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ELECTROCHEMISTRY

A solid-to-solid metallic conversion electrochemistry
toward 91% zinc utilization for sustainable

aqueous batteries

Zhiguo Hou't, Tengsheng Zhangz1', Xin Liu?, Zhibin Xu’, Jiahao Liu?, Wanhai Zhou?, Yitai Qian’,

Hong Jin Fan?, Dongliang Chao**, Dongyuan Zhao?

The diffusion-limited aggregation (DLA) of metal ion (M") during the repeated solid-to-liquid (StoL) plating and
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liquid-to-solid (LtoS) stripping processes intensifies fatal dendrite growth of the metallic anodes. Here, we report
a new solid-to-solid (StoS) conversion electrochemistry to inhibit dendrites and improve the utilization ratio of
metals. In this StoS strategy, reversible conversion reactions between sparingly soluble carbonates (Zn or Cu) and
their corresponding metals have been identified at the electrode/electrolyte interface. Molecular dynamics simu-
lations confirm the superiority of the StoS process with accelerated anion transport, which eliminates the DLA and
dendrites in the conventional LtoS/StoL processes. As proof of concept, 2ZnC03-3Zn(0OH), exhibits a high zinc
utilization of ca. 95.7% in the asymmetry cell and 91.3% in a 2ZnCO3-3Zn(OH); || Ni-based full cell with 80% capacity
retention over 2000 cycles. Furthermore, the designed 1-Ah pouch cell device can operate stably with 500 cycles,

delivering a satisfactory total energy density of 135 Wh kg™".

INTRODUCTION

Metal-based (Zn, Cu, Fe, Al, etc.) rechargeable aqueous batteries
have attracted extensive attention for a number of desirable charac-
teristics such as high theoretical energy density, environmental
friendliness, intrinsic safety, high abundance, and recyclability (1-5).
Thereinto, Zn anode particularly features high theoretical capacity
(820 mAh g™! or 5855 mAh ¢cm™), low toxicity, and moderate
working potential, i.e., —0.76 V versus standard hydrogen electrode
(SHE), which is neither too high to degrade battery working voltage
nor too low to trigger severe hydrogen evolution reaction (6). How-
ever, the Zn anode suffers from fatal dendrite growth, which is a
complicated process and related to the electric/ion field, desolvation,
nucleation, etc. Especially, for the liquid-to-solid (LtoS) electro-
chemical Zn deposition process [either Zn*" in the neutral electrolyte
or Zn(OH)4*™ in the strong alkaline electrolyte], the diffusion-
limited aggregation (DLA) intensifies the disordered fractals without
apparent symmetry (see illustration in Fig. 1A), i.e., the notorious
dendrite growth process (7, 8). Since the popularity of alkaline
manganese-zinc primary batteries, tremendous efforts have been
devoted to their secondary systems (9-11). Unfortunately, researchers
have experienced arduous exploration, twists, and turns for decades,
while the development is plagued by the high solubility of Zn(OH),*~
in the strong alkaline electrolytes, which undergo DLA-triggered
dendrite growth (10). Similarly, considerable efforts have also been
pursued recently to suppress the dendrite growth in neutral electro-
lytes, such as additives in electrolyte (12-14), utilization of func-
tional separator (15), adjustment on charging mode (16), selection
of concentrated electrolytes (3, 17), construction of artificial solid-
electrolyte interfaces (18-22) and three-dimensional porous Zn
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metal architectures (23, 24), and design of plating substrate (25).
Although the issues are mitigated to some extent in the neutral
electrolytes with specific solution environments or charge/discharge
protocols, the DLA-oriented dendrite growth still cannot be ex-
empted (6). Ultimately, the inevitable DLA that derived from the
solid-to-liquid (StoL) Zn dissolution and LtoS Zn electrodeposition
remains unsolved in either alkaline or neutral electrolyte. Attempts
to convert the StoL and LtoS processes in the Zn metal battery might
be promising to radically eliminate the dendrite problem.
Unfortunately, the oxidation products of the metallic anode are
usually soluble, and M"" can diffuse easily from the surface of the
electrode into the electrolyte, generating a concentration gradient.
Inspiringly, two aqueous battery systems with metal-based anodes
have been successfully commercialized without concerns about the
dendrite growth, scilicet lead-acid battery and nickel-cadmium
battery (11, 26). Concretely, for the lead-acid rechargeable batteries,
during the discharge, Pb metal anode loses electrons to form Pb*",
and then Pb”" reacts in situ with the available sulfuric acid on
the electrode/electrolyte interface and nucleates to PbSO, crystals
(27, 28). Correspondingly, the dissociated Pb** from PbSO, is con-
verted to Pb in close proximity to the PbSO, crystal during the charge
process. As described above, the reaction mechanism of lead-acid
battery is overall a solid-to-solid (StoS) conversion process instead
of the StoL or LtoS process, and thus, the DLA effect is negligible
(29). Note that the StoS process forming a sparingly soluble discharge
product has a positive impact on receding the DLA effect, which is
one of the initiators of dendrite formation and growth in aqueous
metallic batteries. Therefore, it can be inferred that converting the
conventional StoL/LtoS process to the StoS process is of great po-
tential to eliminate the dendrite in metallic anode battery systems.
As a consequence, the poor reversibility caused by the dendrite can
also be solved, corporately enhancing the utilization of anode materials.
In this work, instead of relying on traditional StoL metallic
anodes, we deploy sparingly soluble metal carbonates and a unique
StoS conversion reaction to construct dendrite-exempt aqueous
batteries. This new electrochemistry can suppress the DLA effect
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Fig. 1. Schematics of charge storage mechanism at metallic Zn anodes. (A) Traditional Zn metal anode with plating/stripping LtoS/StoL reaction process. (B) Sparingly

soluble 2ZnC03-3Zn(0OH), anode with StoS reaction process.

due to the preferred anion transport rather than the cation long-
range diffusing between the electrode and electrolyte and renders
long cycle stability. Specifically, during the discharge process, the
sparingly soluble carbonate is in situ reduced to metal, while in the
charging process the metal reacts with the available CO5*~ and OH~
in the electrolyte and nucleates to form xM,,,CO3-yM(OH),, crystals
adjoining the metal particles, instead of the M"" diffusion into the
electrolyte causing concentration difference. Benefitting from this
new design, the sparingly soluble carbonates, 2ZnCO3-3Zn(OH),,
can be charged/discharged with 95.7% utilization and without
dendrite growth for 3500 cycles. A full aqueous zinc-nickel battery
constructed on the basis of this new anode design delivers a high
zinc utilization of 91.3% and energy density of 270 Wh kg™ (the
total mass of both cathode and anode active materials) and long life
span over 2000 cycles. Last, a commercial-grade 1-Ah prototype
pouch cell presents an energy density of 135 Wh kg™' and 90%
capacity retention after 500 cycles based on this novel design.
This work might open a new window toward ultrastable and safe
aqueous batteries.

RESULTS

Mechanism of dendrite-exempt StoS zinc

conversion electrochemistry

In selecting the new sparingly soluble Zn salts, the inorganic com-
pounds are regarded as promising candidates because of their water
stability compared with the organic Zn salts (30). Referring to the
Lange’s Handbook of Chemistry, the insoluble or slightly soluble
inorganic salts like ZnCOj3 and basic zinc carbonate could be poten-
tial candidates (31). ZnCOs is soluble in strong alkaline solutions,
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slightly soluble under neutral conditions, and relatively stable in weak
alkaline environments. When dissolving in a weak alkaline solution,
ZnCOj tends to precipitate into basic zinc carbonate. Fortunately, the
basic zinc carbonate [with a chemical formula 0of 2ZnC0QO3-3Zn(OH),]
actually shows sparing solubility in neutral and weak alkaline solutions
and structural stability without dehydration at room temperature
(31). It seems reasonable to choose the sparingly soluble carbonates
as active materials for stable anodes without the DLA effect.

It is worth noting that the molar volumes of the discharge and
charge products of the anode are different in this system. Similar to
alead-acid battery, the volume change of the electrode may result in
the shedding of active materials and ultimately lead to capacity
decay. To fulfill this challenge, a graphene buffer is introduced as a
composite electrode. The graphene not only provides nucleation
sites in inhibiting the aggregation of 2ZnCO3-3Zn(OH), during the
chemical synthesis but also serves as a conductive buffer network
in releasing the volume change during electrochemical charging/
discharging (28, 32, 33). Therefore, 2ZnCO;-3Zn(OH),@graphene
(ZZG) composite electrode was prepared designedly through a simple
precipitation reaction. The structural characterizations of ZZG can
be found in fig. S1 and note S1. As the basic carbonates are soluble
in strong alkali (50 g in 1 M KOH), a weak alkaline K,COj3 aqueous
solution (pH 12.27) was chosen to shape the slightly soluble envi-
ronment in the performance evaluation. The existence of moderate
CO3* and OH™ in the solution would balance the kinetics of
27ZnC0O3-3Zn(0OH), to Zn StoS reaction.

Inspired by the reaction mechanism of lead-acid battery and
nickel-cadmium battery, we first speculate the detailed electro-
chemical processes of 2ZnCO;-3Zn(OH); as follows: (i) During the
electrochemical reduction process, the dissociated Zn®" is deposited
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in the vicinity of the initial sites of 2ZnCQO3-3Zn(OH),. Then, the
solubility product (Q = 0.042 g liter ™) of basic zinc carbonate
is less than its solubility product constant (Ky,), and the rest of
2ZnCO;3-3Zn(OH), dissociates continually to replenish the consumed
Zn** and balance the K. (ii) During the oxidation process, the Zn
metal loses electrons to Zn** and reacts with the available CO3>~
and OH", forming 2ZnCO;-3Zn(OH); crystals. This StoS process
keeps Zn anchored in situ to eliminate the DLA effect (as illustrated
in Fig. 1B).

To certify the above supposition, molecular dynamics simulations
and corresponding electrochemical tests were then carried out to
analyze solvation and ion transport in the concerned K,CO3 elec-
trolyte (Fig. 2A). On the basis of mean square displacement calcula-
tions, the calculated diffusion coefficient of CO3”~ and OH™ anions
in 2 M K,COj electrolyte is 2.540 (+0.037) x 10 cm® s ™' and 9.563
(+2.550) x 107® cm® 57", respectively, which are much higher than
that of Zn** cation in 2 M ZnSQj electrolyte (Fig. 2B and figs. S2
and $3), i.e., 0.893 (+0.496) x 10~® cm”s™". Namely, the proposed sys-
tem would benefit from the fast anion transport of CO3*~ and OH~
anions without the plague from the insufficient ion supply, which
causes the DLA of Zn*" during traditional LtoS Zn electrodeposition.
Further analysis of molecular dynamics simulation results indicates
that the first solvation shell of Zn*" locates at around 2 A with a co-
ordination number of about six, while for CO5”" the first peak of C—O
(water) coordination appears at around 3.5 A away from C, as demon-
strated in Fig. 2 (C and D). The solvation shell of CO5% are about
10 water molecules, but it is not rigid compared with that of Zn>*, as
indicated by the radial distribution functions. The hydrogen bond-
ing of the surrounding water molecules and those coordinated with
Zn** would slow down the diffusion of Zn**. As a consequence, 2 M
K,COs electrolyte delivers a high ionic conductivity (235 mS cmat
25°C and 67 mS cm ™" at —20°C; see fig. $4) and a high CO5?" transfer-
ence number based on the Bruce-Vincent-Evans equation (see details
in fig. S5), which should benefit the electrochemical performances.

A

To further identify the relationship between ion transport and in
situ StoS Zn conversion reaction, the potentiostatic measurement of
the diffusion current i versus ¢ '/? during the oxidation process is
shown in fig. S6, based on the Randles-Sevcik equation (34)

i = nFAC?(D/xt)"? 1)
where C?, A, F, n, and D are the surface concentration of Zn**
species equilibrium with the metal, the area of the electrode (1 cm?),
the Faraday constant, the apparent number of electrons transferred
(2e7), and the diffusion coefficient of rate-limiting species, i.e., Zn**
(0.893 x 10 % cm?s7Y), respectively. The oxidation can be considered
to be a reversible 2e” electrochemical process. The C{ value is calcu-
lated to be about 1.6 x 10™* M at —1.2 V versus SHE. As the solubility
of basic zinc carbonate is about 0.042 g liter ' (corresponding to
8.0 x 107> M) (30), the corresponding concentration of Zn** disso-
ciated by the dissolved basic zinc carbonate should be 4.0 x 10™* M
[2ZnCO;3-3Zn(0OH); <> 5Zn** + 2CO5*" + 60H ], which is higher
than that of C’. Therefore, Zn** survives in the solution for a certain
period of time before reacting with CO3”” to form the basic zinc
carbonate phase. This indicates that the electrochemical reduction
of Zn*" in K,COj solution proceeds under diffusion control. The
reaction of Zn oxidation can continue through the diffusion of Zn**
ions via the pore channels of the porous basic zinc carbonate. In
addition, the diffusion coefficient difference between Zn** and CO5>~
suppresses the Zn>* long-range diffusion from electrode to electro-
lyte during the traditional StoL Zn dissolution process. Similarly, the
potentiostatic measurement of i versus ¢ /> during the reduction
process is also tested, as shown in fig. S7 and note S2. It can be seen
that most of the diffusion currents are generated by the diffusion of
CO5%7, which is consistent with the calculation results of a faster
diffusion coefficient of CO5>". Due to the fast diffusion coefficient
of CO5”", the diffusion of Zn>" is very limited; therefore, the Zn**
DLA from the electrolyte to electrode in the traditional LtoS Zn
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Fig. 2. Molecular dynamics simulation of the local solvation environment. Simulation box and the enlarged snapshots of (A) K,CO3 and (B) ZnSO,. (C) Radial distribu-
tion functions for the C atom of CO32™—0 and (D) Zn?>*—0 collected from molecular dynamics simulations.
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electrodeposition process can be inhibited. To better understand
the process of 2ZnCO3-3Zn(OH), <> 5Zn, a rotating disk electrode
technique was used (see fig. S8 and relevant analyses in note $3),
demonstrating diffusion-controlled processes for both the reduc-
tion of 2ZnC03-3Zn(OH), — 5Zn and the oxidation of 5Zn —
27nCO5-3Zn(OH),.

Electrochemical property of the StoS zinc

conversion electrochemistry

The electrochemical performance of the sparingly soluble salt anode
was investigated using a three-electrode test system, in which a
piece of Zn metal sheet and a HgO/Hg electrode (0.095 V versus SHE)
served as the counter and reference electrodes, respectively. The
cyclic voltammetric (CV) curves at a scan rate of 0.5 mV s ! showa
pair of redox peaks located at about —1.15 and —1.06 V versus SHE
(fig. S9). The potential of —1.15 V should be ascribed to the reduc-
tion of 2ZnCO;-3Zn(OH),, and that of —1.06 V corresponds to the
oxidation of Zn metal. Figure 3A and fig. S10 show the typical
galvanostatic profiles of the ZZG electrode at 0.5 C (1 C=480 mA g™").
The charge/discharge plateaus can be easily discerned at the current
density of 0.5 C, in accordance with the reduction/oxidation peaks
of CV curves. The initial discharge capacity is about 510 mAh g’
with an ultraflat plateau of ca. —1.15 V versus SHE. Here, the extra
capacity should be ascribed to the side reactions, for example, the
hydrogen evolution. The initial charge capacity is 465 mAh g~ with

an ultraflat plateau of ca. —1.05 V versus SHE, corresponding to a
superior initial Coulombic efficiency of 91.2%. Here, the zinc utili-
zation of 2ZnC0O3-3Zn(OH); is as high as 95.7% in the asymmetric
cell, considering a theoretical specific capacity of 488.3 mAh g™* based
on 2ZnCO;3-3Zn(OH); — 5Zn (see fig. S10 and calculations in note
S4). To validate the effectiveness of the specific StoS mechanism in
improving zinc utilization, the preliminary electrochemical per-
formances with metallic Zn as the original active material were also
investigated. Not surprisingly, the metallic Zn also delivers a revers-
ible capacity of 734 mAh g™' [based on the mass of Zn, 5Zn —
2ZnCO03-3Zn(OH),] and a high zinc utilization of 89.5%, consider-
ing a theoretical specific capacity of 819.8 mAh gf1 (fig. S11). We
also observed that the ZZG can deliver high reversibility when cou-
pling with the inert counter electrodes of Pt (fig. S12).

Moreover, the discharge capacities of ZZG remain 432, 386, 328,
and 281 mAh g™ at current densities of 1, 2, 5, and 10 C, respectively,
indicating a superb rate capability. The as-designed composite is
capable of suffering 3500 full discharge/charge cycles at 5 C while
sustaining high Coulombic efficiency near 100% and maintaining
80% capacity (Fig. 3B). The electrochemical impedance spectros-
copy and galvanostatic intermittent titration technique (figs. S13
and S14) indicate the fast charge transfer and ion diffusion of
27ZnCO;-3Zn(OH), nanoparticles and the ZZG, suggesting the
kinetic contribution from both the nanosized structure and the
conductive graphene substrate. The excellent solid-solid interfacial
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Fig. 3. Electrochemical characterizations of the sparingly soluble salt anode. (A) Galvanostatic discharge-charge curves of the ZZG electrode in 2 M K,COs electrolyte
at different rates within —0.3 and —1.3 V versus SHE. (B) Long cycle stability of the ZZG anode in 2 M K,COs electrolyte at 5 C within —0.3 and —1.3 V versus SHE.
(C) Charge-discharge voltage gap of ZZG || Zn and Cu || Zn asymmetric cells in different electrolytes at different cycles with a current density of 1 mA cm™ and a capacity
of 1 mAh cm™2. (D) Corresponding Coulombic efficiency for the cycling performance. (E) Long-term galvanostatic cycling performances of a symmetrical ZZG + Zn I
ZZG+Zn cellin 2 M K,CO; electrolyte and Zn || Zn cell in 6 M KOH with a saturated ZnO electrolyte at 1 mA cm~2 with an areal capacity of 1 mAh cm™. Insets are enlarged
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compatibility between 2ZnCO3-3Zn(OH); and Zn further contributes
to the rate capability and reversibility of the phase change (fig. S15).
To ensure the high Coulombic efficiency and long-term cycling sta-
bility, In,O3 and Bi,O3 powders were added to the electrode to sup-
press the concomitant hydrogen evolution reaction (figs. S16 and
§17). In contrast, the capacity retention remains only 83% after 120
cycles without In,O3 and Bi;O3 addition (fig. S18).

The Zn reduction/oxidation Coulombic efficiency of ZZG in 2 M
K,COj electrolyte was investigated further using a ZZG || Zn asym-
metric cell in Fig. 3C. In contrast, the Zn plating/stripping Coulombic
efficiency of traditional Zn metal in 6 M KOH with saturated ZnO
and 1 M ZnSOy electrolytes was also investigated using Cu || Zn
asymmetric cells with a current density of 1 mA cm™ and an areal
capacity of 1 mAh cm ™2 Obviously, the ZZG || Zn cell shows a stable
reduction plateau of 2ZnC0O3-3Zn(OH), — 5Zn (corresponding to
Zn plating in traditional Zn metal anode Zn*" — Zn) and an oxida-
tion plateau of 5Zn — 2ZnC0O3-3Zn(OH); (corresponding to Zn
stripping in traditional Zn metal anode Zn — Zn*"). The capacity
remains at 0.998 mAh after 300 cycles (Fig. 3C). However, the Zn
plating/stripping overpotentials of Cu || Zn asymmetric cell in KOH
and ZnSOy electrolytes increase quickly, and corresponding strip-
ping capacities decrease sharply. After the initial cycle, the Coulombic
efficiency of the ZZG || Zn cell in K,COj electrolyte quickly increased
to >99.0% within 10 cycles and finally stabilized at 99.8% after
50 cycles (Fig. 3D). In contrast, the Zn plating/stripping Coulombic
efficiency of traditional Zn metal in KOH and ZnSOy electrolytes
quickly dropped after 20 cycles, which can be ascribed to the forma-
tion of Zn dendrite. The StoS Zn plating/stripping stability was also
evaluated using a symmetric cell configuration in Fig. 3E. Note that
ZZ7G symmetric cell is not workable because of the lack of an oxida-
tion pair, so we applied ZZG + Zn || ZZG + Zn (ZZG and Zn powder
mixed with a mass ratio of 1:1) for the demonstration. The Zn plating/
stripping stability of traditional Zn metal in ZnSO4 and KOH
electrolytes was also evaluated using Zn || Zn symmetric cells. The
Z7ZG + Zn || ZZG + Zn symmetric cell cycling at an areal capacity of
1 mAh cm™* shows high reversibility and stability over 700 hours,
while the Zn || Zn symmetric cell collapses after only 60 hours in the
KOH electrolyte and 100 hours in ZnSOy electrolytes. When cycling
at an areal capacity of 4 mAh cm™?, a stable operation within 200 hours
can still be achieved, as shown in fig. S19. Furthermore, the sym-
metric cell based on half-reduced ZZG electrodes also shows high
reversibility and stability over 400 hours (fig. S20). However, when
cycled in 6 M KOH with a saturated ZnO electrolyte, an erratic voltage
response with a rapid short circuit occurred after only 102 cycles
(fig. S21). The results further reveal the effectiveness of the special
StoS conversion mechanism in suppressing the dendrite growth.

In situ characterization of structural and

morphological evolution

To elucidate the reaction mechanism of the ZZG anode, the struc-
tural and morphological evolution of ZZG electrodes during charge/
discharge were investigated via ex situ and in situ synchrotron
x-ray powder diffraction (XRD) measurements, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
in situ optical microscopy. According to in situ synchrotron XRD
results (Fig. 4A), 2ZnCO;3-3Zn(OH); is reduced to Zn metal during
the discharge process, while the Zn metal is oxidized to form
27ZnCO3-3Zn(OH); crystals during the charge process, which can
be clearly observed in a fully charged/discharged state (fig. S22).
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Specifically, there are almost no remaining diffraction peaks from
2ZnCO03-3Zn(OH),, suggesting that almost all 2ZnCO;-3Zn(OH),
should be reduced to Zn. The reactions of the 2ZnCQ3-3Zn(OH),
electrode can be formulated as

Charge -
2ZnCO; - 3Zn(OH);, + 10e” D(—T) 5Zn +2CO5% +
ischarge

60H,E = —0.6684 — 0.0118Ig[ CO5> ]-0.0355ph @)

Accordingly, when 2 M K,COj aqueous electrolyte is adopted, the
corresponding theoretical electrode potential of 2ZnC0O5-3Zn(OH),
< 5Zn would be —1.11 V, corresponding to the CV and galvanostatic
charge/discharge curves.

Aside from the structural analysis by in situ XRD, the morphology
changes of the ZZG electrode during cycles in 2 M K,COj electro-
lyte were further monitored. At the fully discharged state, the reduced
Zn particles are independently scattered on the graphene sheet sub-
strate, exhibiting a hexagonal shape (Fig. 4, B to D, and fig. S23).
After charging, the Zn particles are oxidized to 2ZnCO3-3Zn(OH),
with uniform rice-like granules (about 100 nm) evenly distributed
on the graphene sheet (Fig. 4, E to G), which is very similar to the
pristine ZZG. After 100 cycles, the ZZG electrode exhibits dendrite-
free characteristics without obvious aggregation (figs. S24 and S25),
which remains as a porous feature without whiskers at the discharge
state even after 3500 cycles (Fig. 4, H and L, and fig. S26A). Further-
more, in situ optical visualization observations of the ZZG electrode
show the absence of protrusions at the edges or on the surface, ex-
cept for a few small bubbles (fig. S27). In contrast, the Zn surface in
6 M KOH with a saturated ZnO electrolyte presents a porous struc-
ture with needle-like dendrites after 50 cycles (Fig. 4, ] and K, and
tig. S26B). This difference should be ascribed to the special StoS
mechanism, which effectively suppresses the dendrite growth. In
addition, the graphene serves as a conductive buffer network to
accommodate the volume change of 2ZnCO3-3Zn(OH), particles
during the electrochemical charging/discharge processes (figs. S25
and S28), which is beneficial to the cycle stability of the ZZG electrode.

To show the universality of the special StoS metallic conversion
electrochemistry, we also evaluated the electrochemical performances
of CuCO3-Cu(OH),, which shares semblable physical and chemical
peculiarities with 2ZnCO3-3Zn(OH),. CuCOs3-Cu(OH),@graphene
composite was prepared by a facile precipitation reaction. The XRD
pattern (fig. S29) reveals the high purity of the formed monoclinic
phase (Joint Committee on Powder Diffraction Standards no. 02-0153).
The as-prepared CuCO;-Cu(OH),@graphene electrode exhibits a
high reversible capacity of ca. 474 mAh g at 0.5 C, corresponding
to high copper utilization of near 99% (fig. S30A). In addition, the
capacity retention is as high as 95% after 1000 cycles (fig. S30B).
Besides, the side-view SEM image demonstrates that the surface of
CuCOs-Cu(OH),@graphene electrode is also free of dendrite growth
after 1000 cycles (fig. S31). Thus, the StoS metallic conversion elec-
trochemistry is proved to be adequate to avoid DLA influence, sup-
pressing dendrite growth effectively compared with the StoL/LtoS
electrochemistry.

The above analyses demonstrate that the sparingly soluble Zn or
Cu carbonates can be reversibly charged/discharged, forming their
representative metals. Specifically, in the reduction process, the
sparingly soluble Zn or Cu carbonate crystals are in situ reduced to
metal and release CO5>~ and OH™ adjoining the electrode/electrolyte
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Fig. 4. Morphologies of the ZZG anode after cycling in 2 M K,CO3 electrolyte. (A) In-situ synchrotron XRD patterns of the 2ZnCO5-3Zn(OH), anode during the
discharge/charge process. (B to D) TEM and HRTEM images and energy-dispersive x-ray (EDX) mapping of the ZZG electrode after discharge. (E to G) TEM and HRTEM
images and EDX mapping of the ZZG electrode after charge. (H and I) Top-view SEM images of the ZZG electrode after 3500 cycles. (J and K) Top-view SEM images of the

metallic Zn electrode after 50 cycles in 6 M KOH with a saturated ZnO electrolyte.

interface; vice versa, the metal oxidation processes are reversible.
Hence, the DLA effect is evitable via the preferred anion transport
rather than the cation of Zn**/Cu®* long-range diffusing between
electrode and electrolyte. The StoS process has shown its superiority
over the traditional LtoS process in getting rid of the DLA and
dendrites, which should be of immediate interest and beneficial to
the practical metrics of aqueous batteries.

Device evaluation based on StoS zinc

conversion electrochemistry

Recently, attention has been attracted by the alkaline nickel-zinc
battery for its impressive theoretical energy density, for example,
372 Wh kg™ based on the charge state active material and 311 Whkg™"
based on the discharge state active material (23, 35). The imposing
electrochemical performance of the ZZG anode reported in this study
makes the new generation of rechargeable zinc-based aqueous
batteries possible. Here, Nig 95C00,03Z19,02(OH), was applied in the
cathode (fig. S32) (36). The first step is to optimize the electrolyte.
It is found that the electrochemical performance of the cathode in
pure 2 M K,COj electrolyte is worse than that in 1 M KOH electro-
Iyte, including peak current, voltage hysteresis, and capacity (results
are presented in fig. $33 and note S5). Hence, to activate the Ni-based
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cathode, a small amount of KOH was introduced into the K,CO3
electrolyte. The CV peak current density of cathode in 2 M K,CO; +
0.01 M KOH electrolyte is higher than that in 2 M K,COj electro-
lyte, but the CV curves cannot coincide well (fig. S34). Specifically,
the peak current density increases to 9.5 A g in 2 M K,CO3 + 0.1 M
KOH electrolyte, and the CV curves remain similar from the first to
the fifth cycle, suggesting that the Ni-based cathode can be fully acti-
vated. The discharge capacity in 2 M K,CO3 + 0.1 M KOH electro-
Iyte is about 248 mAh g ' at 0.5 C after the initial charge/discharge
cycle and remains about 175 mAh g™ at 10 C (fig. $34, C and D). It
is found that after activation in 2 M K,CO3 + 0.1 M KOH, the
Ni.95C00.3Zn92(OH); cathode can also exhibit high specific capacity
and good cycling stability in 2 M K,COj electrolyte (fig. S34, E and F).
The electrochemical characteristic of the ZZG composite was also
measured with different KOH addition. In 2 M K,CO3 + 0.1 M
KOH electrolyte, the CV curves of ZZG in 2 M K,CO; + 0.1 M
KOH electrolyte almost overlap during 2 to 5 cycles, and the capacity
retention of ZZG || Zn asymmetric cell is 0.997 mAh after 50 cycles,
suggesting its high reversibility (fig. $35). In comparison, the peak
intensity of ZZG decreases in 2 M K,COj3 + 0.2 M KOH electrolyte,
which is supposed to be related to the solubility change of ZZG in
such electrolytes with more alkaline (fig. S36). Therefore, 0.1 M
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KOH addition is considered optimal for a full-cell evaluation by
considering both the activity of Ni-based cathode and the reversibility
of the ZZG anode.

On the basis of the above optimization, a full cell with Ni-based
cathode, ZZG anode, and 2 M K,CO3 + 0.1 M KOH electrolyte can
be constructed using compact Swagelok-type batteries (named
Ni-ZZG battery). The possible practical reaction processes of the full
cell are preliminarily discussed in note S5. Considering the specific
capacity of cathode and anode, the mass ratio between Ni-based
cathode and ZZG anode was set as 1.8:1 with a cathode active material
mass load of 70 mg cm ™, in which the anode capacity exceeds 5%
that of the cathode to prevent the hydrogen evolution reaction. The
CV curves of the full cell show that an anodic peak and a cathodic

peak were located at 1.90 and 1.69 V under a scan rate of 0.5 mV s,

respectively (Fig. 5A). The redox process is highly reversible, as evi-
denced by the overlapped CV curves and charge/discharge curves
after the first cycle. As depicted in Fig. 5B, the battery can obtain a
well-retained discharge capacity of 248 mAh g™'. Furthermore, the
Ni-ZZG battery shows a superb rate capability, achieving high aver-
age discharge capacities of 220, 190, 185,and 170 mAh g ' at 1,2, 5,
and 10 C, respectively (Fig. 5C). The battery exhibits good low-
temperature and overcharge performances (fig. S37). In compar-
ison with the Pb-acid and Ni-Cd metal-based batteries, there is
no obvious memory effect in the StoS conversion electrochemistry,
suggesting its wider application prospect (fig. S38). The full cell also
exhibits imposing long cycle stability, with high capacity retention
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Fig. 5. Electrochemical performances of the Ni-ZZG full cell in 2 M K>CO3 + 0.1 M KOH electrolyte and 1-Ah pouch cell. (A) CV curves of the full cell at a scan rate of
0.5mV s~ between 1.1 and 2.1 V. (B) Galvanostatic charge-discharge curves of the full cell (the battery was fully charged at 0.5 C for 2 hours and then discharged to 1.0 V
at 0.5 C). (C) Rate capability of the full cell (the battery was fully charged at 0.5 C for 2 hours and then discharged at different rates to 1.0 V). (D) Long cycle stability of the
full cell at 5 C within 1.0 and 2.0 V. (E) Zinc utilization of different Zn-based devices in a scale of full cells. (F) Galvanostatic charge-discharge curves of the pouch cell
(the battery was first fully charged at 0.5 C for 2 hours and then discharged to 1.2 V at 0.5 C to be fully activated). (G) Charge retention capacity of a full cell evaluated by
resting for 1 week at 100% state of charge after two cycles at 0.5 A, followed by full discharge. (H) State-of-the-art comparison of different batteries.
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of 80% after 2000 cycles at 5 C (Fig. 5D). The cycling stability of the
full cell should benefit from the high reversibility of the ZZG anode
as evidenced above.

In addition, zinc utilization in the full cell is calculated to be as
high as 91.3%, which is among the highest values compared with
those of the reported values (see Fig. 5E, table S2, and calculations
in note S4) (3, 17, 23-25, 35, 37). Note that most of the previous
work applied impractical full-cell components using excess Zn to
prevent its premature depletion. Here, we take the metrics of zinc
utilization on a scale of a full cell. Owing to the high zinc utilization,
an energy density of more than 270 Wh kg™ at a power density of
152 W kg can be achieved on the basis of the mass of both cathode
and anode active materials (see calculation method in note S6).
Benefitting from the lean-electrolyte design, the energy density of
the full cell is as high as 164 Wh kg™, based on the mass of electro-
lyte and active materials. The values outperform those of the reported
Zn batteries and most of the developed aqueous batteries (table S3),
such as Zng,5V,05-nH,0 || Zn (150 Wh kg{1 at 60 W kgfl) (2),
Li;Mn,Oy || Zn (180 Wh kg™ at 43 W kg™') (3), VOPO, || Zn
(100 Whkg " at 95 W kg™") (17), Zny(OH)VO, || Zn (140 Wh kg™
at 70 W kg ') (24), B-MnO, || Zn(254 Whkg™" at 197 W kg ') (38),
LiMl’l204 || M0683 (100 Wh kg_l at45W kg_l) (39), LiNio_SMn1_504 ||
LisTisO1; (165 Wh kg™" at 82 W kg™') (40), LiCoO, || MogSs
(80 Whkg " at 150 W kg ") (41), and LiCoO; || LisTisOy, (130 Wh kg™
at 150 W kg™") (42). For a universality exploration, a full cell based
on CuCOs-Cu(OH),@graphene anode and Nij ¢5C0¢ 03Zng 02(OH),
cathode was also demonstrated. The mass ratio between the cathode
and anode was set to 1.9:1.0. Such a cell delivers a highly reversible
capacity of nearly 246 mAh g™' with two discharge plateaus at 0.90
and 0.55 V (fig. $39). The full cell also exhibits a high copper utili-
zation rate near 98% and capacity retention of 92.0% after 1000 cycles
at 5 C. Apparently, the StoS metal conversion electrochemistry
enables a full cell with excellent cycle life, high efficiency, and
unprecedented metallic anode utilization.

To verify the device feasibility, a pouch-type Ni-ZZG device was
also fabricated in ambient air condition. The battery delivers a
capacity of 1 Ah at a charge/discharge current of 0.5 A, which cor-
responds to a high energy density of 135 Wh kg ™' (Fig. 5F). After
500 cycles at a charge/discharge current of 1 A, the battery exhibits
90% capacity retention. As known, self-discharge is severe for tradi-
tional Ni-Zn batteries because the by-product of self-discharge is
soluble in its strong basic electrolyte, which results in continuous
self-discharge (23). The Ni-ZZG battery, however, exhibits an
acceptable self-discharge with 90% capacity retention after a rest for
1 week (Fig. 5F). The low self-discharge of Ni-ZZG full cell is a pre-
requisite for its practical application. Last, the practical metrics of
the Ni-ZZG battery, including the cycle life, energy density, envi-
ronmental friendliness, safety, and affordability, were evaluated in
comparison with other commercial battery systems (Fig. 5H). It can
be concluded that the Ni-ZZG battery might be a promising alter-
native to these battery systems on some occasions, considering
the advantages of intrinsic safety, low cost, nontoxicity, and electro-
chemical stability.

DISCUSSION

We have adopted the sparingly soluble salts as an anode active
material in the weak alkaline electrolyte, which is proven effective
in eliminating the detrimental metal dendrite growth and improving
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significantly the utilization ratio, which has been a common challenge
for aqueous metal-based batteries. The novel StoS conversion reaction
mechanism eliminates the limits due to metal cation diffusions in
conventional LtoS reactions. Benefiting from that, 2ZnCO3-3Zn(OH),
and CuCO3-Cu(OH); can exhibit long cycle life without Zn or Cu
dendrite growth. When coupled with Ni-based cathode, the Ni-ZZG
battery full cell exhibits a high zinc utilization of more than 91%,
prolonged life span of more than 2000 cycles, and a superior energy
density of 270 Wh kg". Such a StoS conversion electrochemistry
may provide a new path to solve the utilization and dendrite problems
of metallic anodes.

MATERIALS AND METHODS

Materials

2ZnCO03-3Zn(OH); and graphene were purchased from Sigma-
Aldrich. ZZG was thus prepared by a precipitation reaction: 50 mg
of graphene was dispersed in 50 ml of distilled water by ultrasonic
treatment. Zn(NO3),-6H,0 (5.95 g) was dissolved. Then, 1 M K,COs
solution was dropped into the above solution at a feeding speed of
1 ml min~" until the pH reached 6.5. The whole process was operated
under vigorous magnetic stirring. Afterward, the precipitated pow-
ders were collected by filtration and washed with distilled water and
ethanol. Last, the powders were dried at 60°C overnight to obtain
the product of ZZG. The content of graphene in the ZZG composi-
tion is about 2 weight % (wt %).

CuCO;-Cu(OH),@graphene composite was prepared by a pre-
cipitation reaction. Graphene (50 mg) was dispersed in 50 ml of
distilled water by ultrasonic. Then, 2 g of CuSO4-5H,0 was dissolved.
KHCOj solution (1 M) was dropped in the above solution at a feeding
speed of 1 ml min~' under magnetic stirring until the pH reached
8.5. The precipitated powders were collected by filtration and washed
with distilled water and ethanol. Last, the powders were dried at 60°C
overnight to obtain the product of CuCO3-Cu(OH),@graphene.
The content of graphene in the CuCOj;-Cu(OH),@graphene com-
position is also about 2 wt %.

Nig.95C00.3Zn92(OH); was prepared by a coprecipitation reaction.
Brieﬂy, Ni(NO3)2~6H20, CO(NO3)2-6H20, and ZH(NO3)2-6H20 were
dissolved in distilled water with a molar ratio of Ni:Co:Zn = 95:3:2,
and the concentration of the solution is 1 M. The mixed solution was
putinto along-neck round-bottom flask. Simultaneously, 1 M solu-
tion of KOH was pumped into the flask until the pH reached 8.5 ata
feeding speed of 1 ml min~" under magnetic stirring. The reaction was
conducted at 50°C and maintained for one night. Then, the coprecip-
itated powders were collected by filtration and washed with distilled
water and ethanol. Last, the powders were dried at 60°C overnight.

Material characterizations

XRD patterns were obtained on Bruker Smart 1000 (Bruker AXS Inc.)
using Cu Ko radiation with an airtight holder from Bruker. The
morphology of the sample and energy-dispersive spectroscopy (EDS)
mapping were investigated by field-emission SEM (Oxford Instru-
ments X-Max Extreme). TEM, high-resolution TEM (HRTEM), and
EDS mapping were performed on a JEOL ARM200CF microscope
at 200 kV. All of the samples for ex situ SEM, TEM, and XRD were
recovered from aqueous Swagelok-type cells after electrochemical
cycles. The operando in situ synchrotron XRD was recorded in the
powder diffraction beamline of the Australian Synchrotron with
a beamline wavelength (1) of 0.6885 A in transmission mode. An

8of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

in-house-designed cell was used for the data collection with x-ray
transparent windows by Kapton film.

Electrochemical measurements

The ZZG electrodes were prepared by mixing 85% active materials
powder, 5% graphite, 4% carbon black, 1% In,O3; powder (99.99%
purity, 500 mesh), 1% Bi,Oz powder (99.99% purity, 500 mesh), and
4% polytetrafluoroethylene (PTFE) in Milli-Q water. The slurry
mixture was then coated on a brass screen (150 mesh, area mass of
15 mg cm™2) and dried at 70°C overnight in a vacuum oven.
CuCO;-Cu(OH),@graphene electrodes were prepared by mixing
85% active materials powder, 5% graphite, 5% carbon black, and
5% PTFE in water. The slurry mixture was then coated on a stainless
steel screen (150 mesh, area mass of 20 mg cm?) and dried at 70°C
overnight in a vacuum oven. Then, all anode electrodes were com-
pressed under a pressure of 0.1 MPa to guarantee good contact be-
tween active materials and conductive additives. The typical mass
loading was about 40 mg cm™2. Nig 95C00.3Zn9 ,(OH), was prepared
by mixing 85% active materials powder, 5% graphite, 5% carbon
black, and 5% PTFE in water. The slurry mixture was then cast into
nickel foam (with a thickness of 2 mm and area mass of 30 mg cm™2)
and dried at 70°C overnight in a vacuum oven. Then, all cathode
electrodes were compressed under a pressure of 5 MPa. The typical
mass loading is about 70 mg cm 2. Glass fiber was used as a separa-
tor (with a thickness of 1 mm). The amount of electrolyte was
controlled under a lean-liquid level of about 60 pl in volume in the
Ni-ZZG full batteries.

The ZZG || Zn asymmetric cell was assembled with ZZG electrode
and Zn powder electrode. The Zn powder electrode was prepared
by mixing 85% Zn powder, 5% graphite, 4% carbon black, 1% In,0;
powder (99.99% purity, 500 mesh), 1% Bi,O3 powder (99.99% purity,
500 mesh), and 4% PTFE in Milli-Q water. The slurry mixture was
then coated on a brass screen (150 mesh, area mass of 15 mg cm™2)
and dried at 70°C overnight in a vacuum oven. The Cu || Zn asym-
metric cell was assembled with Cu foil as the working electrode and
Zn powder as the counter electrode. The ZZG + Zn || ZZG + Zn
symmetric cell was assembled with ZZG + Zn electrode. The
ZZG + Zn electrode was prepared by mixing 47.5% Zn powder,
47.5% ZZG powder, 5% graphite, 4% carbon black, 1% In,O3; powder
(99.99% purity, 500 mesh), 1% Bi,O3 powder (99.99% purity, 500 mesh),
and 4% PTFE in water. The slurry mixture was then coated on a
brass screen (150 mesh, area mass of 15 mg cm?) and dried at 70°C
overnight in a vacuum oven. The Zn || Zn symmetric cell was
assembled with Zn powder electrode.

CV was carried out using a CHI 600E electrochemical workstation.
The electrochemical performances of CuCO3-Cu(OH),@graphene
were investigated using a three-electrode test system between 0.1
and —0.6 V versus SHE, in which a Pt sheet and a HgO/Hg electrode
served as the counter and reference electrodes, respectively. The
volume of electrolyte in the three-electrode tests is about 5 ml. The
charge-discharge experiments were performed on a Land BT2000
battery test system (Wuhan) at room temperature. The galvanostatic
charge/discharge of the ZZG anode was carried out between —0.3
and -1.3 V versus SHE. The galvanostatic charge/discharge of
CuCO;-Cu(OH),@graphene anode was carried out between 0.1
and —0.6 V versus SHE. For the cathode rate performances, the half
cells were first fully charged at 0.5 C (1 C =280 mA g ') and then dis-
charged to a cutoff potential of 0.3 V versus SHE, at different current
densities from 0.5 to 10 C. Before the full battery was assembled, the
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cathode was first fully charged at 0.5 C (1 C = 280 mA g ') and then
discharged to a cutoff potential of 0.3 V versus SHE to fully activate
Nig 95C0¢ 3219 2(OH),. For the Ni-ZZG full-cell rate performances,
the batteries were first fully charged at 0.5 C (1 C = 280 mA g based
on the cathode) and then discharged to a cutoff potential of 1.0 V at
different current densities from 0.5 to 10 C (2800 mA g1 cathode).
The long cycling tests were conducted at 5 C within 1.0 t0 2.0 V. The
energy and power densities were calculated on the basis of the total
mass of active materials in the cathode and anode, except for a special
illustration. For the Nig 95Cog 3Zng 2(OH),-CuCO;-Cu(OH),@graphene
full cell, the long cycling tests were conducted at 5 C within 0 to 1.4 V.
The CO;”" transfer number of electrolyte was calculated by Bruce-
Vincent-Evans equation: HCO527) = (I/Ip)-(V = Iy-R)/(V = I+ Rsy),
where Ij is the initial current and I is the steady-state current of the
ZZG +Zn || 2M K,COs || ZZG + Zn symmetrical cell after polariza-
tion for 2800 s at an applied polarization voltage of 10 mV. Ry and
Ry, are the initial interfacial resistance and steady-state interfacial
resistance after the polarization process, respectively.

Pouch-type Ni-ZZG full batteries were fabricated by stacked
technology. The cathode was prepared by mixing 93% active mate-
rials powder, 3% graphite, 2% carbon black, and 2% PTFE in water.
The slurry mixture was then cast into nickel foam and dried at 70°C
overnight in a vacuum oven. Typically, the mass loading of the cath-
odes is about 108 mg cm . The electrodes were compressed under
a pressure of 5 MPa, followed by cutting into rectangles with a size
of 40 mm x 20 mm. The anode was prepared by mixing 91% ZZG
powder, 3% graphite, 2% carbon black, 1% In,O3 powder (99.99%
purity, 500 mesh), 1% Bi,O3 powder (99.99% purity, 500 mesh), and
2% PTFE in water. The slurry mixture was then coated on a brass
mass and dried at 70°C overnight in a vacuum oven. The typical
mass loading of ZZG was about 60 mg cm™>. All electrodes were
compressed under a pressure of 0.1 MPa, followed by cutting into
rectangles with a size of 41 mm x 21 mm. The negative-to-positive
active material capacity ratio was controlled to 1.05. Five cathodes,
six anodes, and nine separators (43 mm x 23 mm) were then stacked
layer by layer. Four grams of 2 M K,COj3 + 0.1 M KOH weak alkaline
electrolyte was injected and allowed to stand for one night, followed
by the sealing of pouch batteries. Before testing, the batteries were
first fully charged at 0.5 A and then discharged to a cutoff potential
of 1.0 V to activate the battery. The cycling tests were conducted at
1 A within a voltage range of 1.2 t0 2.0 V.

Computational methodology

GROMACS software (43, 44) was used to perform the classical mo-
lecular dynamics simulations and the AMBER force field together
with the TIP3P water model. A cubic box of 30 A was used, and
periodic boundary conditions were set in all three directions. The
electrostatic interactions were computed using particle-mesh Ewald
methods. A cutoff length of 1.0 nm was used for both electrostatic
interactions and nonelectrostatic interactions in real space. The
integration time step was 1 fs. The temperature and pressure coupling
were performed in V-rescale and Parrinello-Rahman methods,
respectively. These systems were minimized by the steepest descent
method to limit the maximum force within 1000.0 kJ/(mol-nm),
followed by equilibration in NVT ensemble for 1 ns at 298.15 K. A
simulation of 10 ns in NPT ensemble at 1 bar was performed to reach
the equilibrium (N, number of particles; V, volume; P, pressure;
T, temperature). The resulting temperature, pressure, and density
of these systems are displayed in fig. S2, which validates the simulation
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setups. Last, a 10-ns production simulation in a preequilibrated
NPT ensemble was run for a postprocessing analysis of mean square
displacement and radial distribution functions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp8960
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