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A finely controlled concentration polarization environment was
deliberately created to fabricate a three-dimensional ordered Zn
metal anode with (002)-dominated planes, which enabled a high-
rate aqueous Ni—Zn pouch cell with a high discharge capacity of
187.3 mA h g ! at 50 C, and a capacity retention of 94.7% and an
average Coulombic efficiency of 99.8% for 500 charge/discharge
cycles.

Aqueous Zn batteries (AZBs) appear to have very good prospects
for renewable energy storage at grid scale due to their superiority
in safety and costs."> Renewable energy such as wind and tide
have intrinsic fluctuation and intermittence, which calls for AZBs
with both fast-charging capability and long life-span.®® However,
the fast-charging and cycling performance of AZBs have long
been restricted by the low reversibility of Zn metal anode
materials under high-rate working conditions.”'® To improve
the sustainability and lifespan of the batteries, significant strate-
gies such as green ether-based and hydrogen bond-regulated
electrolytes,""'> have been developed. Nevertheless, it is still
urgent and challenging to design Zn metal anode materials with
both excellent rate and cyclic performance to enable fast-charging
aqueous batteries with long life-spans.

One of the major challenges in developing high-rate Zn
anodes is the dendrite growth issue during battery charging

processes.”*™™ Designing a three-dimensional (3D) Zn electrode
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with enlarged surface area is an effective way to address such an
issue.’® However, the current methods for achieving 3D Zn
anodes including alloying-dealloying and electrodeposition
generally involve expensive raw materials (e.gz Li or Cu) or
produce electrodes with disordered structures (e.g. uncontrolla-
ble crystal planes).'”'® More importantly, 3D Zn electrodes with
disordered structure typically show uncontrolled Zn plating
kinetics and even faster corrosion rates that are proportional
to the surface area, which is detrimental to the performance
optimization of the 3D Zn electrodes, especially under high-rate
working conditions.’*' Therefore, it is highly desirable to
fabricate 3D Zn anodes with an ordered structure that would
suppress dendrites and corrosion side-reactions at the same
time, thus enabling fast-charging AZBs.

In this work, a 3D ordered Zn metal anode was fabricated via
finely controlled electrodeposition with deliberate concentration
polarization (hereafter denoted as 3DZn@CP). By employing low
concentration electrolyte and ensuring the concentration polar-
ization on the electrode surface, the 3DZn@CP anode exhibited a
13.2 times larger surface area, thus lowering the Zn plating
nucleation barrier and suppressing the dendrite formation.
Simultaneously, by applying a deposition current density lower
than the activation current density for the growth of high-index
planes of metallic Zn, the 3DZn@CP anode produced a thermo-
dynamically stable (002)-dominated surface structure, thus show-
ing an excellent anti-corrosion performance with 50 mV higher
corrosion potential and 2.7 mA ecm ™2 lower corrosion current
density compared with a commercial Zn anode. Consequently,
the 3DZn@CP electrode showed a low overpotential of 21 and
97 mV at 1 and 20 mA cm™ 2, respectively, 16 and 325 mV lower
than the commercial Zn counterpart. Moreover, the aqueous
Ni-3DZn@CP full cells displayed an excellent rate performance
with a high capacity of 183.2 mA h g~ under an extremely high
rate of 50 C, which remained at 97.7% of its initial capacity after
2000 cycles, outperforming the Ni-Zn cells (113.4 mA h g™,
remained at 62.1% after 200 cycles at 50 C) and most fast-
charging AZBs in recent publications. These results pave a new
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Fig. 1 (a) Schematic illustration of the Zn metal electrodeposition under
concentration polarization. (b) The limiting current densities for concen-
tration polarization during Zn electrodeposition with different electrolyte
concentrations based on Sand’'s model. Top-view SEM images of the (c)
pristine Zn and (d) 3DZn@CP electrodes, the insets show the digital images
of the corresponding electrodes. (e) Cross-section SEM image of the
3DZn@CP electrode. (f) XRD analysis of the pristine Zn and 3DZn@CP
electrodes.

way to construct 3D Zn electrodes with ordered surface structure
for next-generation fast-charging aqueous batteries.
Concentration polarization generally leads to the exhaustion
of Zn>* ions near the electrode surface and the formation of
porous Zn deposits (Fig. 1a). Limiting current density for
concentration polarization during Zn deposition with different
electrolyte concentrations was first studied based on Sand’s
model. As shown in Fig. 1b, with the increasing ZnSO, concen-
tration from 0.5 to 3.0 M, the limiting current density increased
from 14.3 to 52.9 mA cm >, respectively. These results suggest
adopting high current densities to electrodeposit Zn anodes
with high porosity and large surface area. Also to be noted is
that low current density conditions are beneficial for the
growth of low-index crystal planes such as (002). High current
densities would activate the growth of high-index planes for Zn.
In a typical case, the (002)/(101) ratio of Zn deposits was greater
than 1 with the current density lower than ~20 mA cm >.>?
Taking these factors together, we combined an electrolyte
concentration of 1 M and a deposition current density of
20 mA cm 2 to fabricate a Zn electrode with high porosity and
a (002)-dominated surface. While the commercial Zn electrode
showed a flat and compact surface (Fig. 1c and Fig. S1, ESIY),
the as-deposited 3DZn@CP electrode exhibited a stacked
hexagonal crystal morphology (Fig. 1d and Fig. S2, ESIf). Note
that the pristine Zn showed a clear metallic luster based on
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mirror reflectance. In contrast, the 3DZn@CP electrode exhib-
ited a uniform diffuse reflectance by the naked eye (insets in
Fig. 1c and d), suggesting an ordered micro-surface structure.
The thickness of the deposited Zn was determined to be 29.3 pm
(Fig. 1e), suggesting a porosity of 58.1%. Moreover, the plane
ratio between (002) and (101) for the 3DZn@CP electrode was
4.25 based on XRD analysis (Fig. 1f and Fig. S3, ESIf), much
higher than the pristine Zn (0.75), further confirming the (002)-
dominated surface for the as-achieved 3DZn@CP electrode. In
addition, the deposited Zn electrode in the same 1 M ZnSO, but
with a higher current density of 50 mA cm > showed a non-
uniform disordered structure with randomly stacked Zn plates
(Fig. S4, ESIt), indicating a (002)-dominated surface with much
higher porosity. These results in turn demonstrate the impor-
tance of fine control of the concentration polarization to pre-
pare the 3D ordered Zn metal electrode.

The 3DZn@CP electrode exhibited an enlarged surface area,
which was studied by measuring the double layer capacity
based on electrochemical impedance spectroscopy (EIS).>* As
shown in Fig. 2a and b, the 3DZn@CP electrode showed a
double layer capacity of 38.4 uF cm™>, an order of magnitude
higher than that of the commercial Zn electrode (2.7 pF ecm™>).
Moreover, the 3DZn@CP electrode displayed a charge transfer
resistance of 24 Q, much smaller than the commercial Zn
(56 Q). While the commercial Zn showed a large nucleation
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Fig. 2 (a) The electrical double-layer capacitance analysis, (b) EIS plots, (c)
voltage—time curves during Zn nucleation at 1 mA cm~2 and (d) hydrogen
evolution linear polarization curves of commercial Zn and 3DZn@CP
electrodes. (e) Cross-section OM images of the Zn and 3DZn@CP electro-

des during Zn plating at 20 mA cm™2.
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overpotential of 23 mV during Zn plating at 1 mA cm™>, the
3DZn@CP electrode displayed a stable voltage response during
the whole plating process with no nucleation overpotential
(Fig. 2c), indicating a uniform plating behavior. The plating
current density of the 3DZn@CP electrode at —100 mV became
stable within 42 s, a much shorter time than the commercial Zn
(115 s, Fig. S5, ESIt); the constrained 2D diffusion of the
3DZn@CP electrode should also be beneficial for the uniform
Zn plating. In addition, since (002) is the most thermodynami-
cally stable plane for hexagonal Zn metal, the 3DZn@CP
electrode with a (002)-dominated surface structure should have
excellent corrosion resistance. As shown in Fig. S6 (ESIt), while
a similar shape is observed for the two corrosion linear polariza-
tion curves of Zn and 3DZn@CP electrodes, the corrosion
potential of the 3DZn@CP electrode shifted to be more anodic,
from —1.06 V to —1.01 V compared with the commercial Zn
electrode. The corrosion current density of the 3DZn@CP elec-
trode determined by the Tafel fit turned out to be 0.28 mA cm ™2,
much smaller than the commercial Zn (0.55 mA cm™2). More-
over, the overpotential of the 3DZn@CP electrode at the hydrogen
evolution current density of 10 mA cm™> was 69 mV lower than
the commercial Zn based on the hydrogen evolution polarization
curves in Fig. 2d, demonstrating the improved anti-corrosion
performance of the as-achieved 3DZn@CP electrode. Since the
3DZn@CP electrode exhibited a lower Zn nucleation overpoten-
tial and suppressed corrosion/hydrogen evolution side-reactions
compared with commercial Zn, the plating/stripping behavior of
the 3DZn@CP electrode should be more uniform. As the optical
microscope (OM) images show in Fig. 2e, the Zn electrode
showed a loose deposition during the whole plating process at
20 mA cm ™ ? for 60 min. In sharp contrast, the Zn plating on the
3DZn@CP electrode was significantly denser with a clear metallic
luster, suggesting uniform Zn deposition, which should be
beneficial for the dendrite-free performance of the as-designed
3DZn@CP electrode.

The uniform Zn plating and anti-corrosion behavior should
improve the electrochemical performance of the 3DZn@CP
electrodes under high rate working conditions, which was first
studied in Zn|Zn and 3DZn@CP | 3DZn@CP symmetrical cells.
As shown in Fig. 3a, the 3DZn@CP electrode displayed over-
potentials of 21, 35, 56, and 97 mV at 1, 5, 10, and 20 mA cm 2,
respectively, much lower than the commercial Zn electrode
(37, 122, 223, and 422 mV) under the same test conditions.
At the current density of 1 mA ¢cm™> and areal capacity of
0.5 mA h em >, the 3DZn@CP electrode displayed a long cycle-
life of 800 h, superior to the commercial Zn electrode (78 h,
Fig. S7, ESI{). At the high current density of 20 mA cm 2 and
high areal capacity of 10 mA h cm™?, the 3DZn@CP electrode
cycled stably for 100 h (Fig. 3b and c). In contrast, the
commercial Zn electrode showed large voltage fluctuations,
and a clear short circuit could be observed at the 22™ electro-
chemical cycle, implying the real possibility of dendrite for-
mation. SEM studies further revealed that Zn metal was
uniformly plated on the 3DZn@CP electrode at 20 mA h cm ™
(Fig. S8, ESIt); the commercial Zn electrode showed nonuni-
form Zn deposition behavior under the same plating conditions

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Rate performance of Zn|Zn and 3DZn@CP||3DZn@CP
symmetrical cells at 1, 5, 10, 20 mA cm™2 with a fixed areal capacity of
2.5 mA h cm™2. (b) Voltage profiles and (c) enlarged voltage profiles of the
specific cycles for Zn|[Zn and 3DZn@CP||3DZn@CP symmetrical cells at
20 mA cm~2 and 10 mA h cm™2,

(Fig. S9, ESIt), further demonstrating the suppressed Zn den-
drite formation on the 3DZn@CP electrode under high current
densities.

The rate performance and reversibility of the 3DZn@CP
electrode were further investigated in both coin and pouch cell
configurations with commercial Ni(OH), cathodes. As shown in
Fig. 4a and Fig. S10 (ESIt), while the Ni(OH),|Zn (Ni-Zn) and
Ni(OH),|[3DZn@CP (Ni-3DZn@CP) coin cells exhibited similar
redox behavior, the polarization voltage of the Ni-3DZn@CP
coin cell was 46 mV lower than that of the Ni-Zn coin cell,
suggesting the improved reversibility of the 3DZn@CP elec-
trode. The improved reversibility of the 3DZn@CP electrode
was also confirmed in Zn||Ti half cells. As shown in Fig. S11
(ESIT), the 3DZn®@CP|Ti cell showed a higher Coulombic
efficiency of 99.6% than the Zn|Ti cell (91.4%) at 2 mA cm >
and 0.5 mA h cm 2. Moreover, the Ni-3DZn@CP coin cell
showed a charge transfer resistance of 28 Q, much smaller
than the Ni-Zn coin cell (89 Q, Fig. S12, ESI}). The Ni-
3DZn@CP coin cell displayed reversible capacities of 226.7,
211.6, 195.5, and 183.2 mA h g~ at the current densities of 1, 5,
10, 50 C, respectively, much higher than the Ni-Zn (218.8,
186.6, 157.6, and 113.4 mA h g, Fig. 4b). In addition, the
Ni-3DZn®@CP coin cell exhibited a high capacity retention of
97.7% with an average Coulombic efficiency (CE) of 99.9% after
2000 cycles at 50 C, outperforming the Ni-Zn coin cell (capacity
retention of 62.1% after 200 cycles, CE of 99.1%) and most fast-
charging aqueous batteries in recent publications (Fig. 4c and
Table S1, ESIt). Note that the commercial Zn electrode in Ni-Zn
coin cells showed severe deformation after 200 cycles at 50 C,
but the 3DZn@CP electrode maintained its initial circular
shape (Fig. S13, ESIf), indicating the high anti-deformation
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Fig. 4 (a) CV profiles, (b) rate performance, and (c) cycling performance
at 50 C of the Ni-=Zn and Ni-3DZn@CP coin cells. (d) Cycling performance
at 50 C of the Ni-Zn and Ni-3DZn@CP pouch cells. The insets in (c) and
(d) demonstrate the as-assembled coin and pouch cells, respectively. SEM
images of the (e) 3DZn@CP and (f) commercial Zn electrodes after full
pouch cell cycling at 50 C.

ability. More impressively, the Ni-3DZn@CP pouch cell also
exhibited remarkable cycling stability with 94.7% capacity
retention after 500 charge/discharge cycles at 50 C, superior
to the Ni-Zn pouch cell (only 45.1% after 100 cycles) under the
same test conditions (Fig. 4d). The 3DZn@CP electrode exhib-
ited a relatively planar and uniform surface after 100 cycles at
50 C (Fig. 4e), in sharp contrast with the pristine Zn with rugged
surface morphology (Fig. 4f), further suggesting the enhanced
reversibility of the 3DZn@CP electrode under high-rate working
conditions.

In summary, a finely controlled concentration polarization
environment was deliberately created to electrodeposit a 3D
ordered Zn metal anode. The 3DZn@CP electrode exhibited an
order of magnitude larger surface area and dendrite-free Zn
plating behavior at high current densities up to 20 mA cm™>.
Moreover, the 3DZn@CP electrode with a (002)-dominated sur-
face showed improved anti-corrosion performance (—1.01 V,
0.28 mA cm™? for 3DZn@CP and —1.06 V, 0.55 mA cm™ > for
Zn). As a result, the 3D@Zn electrode showed a low overpotential
of 97 mV at 20 mA cm™ > and 10 mA h cm ™2 in a symmetrical cell
configuration and a stable cycling performance with an initial
capacity of 183.2 mA h ¢~ " and a high capacity retention of 97.7%
after 2000 cycles at an extremely high rate of 50 C in a full cell
configuration. These results not only demonstrate deliberate
concentration polarization as an effective way for fabricating 3D
Zn anodes with ordered electrode structures, but also suggest the
importance of achieving a high-rate and reversible Zn anode for
enabling fast-charging aqueous batteries with long life-spans.
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