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3D-printing of patterned Zn anodes toward dendrite-
free zinc ion batteries
Li Zeng', Yiyu Fang', Dan Luo', Dayue Du', Sijiang Hu?, Hanna He''® and Chuhong Zhang'"

3D Zn anodes, boasting a high specific surface area to reduce the local current density, have emerged as promising elec-
trodes for dendrite-free Zn-ion batteries (ZIBs). Despite their potential, the impact of diverse topological structures of Zn
anodes on Zn deposition behavior within these electrodes remains poorly understood. To elucidate this relationship,
this study employed direct ink writing technology to 3D print Zn anodes with four distinct topological configurations.
The 3D array Zn anode featured with an angle between two connected printing strips of 180° (3DP-180) stood out for the
fewest electrode joint points among these four anodes, migrating the tip effect and facilitating uniform electric field/ion
distribution, which in turn promoted even Zn deposition and effectively suppressed Zn dendrites. The 3DP-180 array an-
ode demonstrated a notably low nucleation overpotential of 27.2 mV, indicating a superior capacity for Zn nucleation
and uniform Zn deposition. Moreover, symmetrical cell assembled with 3DP-180 array anode achieved 800 hours of con-
tinuous cycling without degradation at a current density of 1 mA cm=2 and a capacity of 0.5 mAh cm~2, These results
highlight the improved cycle lifespan afforded by the superior structural design of Zn anodes, offering valuable insights

to inform the development of next-generation durable and safe ZIBs.

queous metal batteries, utilizing water as the elec-

trolyte, are emerging as promising energy storage

systems. Among these, Zn-ion Batteries (ZIBs) have
attracted significant attention due to the abundant reserves
and high electrochemical activity of metallic Znl'-3l, These
characteristics endow ZIBs with high safety and suitability for
large-scale energy storage. However, the growth of Zn dend-
rites and side reactions of Zn anodes lead to poor cycle stabil-
ity of ZIBs, which severely restricts their commercial
viability#-51, Zn dendrites pose a significant risk as they poten-
tially pierce the separator, causing internal short circuitstel.
The formation of these dendrites is primarily influenced by
uneven electric fields and ion concentrations. During the Zn
deposition process, Zn2* is driven by the electric field to the
electrode-electrolyte interface, where ions nucleate on the
collector surface after surmounting nucleation energy
barrier7-8, A lower nucleation energy barrier generally facilit-
ates Zn nucleation. The initial nucleation phase is crucial as it
determines the number of active sites and the nucleation
density, significantly influencing subsequent Zn growth. As
the electrochemical reaction proceeds, metallic Zn continues
to grow on the active nucleation areas, forming the metallic
deposited layer. However, the surface of commercial Zn foil is
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typically not atomically smooth, and its protrusions can lead
to localized electric field enhancements, which attract con-
centrated nucleation. This uneven nucleation further intensi-
fies the electric field, prompting Zn2+ to continue depositing
and forming Zn dendrites!.. It is clear that the formation of Zn
dendrites is a complex process influenced by both the elec-
tric field and ion concentration. Addressing these challenges
is crucial for improving the cycle stability and commercial po-
tential of ZIBs.

In the pursuit of dendrite-free Zn anodes, researchers are
actively exploring strategies in coating design ['0-11], electro-
lyte formulation [''2], and current collector engineering!'3l.
These efforts aim to enhance the dynamics of ion diffusion,
expand the electrode surface area, and shield electrostatic
field concentrations, all of which contribute to a more uni-
form distribution of electric fields and ion concentrations.
This uniformity is essential for achieving dendrite-free Zn de-
position and, consequently, more stable ZIBs. The develop-
ment of three-dimensional (3D) current collectors stands out
as a promising approach to this end. These 3D collectors can
effectively manage the electric fields and ion concentrations,
which is instrumental in promoting dendrite-free Zn depos-
itionl'4-16], The larger surface area of 3D electrodes not only
mitigates local current density and nucleation overpotential
but also provides an abundance of nucleation sites that facil-
itate uniform Zn deposition!’7-'8l. Moreover, the 3D elec-
trodes featured with porous structure ensures a uniform dis-
tribution of electrolyte, which is conducive to even Zn depos-
ition [19-20],

Examples of current 3D current collectors include commer-
cial 3D copper meshes 21, Zn foam [22, self-assembled
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graphene aerogels 23], and 3D-printed grid nickel 24, How-
ever, the complex fabrication processes involved in creating
most 3D Zn anodes can make them challenging to regulate
effectively. The irregular topological structures can signific-
antly affect the distribution of electric fields and the sites of
ion deposition on the electrodes. 3D printing technology of-
fers a cutting-edge solution to these challenges. By allowing
for the layer-by-layer construction of materials, it enables the
creation of intricate 3D structures that traditional manufactur-
ing methods cannot achievel2>-27], This technology has been
increasingly utilized in the production of electrochemical en-
ergy storage devices[28-30, Despite this, the majority of 3D-
printed electrodes feature lattice or interdigitated structures,
and the specific impact of different topological designs on
electrochemical performance remains an area ripe for further
investigation.

Herein, we utilized 3D printing technology to engineer a
3D anode with an optimized topological structure, which es-
tablishes a uniform electric and ionic flux, leading to dendrite-
free Zn deposition. Initially, we investigated the impact of dif-
ferent topological structures (hexagonal, square, triangular,
and array) on Zn deposition behavior. Furthermore, we per-
formed theoretical calculations to simulate the ion distribu-
tion within Zn anodes featuring different 3D topological
structures. These calculations confirmed that the array struc-
ture, particularly on the 3DP-180 anode with few electrode
joint points can facilitate a more uniform electric field by mit-
igating the tip effect. The uniform electric field characteristic
of the array structure is instrumental in reducing nucleation
overpotential, which in turn promotes uniform ion diffusion
and prevents dendrite formation. Consequently, the 3DP-
180||3DP-180 symmetrical cell demonstrated a remarkable
cycling lifespan of 800 hours at a current density of 1 mA
cm~2 and a capacity of 0.5 mAh cm~2. This achievement un-
derscores the significance of customized structural design in
creating a dendrite-free Zn anode, which is pivotal for the de-
velopment of next-generation durable ZIBs.

Materials and methods

The preparation of 3D-printed Zn anodes

2 g cellulose triacetate (Aladdin Co. Ltd.) was added and
dispersed in 20 mL N-methyl-2-pyrrolidone (NMP, Shanghai
Aladdin Biochemical Technology Co., Ltd) using a high-speed
disperser (T25, IKA Company) for 120 minutes. Then, 0.6 g of
carbon nanotubes (CNT, Nanjing XFNANO Materials Tech Co.,
Ltd), 0.4 g of graphene (Shanghai Aladdin Biochemical Tech-
nology Co., Ltd) and 16 g of Zn powder (Zhongkewanda
Company) were added, and the dispersion continued for 2
hours to obtain a uniform ink. The uniformly-dispersed ink
was loaded into a syringe and 3D printed using a 3D printer
(Allevi 3, Allevi Company) according to single-layer structures,
including equilateral triangle, square, hexagon, and linear
shapes with angles of 60°, 90° 120° and 180° respectively.
The diameter of the printing nozzle was ~600 um and the
printing speed was of 40 mm s-'. After 3D printing, the
samples were subjected to solvent exchange in deionized wa-
ter for 1 hour. Subsequently, they are freeze-dried for 24
hours to obtain the 3D Zn anodes.
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The preparation of KVO cathodes

The hydrothermal method was used to prepare the cath-
ode, where 0.115 g of potassium citrate was added was ad-
ded to 10 mL of water and stirred for 30 minutes, and then,
0.18 g of vanadium pentoxide was added and stirred for 30
minutes. The raw materials for the cathodes were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. The
resulting solution was transferred to a hydrothermal reactor
and heated at 200 °C for 24 hours. After the freeze-drying pro-
cess, the potassium vanadate (KVO) powder was obtained as
the active materials. The cathode was prepared by adding the
active material, conductive carbon black, and binder PVDF in
a mass ratio of 8:1:1 into 1 mL NMP. After dispersion, the
slurry was uniformly coated on a 1 cm x 1 cm titanium foil
and went through a drying process in a 70 °C convection
oven for 24 hours to obtain the KVO cathode.

Characterization

The morphologies of 3D anodes were characterized by the
scanning electron microscopy (SEM, Quanta, FEI Company).
The X-ray diffraction (XRD, Smart Lab Ill, Japan Rigaku Instru-
ment Co., LTD) were characterized to analysis material phase
with a scan rate of 5° min-1. The rotational rheometer
(AR2000, TA Company) was adopted to characterize the rhe-
ological properties of ink, where storage/loss modulus and
the viscosity of the ink were obtained at room temperature
and the gap between the rotational plate and pedestal was 1
mm. COMSOL Multiphysical software was used to simulating
the ion concentration during the deposition process.

Electrochemical performance

The electrochemical performance of the half-cell and sym-
metrical cell was investigated on a CT2001A battery test sys-
tem (Wuhan LAND Electronic Co., Ltd.). The half-cell test was
carried out on the Cu||3D anode configuration with a current
density of 1 mA cm=2 and a cut-off voltage of 0.5 V. Two
pieces of Zn anodes were used to form a coin symmetrical cell
configuration with 3M (CF;S0;),Zn as the electrolyte. The cur-
rent density was T mA cm~2 and the capacity was 0.5 mA
cm~2. As for the full-cell test, the cyclic voltammetry curves
were obtained on the VMP3 multichannel electrochemical
workstation (Bio-logic Company) while the charge-discharge
curves were obtained from the CT2001A battery test system.

Results and discussions

The fabrication process of 3D-printed Zn anodes primarily
involves three main processes, including ink dispersion, per-
forming 3D printing, and completing the solvent exchange.
As depicted in Fig. 1a, Zn powder, carbon nanotubes (CNT),
graphene, triacetate cellulose nanofiber (TCNF), and N-
methyl-2-pyrrolidone (NMP) were mixed and dispersed to
form an ink for smooth 3D printing. To print different 3D
structures, various 3D models are initially constructed with
3DMax software. After 3D printing, the 3D Zn anodes were
placed in deionized water for a solvent exchange and fol-
lowed by a freeze-drying process. The rheological properties
of the ink are the key factors influencing the ink's flow and de-
formation during 3D printing. The viscosity of ink not only im-
pacts the flow rate but also affects the uniformity of ink extru-
sion, which subsequently affects the performance of the prin-

240007 (Page 2 of 7)


https://doi.org/10.54227/mlab.20240007

Materials LAS

a CNT

Zn powder % TCNF
- N -

A v solution

DOI: 10.54227/mlab.20240007

H,0 NMP

¢ Y

[T

\\

Ink dispersion 3D printing Solution exchange
b 4 d
108 10°
— 107
< 0 & 10
e-/ wv
> =2
= 10° Ei
S § 10%
< 10° ,
—— G’ storage modulus
10%1 —— G" loss modulus
10 tr - v v
0.1 1 10 100 107" 10° 10" 10% 10°
e Shear rate (s™) f Shear stress (Pa) g
- 180
T SSA:40.1 m?g™’
o150 J
— 3DP-180 K
>
H 1] \ % 120
2 3 % ,
gfa Zn powder T 60 j/
< 2 -
-m-pn-
PDF#04-0831 g 30 g A
I | | 2 et

10 20 30 40 50 60 70 80
26 (%)

0 02 04 06 08 10
Relative pressure (P/P,)

Fig. 1 aThe schematic illustration of the preparation process of 3D anodes. b Viscosity and ¢ the modulus curves of the printable ink. d The
SEM image of 3D Zn anode; inset: the SEM image of the pristine Zn powder. e The XRD pattern of the 3DP-180 anode and pristine Zn powder. f
The contact angle of the 3DP-180 anode. g The N, absorption/desorption isotherm of the 3DP-180 anode.

ted electrode. A rotational rheometer was employed to ana-
lyze the rheological properties of the ink. As shown in Fig. 1b,
the viscosity decreases as the shear rate increases, indicating
the favorable shear-thinning characteristics of print ink.
Moreover, as shown in Fig. 1c, the modulus curve reveals that
when the shear stress is less than the yield stress (approxim-
ately 1000 Pa), the greater storage modulus than the loss
modulus suggests that the printed electrode tends to be an
elastic solid with excellent shape retention and mechanical
stability after being extruded from the 3D printing nozzle 3,
When the shear stress exceeds the yield stress, the storage
modulus of the ink is less than the loss modulus, indicating
that when the shear stress applied is greater than 1000 Pa,
the ink transforms into elastic liquid. Hence, a printing pres-
sure above 1000 Pa can realized the fluent ink extrusion. Fur-
thermore, SEM images of pure Zn powder and Zn anode are
presented in Fig. 1d. It can be observed that the pristine Zn
powder with a diameter of ~5 pum is evenly distributed within
the Zn anode and tightly wrapped by a 3D network structure
constructed by TCNF and CNT, ensuring good electronic con-
ductivity of the electrode and preventing detachment from
the electrode during the repetitive plating/stripping pro-
cesses. As the XRD patterns displayed inFig. 1e, the 3DP-180
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anode shows the same typical peaks with the Zn powder that
accord well with Zn (PDF#04-0831), revealing the stability of
Zn powder during the printing process. The contact angel of
the 3DP-180 anode is shown in Fig. 1f, where the anode deliv-
ers good wettability of electrolyte with a contact angel of
69.8°. In addition, as the N, absorption/desorption isotherm
shown in Fig. 1g, the 3DP-180 anode delivers a high surface
area of 40.1 m2 g~', which insures the sufficient ion diffusion
for uniform Zn deposition.

By programming the 3D printer with specific instructions,
four anodes with unique topologic configurations, including
hexagonal, square, triangular, and array structures were con-
structed. The angles formed between adjacent printed fila-
ments for these anodes were 60°, 90°, 120°, and 180°, respect-
ively. Correspondingly, the resulting 3D-printed Zn elec-
trodes were designated as 3DP-60, 3DP-90, 3DP-120, and
3DP-180. Fig. 2a-d shows the surface morphology of the Zn
anodes, where the surfaces of these 3D-printed anodes exhib-
it a generally smooth texture. Elemental mapping images, as
depicted in Fig. 2, reveal the uniform distribution of Zn and C
elements across the electrode surface regardless of their to-
pologic configurations. The Zn elements were derived from
the introduced Zn powder, while the C elements were primar-
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Fig. 2 The SEM images and corresponding element mapping
of these four different Zn anodes.

ily attributed to the carbon matrix. This uniformity ensures
the intertwined conductive networks within the electrode.
Utilizing the COMSOL Multiphysics simulation software, the
Zn deposition process on four distinctively shaped Zn anodes
was meticulously simulated. As illustrated in Fig. 3, the joint
points formed by the adjacent printed filaments decreased
with the increased angles. In 3DP-60 electrode, which fea-
tured with the most joint points within the anode, ZnZ* pre-
dominantly accumulated at the joint points within a depos-
ition time of 30 seconds. Prolonging the deposition time in-

tensified the ion concentration disparity between the joints
and the plat areas of the electrode. Upon reaching a depos-
ition time of 100 seconds, the joint ion concentration of 3DP-
60 electrode peaked at 2000 mol m~3, resulting in a markedly
non-uniform distribution across the electrode surface, which
is detrimental to the uniform deposition of Zn2*. However, it
is observed that an increase in the angle between adjacent
printed filaments led to a more uniform ion concentration
distribution on the 3DP-90, 3DP-120, and 3DP-180 electrodes.
Notably, the ZnZ* concentration exhibited the most uniform
distribution on the 3DP-180 electrode with an array topolo-
gical structure, and this uniformity was sustained with in-
creased deposition time. At the 100s mark, the ion concentra-
tion on the 3DP-180 electrode consistently maintained at
1600 mol m~3. The simulation outcomes suggest that ion con-
centration distribution within the anode becomes increas-
ingly uniform as the joint points decrease. This uniformity was
more favorable for the even Zn deposition and the mitiga-
tion of Zn dendrite growth. The simulation point to the 3DP-
180 electrode, with its array topological structure, as the most
effective configuration for achieving a uniform distribution of
Zn2*, This optimal distribution is instrumental in suppressing
Zn dendrite growth, thereby enhancing the cycling perform-
ance of batteries.
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Fig.3 The COMSOL multiphysics simulation of Zn deposition on 3D Zn anodes with different topological structures.
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A coin-type half-cell was assembled using a copper foil as
the cathode and 3D-printed 3D Zn anodes of different topo-
logical structures as the anode, with 3M Zn(TFO), as the elec-
trolyte and a cellulose membrane as the separator. The test
current density was 1 mA cm=2 and the cut-off charging
voltage was 0.5 V. Fig. 4a displays the nucleation overpoten-
tial of the Zn deposition process for these 3D Zn anodes,
where the nucleation overpotential of 3DP-180 anode was
only 27.2 mV. As the angle between two adjacent filaments
decreased, the nucleation overpotential gradually increased,
with 3DP-60 reaching an overpotential of 101.6 mV. The smal-
ler the nucleation overpotential, the easier it is for Zn2* to
nucleate, and the more uniform the Zn deposition [32-34],
Through potential analysis of the half-cell, it can be found
that 3DP-180 anode with few electrode joint points is most
conducive to suppressing dendrite growth. The Coulombic
Efficiency (CE) during the Zn deposition/stripping process
was further conducted and the results are showed in Fig. 4b.
The low CE at the beginning of the charge-discharge cycling
is possibly due to the large specific surface area of the elec-
trode. During subsequent plating/stripping processes, as the
electrolyte fully wetted the electrode, the CE approached
100% after 100 charge/discharge cycles, indicating that the
highly reversible Zn plating/stripping behavior, which offers
superior lifespan and durability in practical applications. Sim-
ulation of Zn deposition and half-cell performance testing
confirmed that the 3DP-180 electrode possessed a more uni-
form ion concentration distribution and lower nucleation
overpotential, which essentially determined that the 3DP-180
anode with the optimal performance is most likely to achieve
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— 3DP-180
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—0.15+ AV=27.2mV AV=83.7 mV
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a dendrite-free Zn anode.

A 3DP-180||3DP-180 symmetrical cell was assembled using
3DP-180 as both the cathode and anode. Fig. 4c shows that
the 3DP-180||3DP-180 symmetrical cell exhibits a good cyc-
ling stability and reversibility within 800 hours at a current
density of T mA cm=2 and a limited capacity of 0.5 mAh cm=2,
Additionally, the polarization voltage of the symmetric cell re-
mains stable at below 0.1V, indicating that the battery oper-
ates stably without short-circuit.

To further investigate the performance of 3DP-180 in prac-
tical applications, a full aqueous ZIB was assembled using
3DP-180 as the anode and potassium vanadate (KVO) as the
cathode. The electrolyte was 3M Zn(TFO),, and the separator
is the cellulose membrane. As the SEM image shows in Fig. 53,
the KVO cathode deliver the obvious band shaped. Mean-
while, the XRD result in Fig. 5b demonstrates the successful
preparation of the KVO cathode, where the typical peaks cor-
respond well with the standard Kj4g6V,05 (JCPDS No.
86-0347) B3l Fig. 5¢ presents the cyclic voltammetry (CV)
curves of the KVO//3DP-180 full cell within a voltage range of
0.2-1.6 V at a scanning rate of 0.1 mV s~. It can be observed
that the CV curves exhibit five typical redox peaks of KVO, and
the peak heights of each oxidation peak and reduction peak
are close, indicating the excellent reversibility of the redox re-
actions on the electrode surface, which is conducive to ex-
tending the lifespan of the battery 35-361, Fig. 5d illustrates the
charge/discharge curves of the KVO//3DP-180 full cell at a
current density of 0.1 A g~1, where the full cell shows obvious
oxidation/reduction platforms and delivers a high discharge
capacity of 325.8 mAh g~'. As the rate performance shows in
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Fig. 4 aThe voltage curve of the half-cells assembled with different 3D Zn anodes; b The coulombic efficiency of the 3DP-180 half-cell; ¢ The

cycling performance of the 3DP-180||3DP-180 symmetrical cell.
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charge-discharge curves of KVO||3DP-180 full cell at 0.1 A g~'; e The rate performance and f the cycling lifespan of KVO||3DP-180 full cell.

Fig. 5e, the KVO//3DP-180 full cell demonstrates a capacity of
317.0 mAh g1, 290.8 mAh g~' and 261.2 mAh g~' with cur-
rent density varied from 0.2 A g~ to 1.0 A g7', respectively.
Furthermore, upon reducing the current density back to 0.1 A
g~!, the discharge capacity impressively recovers to 321.1
mAh g7, a value that is nearly identical to its initial capacity.
This recovery indicates a high degree of reversibility and sta-
bility of the ZIB. In addition to the rate performance, the long-
term cycling stability of the KVO//3DP-180 full cell was also
evaluated at a high current density of 2.0 A g='. The cell also
exhibited exceptional endurance by maintaining a high capa-
city of 185.7 mAh g~ even after 1000 cycles with CE close to
100% (Fig. 5f). These outstanding results in both rate perform-
ance and cycling stability are attributed to the optimized
structural design of the Zn anode, which plays a crucial role in
enhancing the overall performance of the KVO//3DP-180 full
cell.
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Summary and outlook

In summary, four Zn anodes with different distinct topolo-
gical configurations were constructed through the advanced
3D printing technology. Among them, the 3D array 3DP-180
anode with a 180° angle between connected printing strips
exhibited fewer joint points led to a more uniform electric
field. This uniformity facilitated even ion distribution and sig-
nificantly suppressed the formation of Zn dendrites. The 3DP-
180 array anode showcased an impressively low nucleation
overpotential of only 27.2 mV, demonstrating an enhanced
capability for Zn nucleation and consistent Zn deposition.
Furthermore, a symmetrical cell equipped with the 3DP-180
array anode sustained 800 hours of stable cycling without
performance decline at 1 mA cm=2 and 0.5 mAh cm~2. These
findings underscore the substantial benefits of the optimized
3D structural design of durable Zn anodes in high-perform-
ance ZIBs.
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