

To evaluate the reaction kinetics and stability, we fabricated
symmetrical Cd||Cd batteries (current: 0.5 mA cm2; capacity: 0.25
mAh cm-2). The charge and discharge time is 1 hour for each cycle.
Figure 2b displays Galvanostatic charge/discharge (GCD) curves,
where a low polarization value of ~5 mV is observed. After a long
cycling period of 4000 hours (5.5 months), there is no noticeable
polarization increase or battery short-circuit, indicating a highly
stable Cd plating process. Figure S2 shows selected GCD curves at
different testing cycles.

Of note, such small polarization is 1-2 orders of magnitude lower
than transition metals at identical conditions,3¢ such as Mn (1100

mV), Fe (200 mV), Ni (300 mV), Cu (25 mV), and Zn (50 mV), as shown
in Figure 2c and Figure S3. Electrochemical impedance spectroscopy
(EIS) finds that the symmetrical cell exhibits a marginal charge-
transfer resistance of ~0.29 ohm (Figure S4), which suggests fast
reaction kinetics and corroborates the small polarization. We thus
tested the rate capability of symmetrical batteries. At higher currents
of 1, 2, 4 and 8 mA cm2 (Figure 2d), the polarization is ~6, 8, 12 and
18 mV, respectively. Even at 10 mA cm2, the polarization still remains
low at 21 mV, which surpasses reported transition metals. Therefore,
Cd metal holds promise for high-rate battery applications.

Please do not adjust margins
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To further examine the Cd metal stability, we tested symmetrical
batteries at larger currents and capacities. At a testing condition of
1.0 mA cm2 and 0.25 mAh cm, the Cd||Cd battery retains stable
GCD curves for ~2900 hours (Figure S5). At 2.0 mA cm2 current and
1.0 mAh cm2 capacity, the Cd||Cd battery still shows smooth and
well-defined GCD curves for ~2600 hours (Figure S6). These results
collectively confirm the cycling stability of Cd metal.

Plating Coulombic efficiency (CE) is the most important metric for
metal electrodes,3’3° which directly determines the cycling life of
metal batteries. We used a copper foil substrate for asymmetrical
Cd| | Cu batteries because it showed a better performance than the
titanium foil (Figure S7). The plating efficiency was tested at 1.0 mA
cm2and 1.0 mAh cm2. As shown in Figure 2e, the CE is 93.72% in the
1stcycle, which progressively rises to 98.50, 99.79, 99.83, and 99.90%
in the 2nd, 10th, 20, and 50t cycle, respectively. Figure 2f displays
the cycling performance, where the average CE is as high as 99.92%
over 1622 cycles, which is very close to unity (100%). Meanwhile, we
underline that calendar life is another crucial parameter that reflects
the cycling stability of aqueous batteries.%41 |n this case, the cycling
time is ~3243 hours (~4.5 months), and there is no battery failure or
short-circuit, further validating the plating reversibility. It is noted
that we plotted the efficiency in a very narrow range of 99-100.2%
so that readers could better see the detailed efficiency values. These
data points appear to be instable, but most of them fluctuate in a
small scale of £0.1%, which corroborates the high stability. Figure S8
provides selected GCD curves of the Cd||Cu battery at 100t, 200th,
500th, 800th, and 1600, which overlap well and have no obvious
overpotential increase, further suggesting the high plating stability.

Surprisingly, such an exceptional efficiency and calendar life is
achieved using a simple 1.0 M electrolyte and a pristine Cu foil
substrate, which is rarely reported in the metal electrode context.
For better understanding, we select some representative studies on
Zn batteries and summarize their testing conditions and
performances in Table S2. Figure 2g provides a comparison between
the Zn and Cd in terms of plating efficiency and cycling time.
Although Zn metal has realized high efficiencies (99.18-99.95%) and
good cycling life (200-2200 hours) in asymmetrical batteries, it has to
rely on the use of concentrated electrolytes,’3%4244 functional
additives,*>4® or delicate surface treatments.®>0 By contrast, Cd
exhibits an extraordinary CE (99.93%) and cycling time (3243 hours)
in a regular testing condition, which suggests a super low
manufacturing cost. The comparison also underscores the excellent
compatibility between the Cd?*/Cd redox couple and aqueous
electrolytes.

To further push the limit, we tested the Cd performance in harsher
conditions. We fixed 1 mA cm2 current but increased the capacity to
5 and 10 mAh cm2, which are sufficient in practical applications.
Impressively, the average CE is 99.82% at 5 mAh cm2 and 99.75% at
10 mAh cm? (Figure S9), respectively. Besides, these Cd||Cu
batteries demonstrate a long calendar life of 998-2297 hours, and
the CE value fluctuates in a small range of +0.2%, indicating high
reaction reversibility.

Aqueous metal batteries generally suffer from the parasitic HER
side reaction,>1-53 which is a major reason for their inferior plating
efficiency. To circumvent this issue, some researchers used very high

4| J. Name., 2012, 00, 1-3
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current (5-50 mA cm2) to obscure HER, leading to “strategically” high
efficiencies. However, HER will still reveal when batteries are at low-
power or standby states. Thus, it is more valuable to obtain high
efficiencies at lower current density. We fixed the capacity as 1 mAh
cm2 but decreased the current density accordingly. At a moderate
current of 0.5 mA cm2 (Figure S10), the average CE is 99.81% over
650 cycles (~2597 hours). At a low current of 0.25 mA cm2, Cd still
maintains an impressively high CE of 99.60% (285 cycles, ~2274 hours,
Figure S10). We further tested the efficiency at a very small current
of 0.1 mA cm?2, where each plating process takes 10 hours to
complete. In this scenario, HER side reactions have sufficient time to
play a role. Remarkably, the average CE is ~98.6% (84 cycles, ~1670
hours, Figure $11), which is close to 99.0%. Figure 2h summarizes the
relationship between the plating current, capacity, and efficiency of
the Cd metal.

We infer that such high Cd plating efficiency is closely related to
its fundamental properties. Firstly, the Cd2*/Cd redox couple enjoys
a suitable potential of -0.40 V vs. SHE (Figure 1a), higher than its
divalent metal siblings, such as Zn and Fe. Hence, Cd metal is
thermodynamically more compatible with aqueous electrolytes,
which minimizes HER side reactions. Indeed, at the same condition,
Zn and Fe metals suffer from an inferior plating efficiency (92.2-
97.9%, Figure S12) to Cd (99.60%, Figure S10).

Secondly, Cd features an immense overpotential toward hydrogen
evolution (Figure 1b),2°-31 5456 which kinetically inhibits HER side
reactions. Note that the CdCl, electrolyte is mildly acidic (pH~4.9),
which renders a thermodynamic HER potential of -0.059*4.9=-0.289
V vs. SHE. Therefore, HER could theoretically take place because its
potential exceeds the practical Cd plating potential (-0.41 V vs. SHE).
Fortunately, the potential gap is merely 0.12 V, which can be easily
overcome by kinetic parameters (0.25-1.0 mA cm2). To verify our
hypothesis, we conducted linear scanning voltammetry (LSV)
analysis on a mildly acidic 0.1 M ammonium chloride, using Cd and
Cu foils for comparison. Of note, this NH4Cl electrolyte has a similar
pH value (~4.80) to 1 M CdCl; (~4.90), which can mimic the HER upon
reduction. Besides, the Cu foil is the current collector used for Cd
plating. As shown in Figure 3a, the Cd foil renders a much less current
than Cu even at a very negative potential of -1.3 V vs. SHE, which
validates the HER suppression capability of the Cd metal. The
corrosion curve in Figure S$13 further reveals the minimal electrode-
electrolyte side reaction and anti-HER capability of Cd metal.

Thirdly, the unique Cd plating morphology further contributes to
its high efficiency. We selected four representative states for
morphology observation (Figure 3b), namely plating 0.5 mAh cm2
(point A), plating 1.0 mAh cm?2 (point B), stripping 0.5 mAh cm?
(point C), and full stripping (point D).

At a moderate plating capacity (point A), the Cd metal appears as
surface-flattened but irregular-shaped clusters, whose size varies
between 30-80 um (Figure 3c). Taking a closer look, we find that the
Cd top comprises some smaller particles (marked in yellow circles),
whereas the Cd base consists of many plate-like Cd chips that are
closely stacked and densely packed (Figure 3d). Figure 3e shows a
cross-sectional SEM image, which further confirms the joint particle-
plate morphology. When plating capacity reaches 1.0 mAh cm?
(point B), the overall Cd metals are better connected, and the deposit

This journal is © The Royal Society of Chemistry 20xx
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size further enlarges to 50-100 um (Figure 3f). At this stage, Cd
particles on the top increase their population, and the Cd plates at
the base increase their stacking layer numbers (Figure 3g-h). X-ray
diffraction (XRD) and energy dispersive spectra (EDS) mapping

b
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analysis confirmed the high purity of these Cd deposits (Figure S14-
15).
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Figure 3. The HER resistance and morphology evolution of the Cd metal. (a) LSV curves of the Cd and Cu foils in 0.1 M NH,4CI electrolyte; (b)
A typical plating/stripping curve, the inset is a scheme to describe the morphology evolution; (c-e) Top-view and cross-sectional SEM images
of Cd at a plating capacity of 0.5 mAh cm2; (f-h) Top-view and cross-sectional SEM images of Cd at a plating capacity of 1.0 mAh cm2; (i-k)
Top-view and cross-sectional SEM images of Cd at a stripping capacity of 0.5 mAh cm2. The plating current is 1.0 mA cm2,

During the stripping process at 0.5 mAh cm2 (point C), the Cd
metal does not experience a noticeable particle size decrement, as
compared in Figure 3f and Figure 3i. However, upon closer
examination, we observe that the smaller particles on the top almost
vanish, resulting in a relatively clean surface (Figure 3j). Meanwhile,

This journal is © The Royal Society of Chemistry 20xx

the plate-stacking texture at the base becomes thinner and less
dense (Figure 3k). This suggests that the stripping process starts from
the top of Cd metal instead of its base. According to Li metal
studies,>”*8 this top-stripping manner is advantageous for a
complete stripping process; otherwise, residual metals may lose

J. Name., 2013, 00, 1-3 | 5
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reaction mechanism. The electrolyte is 1.0 M CdCl; + 0.1 M MnCl,.

electron conduction with current collectors, thus becoming “dead”
metals. Figure S16 illustrates the difference between top stripping
and base stripping. At the fully stripped stage (point D), all the plate-
like metals disappear from the Cu substrate (Figure S17)

Notably, there is no dendrite growth during the entire
plating/stripping cycle, and the Cd deposits are micron-sized
particles and plates, which are closely packed to minimize the surface
areas. This morphology is conducive to reducing electrode-
electrolyte side reactions, which further reinforces the Coulombic
efficiency.

We also tested its morphology at 5.0 and 10.0 mAh cm capacity,
where Cd retained a relatively flat and smooth surface without
dendrites (Figure S18-19). After cycling in symmetrical batteries for
200 hours, the pristine Cd foil evolves into a plate-stacking

morphology, which, again, resists the dendrite growth (Figure S20).
These results explain well the outstanding efficiency and cycling life.

Encouraged by the superb Cd anode performance, we aim to
develop a suitable cathode for Cd metal batteries. Herein, we
selected a manganese dioxide (MnO;) material, considering its high
capacity (200-500 mAh g1) and low cost.>®%2 This material was
prepared by a hydrothermal method, which adopts a tetragonal
structure with a space group of P42/mnm (JCPSD # 24-0735, B-phase,
Figure 4a). It shows a well-defined nanorod morphology, where the
length is approximately 5-10 um, and the diameter is a few hundred
nanometers (Figure 4a inset). This material shows high chemical
purity, as indicated by the EDS analysis (Figure S21).

We assembled Cd||MnO; batteries in a two-electrode cell
configuration. The 1.0 M CdCl; electrolyte is added with 0.1 M MnCl,
which can reinforce the cycling performance of MnO; based on the

Please do not adjust margins
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common ion effect.6® As shown in Figure 4b, the Cd| | MnO; battery
delivers a high discharge capacity of ~330 mAh g1 and a flat discharge
plateau at 0.84 V in the first cycle. Subsequently, the discharge
capacity is stabilized at 310 mAh g, and the discharge plateau
increases to 1.0 V. The voltage elevation phenomena have been
widely reported in Zn-MnO, batteries, due to the material
morphology change and electrode activation.t® Note that MnO;
exhibits a theoretical capacity of 308 mAh g via one-electron

Mn**/Mn3* redox, agreeing well with the practical discharge capacity.

The theoretical energy density for this Cd||MnO; battery is
calculated as 188 Wh kg1, based on the cathode capacity (310 mAh
g1), anode capacity (477 mAh g1), cell voltage (1.0 V), and a
negative/positive (N/P) capacity ratio of 1:1 (see experimental
section). This energy density is comparable to representative metal
battery systems, as summarized in Table S3. If an N/P ratio of 2:1 is
used, the energy density will be 135 Wh kg. Assuming practical
Cd| | MnO; batteries have 40-50 wt.% mass burden from non-active
components (current collectors, separators, electrolytes, and
packages),®3%4 the final energy density may reach 67-80 Wh kg1,
which exceeds that of commercial Ni-Cd batteries (40-60 Wh kg1).33

Besides the high energy, the MnO, battery demonstrates a
reasonable rate and cycling capability. As displayed in Figure S22, it
delivers a discharge capacity of ~310, 270, 240, 210, 188, and 171
mAhg1at0.1,0.2,0.3,0.5,0.8,and 1.0 A g1, respectively. We carried
out CV tests at different scanning rates (Figure $22) and fitted the
relationship between the scanning rates and peak currents.
According to the equation of i=av®,%5 the b value is found ~0.5 for
cathodic and anodic peaks, suggesting a diffusion-controlled
insertion reaction. Figure 4c gives the cycling performance at 300 mA
g1 (~1Crate). After 300 cycles, the discharge capacity degrades from
222 to 133 mAh g1, which renders a moderate capacity retention of
60% and average Coulombic efficiency of 99.6%. Figure S23 shows
the selected GCD curves during cycling. The capacity fading is likely
due to the manganese ion dissolution issue, as indicated by the dark
precipitation on the separator (Figure S24). Future work will focus on
the optimization of the MnO, morphology or electrolyte additives for
better cycling stability.

To unveil the charge-storage mechanism of the MnO; cathode, we
used ex-situ XRD techinques to investigate the structure evolution
(Figure 4d). There is an additional peak at ~18.1° in the pristine MnO;
electrode, due to the polytetrafluoroethylene binder (Figure 4e). At
the fully discharged state, many new peaks emerge at 17.3, 28.1,
29.4, 33.2, 35.0, 38.7, 45.5, 49.8, and 53.1°, which can be well
indexed to the hexagonal cadmium chloride hydroxide material
(CACIOH, JCPDS#18-0259, a=b=3.671 A, a=B=90°, y=120°). This is a
good implication of the proton insertion reaction,5%62 which
consumes H* ions from the CdCl, electrolyte (pH~4.9), consequently,
increases the hydroxide concentration, and eventually leads to the
Cd?* salt precipitation.

SEM further consolidates the CdCIOH precipitation. As shown in
Figure 4f and Figure $25, many hexagonal rods show up in the
discharged state, which results from the hexagonal crystal structure
of CdCIOH. EDS detects appreciable amounts of Cd and Cl elements
plus less Mn element (Figure $25), suggesting that the MnOOH
material is buried underneath the CdCIOH precipitation. Cross-

This journal is © The Royal Society of Chemistry 20xx

sectional SEM analysis discloses that this precipitation layer is
approximately 80 um thick (Figure $26), and the battery charge-
transfer resistance increases from 12.9 to 17.5 Q. Of note, the thick
CdCIOH deposits and relatively low-crystalline MnO, concurrently
influenced the detection of the MnOOH phase by XRD. Thus, we used
a micro-sized 8-MnO; and partially washed away CdCIOH deposits,
and we successfully observed characteristic XRD peaks of MnOOH
(PDF#12-0733, Figure S27).

At the fully charged state, all XRD peaks restore to their original
positions (Figure 4e), suggesting the disappearance of CdCIOH and
the reformation of B-MnO,. SEM analysis finds that the fully charged
electrode does not contain any hexagonal rods (Figure $28), and the
overall morphology consists of irregular and porous particles. It is
possible that during the structure transformation, MnO, endures a
certain degree of pulverization. At the second-cycle full discharge
state, the CdCIOH phase shows up again (Figure 4e), indicating a
reversible reaction process. Meanwhile, CdCIOH rods fully cover the
MnO; electrode surface (Figure $29), although its hexagonal
morphology becomes less obvious. We infer that the MnO, material
provides initial “nucleation” sites for the CdCIOH precipitation, thus
affecting its final morphology (Figure $S30). During the first discharge,
the MnO; material has a well-defined nanorod morphology, whereas
during the second discharge, MnO; has experienced substantial
morphological changes due to the proton insertion/extraction
reactions. The MnO; morphology change affects the nucleation of
CdCIOH, leading to its less obvious hexagonal morphology in the
second cycle.

Based on these results, we conclude that the MnO; cathode works
through a proton insertion mechanism, which likely forms a MnOOH
discharge compound. Meanwhile, the H* insertion leads to the
increment of OH- concentration, which precipitates Cd2* cations and
Cl- anions in the form of hexagonal CdCIOH. The overall process is
schematically illustrated in Figure 4g, and the pertinent chemical
reactions are proposed as follows:

lonization of water: H,O = H* + OH-
Redox reaction: MnO; + H* + e = MnOOH
Precipitation: Cd?* + OH- + CI- = CdCIOH

Besides the high-energy Cd||[MnO; battery, Cd metal is also feasible
to construct high-power and long-cycling hybrid batteries. Figure 5a
shows the working principle, where the anode operates on the
reversible Cd?*/Cd plating reaction, whereas the cathode
preferentially hosts alternative cations, such as K*. In this work, we
selected a K-insertion Prussian blue analogue (PBA) of KNi''[Fe"'(CN)]
(Figure S31) for demonstration purposes,5¢ but alternative ions or
materials can also be exploited in hybrid cells. This KNi[Fe(CN)e]
cathode exhibits a moderate capacity of ~53 mAh g! and a
reasonable voltage of ~1.2 V (Figure 5b). Comparative studies on
GCD curves in different electrolytes confirm the K* insertion
mechanism on the cathode (Figure $32).

Notably, this Cd hybrid battery exhibits an extraordinary rate
capability. At 3, 20, 50, and 100 A g1, the discharge capacity is ~48,
46, 43, and 39 mAh g1, respectively. Even at an exceedingly high
current of 200 A g, which is approximately 4000 C rate, the
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discharge capacity still retains 28 mAh g, corresponding to 53%
capacity utilization (Figure 5c). This likely results from the minimal
charge-transfer resistance (Figure S33) and the nearly capacitive K*
insertion process (Figure $34) in the large open KNiFe(CN)g structure.
Furthermore, this hybrid battery demonstrates superior cycling

Ehergy-& Environmental Science

stability (Figure 5d), where the capacity fades from 52 to 41 mAh g!
after 32800 cycles, corresponding to a high-capacity retention of 78%.
The selected GCD curves are provided in Figure $35. Ex situ XRD
studies reveal that the volume change is only 3% during K* insertion
(Figure $36), which accounts for its outstanding cycling stability.
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Figure 5. (a) The working mechanism of the hybrid battery of Cd || KNiFe(CN)g; (b) GCD curves of the hybrid battery in the electrolyte of 1 M
CdCl; + 1 M KCl at 100 mA g%; (c) The rate performance; (d) The long-term cycling performance at 10 A g'1; (e) The Radar plot comparison
between the Zn and Cd metal; (f) A proposed application scenario of the Cd metal battery.

The Cd||MnO;, and Cd||KNiFe(CN)s batteries demonstrate that the
Cd metal is promising to build high-energy, high-rate, and long-
cycling batteries. We also envision that many other promising
cathode materials, such as sulfur, iodine, or vanadium oxides, can be
explored to achieve better performance and unlock new redox
chemistries.

We also would like to provide an overall comparison between this
peculiar Cd metal and the prominent Zn metal (Figure 5e). Cd metal
exhibits a lower capacity (477 mAh g1) and higher redox potential (-
0.40 V vs. SHE) than Zn, which results in lower energy density.
However, the higher Cd?*/Cd potential offers some advantages in
return, such as high compatibility with aqueous electrolytes (Figure
1a) and exceptional plating efficiencies. Moreover, Cd metal exhibits
a closely stacked plate-like morphology, which effectively avoids the
infamous dendrite growth issue, leading to extraordinary cycling
stability. Additionally, Cd has a similarly low price compared with Zn,
but its polarization is much smaller, leading to high-rate capabilities
in hybrid batteries. It is worth mentioning that all these results are
achieved without delicate material innovation or electrolyte
engineering. Thus, even better Cd battery performance can be
expected if we borrow the Zn battery research wisdom.

Unfortunately, the Cd element is toxic, which incurs some
limitations for practical applications. The toxicity issue resembles
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that of commercial Ni-Cd batteries and Pb-acid batteries. Therefore,
caution is needed when handling relevant Cd chemicals. However, it
is crucial to recognize that Ni-Cd, Pb-acid, and Cd metal batteries
represent distinct technologies, and they may find vastly different
application areas. For instance, Ni-Cd batteries and Pb-acid can be
sold to individual customers, which, if not disposed of properly, lead
to environmental pollution.

To mitigate this issue, we propose a hypothetical application
scenario for Cd metal batteries (Figure 5f). Cd metal batteries will be
used for some specific and restricted cases only, such as stationary
energy storage in rural areas. During operation, power station
companies take responsibility for the battery monitoring and
maintenance. When these batteries reach the end of cycling life,
power station companies send them to a specific battery recycling
enterprise. Subsequently, recycled materials will be used by the
battery manufacturer to reproduce new Cd metal batteries. Hence,
the “restrict, recycle, and reproduce” procedure forms a closed loop,
which helps to minimize the toxicity and pollution issue. Noteworthy,
Pb-acid batteries use the toxic lead element in the cathode (PbO,)
and anode (Pb) components, but more than 98% Pb has been
successfully recycled and reproduced.®” Ni-Cd batteries are still used
in electric tools nowadays, owing to its super low cost and good
energy and cycling life.

This journal is © The Royal Society of Chemistry 20xx
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In parallel to rechargeable batteries, there are some efforts to
investigate Cd based redox flow batteries, due to the cost, high-
power, and plating reversibility attributes of Cd metals. For example,
Zhao et al. reported a low-cost Fe/Cd redox flow battery,58 which
achieved a low capital cost of $108 kWh-! for 8-h energy storage and
high energy efficiency of 80% at 120 mA cm-2. Most recently, Li et al.
demonstrated a Cd redox flow battery with a multiple-electron-
transfer catholyte of /103, leading to predominantly high energy of
1200 Wh L! (based on the catholyte).5? Along this line, the Cd toxicity
issue could be partially offset by its superior battery performance
(Figure 5e). Furthermore, with the advancement of battery
manufacturing, sealing, and recycling technologies,’® the toxicity
issue can be further tolerated or addressed. It is also worth noting
that gel-based electrolytes could be developed in light of aqueous Zn
batteries, which will help to alleviate the liquid leakage issue. For
instance, Yang et al. reported an aqueous gel electrolyte based on
the crosslinked biomass-derived materials,”* and they demonstrated
Ah-scale zinc metal pouch cell without liquid leakage problem.

Lastly but more importantly, we note that this work is a scientific
research endeavor to fill out the knowledge gap of Cd plating
chemistry, instead of advocating commercialization of Cd metal
batteries. Readers may differentiate the boundary between scientific
research and practical applications. Indeed, through this study, we
have unveiled unique properties of Cd redox chemistry, including
minimal polarization, ultrahigh efficiency, resistance to hydrogen
evolution, and distinctive plate-stacking morphology. These insights
significantly contribute to our fundamental understanding of metal
plating mechanisms, potentially catalyzing the development of high-
performance metal batteries.

Conclusions

In conclusion, we investigated the fundamental properties of
Cd plating chemistry and demonstrated its promise as a low-
polarization, long-cycling, and ultrahigh-efficiency metal anode
for agueous multivalent batteries. At various testing conditions
(0.25-1 mA cm2; 1-10 mAh cm?), it exhibits an incredibly high
efficiency of 99.60-99.92% in a regular 1 M CdCl, electrolyte,
which far exceeds most metal electrodes. This performance is
closely related to its intrinsic properties, including a suitable
redox potential, high HER resistance, and desirable plating
morphology. We also explored the full cell applications, where
high-energy, high-rate, and long-cycling batteries were
demonstrated.
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