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Advanced 3D Micro-Electrodes for On-Chip Zinc-Ion
Micro-Batteries

Nibagani Naresh, Yijia Zhu, Jingli Luo, Yujia Fan, Tianlei Wang, Kumar Raju, Michael De
Volder, Ivan P. Parkin, and Buddha Deka Boruah*

The development of high-performance planar micro-batteries featuring safer,
cost-effective systems is crucial for powering smart devices such as medical
implants, micro-robots, micro-sensors, and the Internet of Things (IoT).
However, current on-chip micro-batteries suffer from limited energy density
within constrained device footprints due to challenges in effectively loading
high-capacity active materials onto micro-electrodes. Innovative designs for
advanced micro-electrodes are needed for on-chip micro-batteries. This work
introduces advanced, highly porous 3D gold (Au) scaffold-based interdigitated
electrodes (IDEs) as current collectors, which enable effective loading of active
materials (Zn and polyaniline) without compromising overall conductivity and
significantly increase active mass loading. These 3D Au scaffold-based micro-
batteries (3D P-ZIMB) offer substantially higher energy storage performance
(≈135% enhancement) compared to conventional micro-batteries (C-ZIMB)
when materials loaded onto flat Au IDEs. Furthermore, the 3D P-ZIMB demon-
strates higher areal capacities (≈35 μAh cm−2) and areal energy (≈31.05
μWh cm−2) than most high-performance on-chip micro-batteries, and it de-
livers a much higher areal power (≈3584.35 μW cm−2) than high-performance
on-chip micro-supercapacitors. In-depth postmortem investigations reveal
that the 3D P-ZIMB avoids issues like material peeling, sluggish electrolyte ion
diffusion, and dendrite formation on the anode, while maintaining identical
material morphologies and structural characteristics. Therefore, this study
presents a smart strategy to enhance the electrochemical performance of
planar micro-batteries and advance the field of on-chip micro-battery research.

1. Introduction

Recent advancements in System-on-Chip (SoC) technology have
significantly improved devices such as medical implants,
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millimeter-scale computing systems,
micro-robots, micro-sensors, and the
IoT.[1,2] For these on-chip micro-electronic
devices to function effectively and uninter-
ruptedly, high-energy density and compati-
ble energy storage systems are essential.[3–5]

Planar on-chip micro-batteries are a
promising candidate in this regard, as
they offer higher energy density than
micro-supercapacitors while maintaining
competitive power density and cycling
stability.[6–8] Moreover, safety is a critical
requirement for micro-batteries, especially
in applications such as medical implants.[9]

Li-ion micro-batteries encounter safety
issues, potential leakage, and the formation
of toxic HF due to reactions involving the
electrolyte.[10] In contrast, zinc (Zn)-ion
batteries are emerging as a promising
candidate for on-chip micro-batteries due
to their intrinsic safety, cost-effectiveness,
and environmental friendliness. Zn’s high
theoretical capacity (820 mAh g−1) and
low electrochemical potential (−0.76 V vs
SHE) allow it to operate in aqueous-based
electrolytes, further reducing costs and
fire hazards.[11,12,13,14] Despite these ad-
vantages, challenges remain in preventing
hydrogen evolution reactions and dendritic
growth of Zn during cycling, which can
lead to short circuits. Further, it remains a

challenge to effectively load large volumes of cathode materi-
als onto micro-electrodes without compromising overall conduc-
tivity and structural integrity.[15,16] Previously reported on-chip
ZIMBs have faced challenges such as low mass-loading, poor ion
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transport and electrical conductivity, peeling during cycling, and
dendrite growth.

To address these challenges, innovative electrode design and
material engineering are crucial. Developing advanced micro-
electrode designs is essential, and one promising approach is
utilizing 3D porous structures for effective electrode material
loading.[17] These structures can offer a high surface area for ac-
tive material loading, facilitate efficient ion transport, and miti-
gate issues related to dendritic Zn growth by providing more uni-
form current distribution. In this context, porous 3D Au scaffold-
based IDEs present an advanced and effective strategy for en-
hancing the performance of on-chip ZIMBs. These IDEs serve
as current collectors that enable the effective loading of polyani-
line (PANI) as the cathode material, offering hybrid charge stor-
age through capacitive and diffusion-controlled charge storage
for improved rate capability. Meanwhile, Zn is used as the an-
ode material to achieve higher capacity, enhancing overall energy
storage performance without sacrificing conductivity or morpho-
logical integrity. Our findings demonstrate that the 3D P-ZIMBs
offer substantially higher areal capacities (≈35 μAh cm−2) and en-
ergy densities (≈31 μWh cm−2) compared to micro-batteries with
flat Au IDEs (C-ZIMBs), and higher than previously reported on-
chip micro-batteries. Moreover, the 3D P-ZIMBs maintain high
areal power densities (≈3584 μW cm−2), exceeding most high-
performance micro-supercapacitors. The 3D P-ZIMBs not only
provide superior charge storage performance but also demon-
strate dendrite-free operation and maintain the cathode mate-
rial’s morphology, which is crucial for advancements in micro-
battery technology. Therefore, the establishment of porous 3D Au
scaffold-based IDEs with high-capacity material loading paves the
way for the development of high-performance, reliable, and safer
energy storage solutions for a wide range of on-chip applications.

2. Results and Discussion

The Au IDEs were patterned onto ceramic substrates with a
200 μm gap and width. The ceramic substrates were selected
to reduce leakage current across the Au IDEs. Subsequently,
3D porous Au scaffolds was patterned onto the flat IDEs using
dynamic bubble techniques through electrodeposition (detailed
in the experimental section).[18,19] This technique generates gas
bubbles at the electrode surface, acting as soft templates to create
porous or structured coatings. By controlling bubble formation
and detachment, the method enhances material deposition, in-
fluencing the morphology and properties of the deposited layer,
and achieving controlled porosity through regulated gas evolu-
tion. Figure 1a illustrates the step-by-step procedure for obtaining
the 3D porous Au scaffold on the flat Au IDE device. For charge
storage, Zn-based anode was loaded onto the porous Au scaffold,
offering high theoretical volumetric energy (5845 mAh cm−3

and 820 mAh g−1). PANI was chosen as the cathode to pro-
vide a hybrid charge storage performance combining capacitive
and diffusion-controlled processes within a limited micro-device
footprint.[20,21] The material loading and the porous Au scaffold
structures were optimized through a series of electro-deposition
process. It was found that 20 seconds of PANI electro-deposition
(see supplementary information) onto the porous Au scaffold
yielded optimal charge storage performance. The results of these
devices are reported throughout the manuscript (details on the

procedures are available in the experimental section). To better
understand the advantages of micro-batteries with porous Au
scaffold-based IDEs (3D P-ZIMB), conventional micro-batteries
were also fabricated by loading PANI and Zn onto flat Au IDEs
under the same experimental conditions for a fair comparison
(C-ZIMBs). It is expected that the 3D P-ZIMB electrodes will fa-
cilitate rapid electron transportation across electrodes and 3D dif-
fusion of Zn2+ ions (Figure 1b), improving charge storage capac-
ities over the device footprint. Figure 1c shows digital images of
the devices. Notably, even with the same PANI deposition time
on IDEs, the porous Au scaffold IDEs exhibited higher current
compared to flat Au IDEs, indirectly indicating more PANI depo-
sition (Figure S1, Supporting Information). However, accurately
measuring mass loading is challenging due to the small scale,
and thus it was not reported in the study. To gain further insight
into the thickness of the micro-electrodes in the micro-batteries,
profilometer scanning was performed. Figure 1d demonstrates
2D and 3D views with the height profile of 3D P-ZIMB, confirm-
ing successful micro-battery fabrication without short circuits.
The measured thicknesses of the Zn anode and PANI cathode
are 7 and 17 μm, respectively (excluding flat Au IDEs, which are
around 4 μm as shown in Figure S2, Supporting Information). In
contrast, the thicknesses for Zn and PANI deposited onto flat Au
IDEs are 6 μm and 11 μm, respectively (Figure S3, Supporting In-
formation). It was noted that Zn and PANI deposition was more
efficient and prominent on the porous Au scaffold IDEs than on
flat Au IDEs. This efficiency is mainly due to the increased sur-
face area, which allows effective deposition on the porous Au scaf-
fold and provides better conductivity without compromising elec-
trode thickness, thereby increasing charge storage performance
over the limited device footprint (see further details).

The SEM images at different magnifications in Figures 2a–c
demonstrate the successful deposition of the porous Au scaffold
on flat Au IDEs, achieved without any short-circuit issues un-
der optimal deposition conditions. The highly porous Au scaffold
structures were formed due to dynamic bubble generation dur-
ing electrodeposition, resulting in porous structures. Figure 2d–f
show SEM images of the 3D P-ZIMB at various magnifications,
illustrating the successful loading of Zn for the anode and PANI
for the cathode onto the respective porous Au IDEs without dis-
rupting the original Au scaffold. The Zn deposition onto the
porous Au maintains the scaffold-like structure (Figure 2g,h)
but decreases overall porosity due to precise Zn coating, as con-
firmed by the magnified images of the Zn anode, which dis-
play highly dense nanosheet-like morphologies (Figure 2i). In
contrast, the PANI fully covers the porous Au after 20 s of de-
position, although some cracks appear (Figure 2j) due to the
thicker PANI layer. The magnified images (Figures 2k,l)) reveal
that the deposited PANI retains nanowire-like morphologies with
distinct porosities, which is advantageous for effective Zn2+ ion
interaction on the PANI cathode surface, potentially enhancing
charge storage performance. To further understand the morpho-
logical characteristics of Zn and PANI when coated on flat Au
IDEs, we extended SEM investigations to the C-ZIMB (Figure
S4 (Supporting Information) shows SEM images of Au IDEs
at different magnifications). Interestingly, no significant differ-
ences in the morphologies of Zn and PANI were observed be-
tween 3D P-ZIMB and C-ZIMB, with both maintaining iden-
tical densely packed nanosheet-like morphologies for Zn and

Adv. Funct. Mater. 2024, 2413777 2413777 (2 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202413777 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [13/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. a) Schematic illustration of the steps in the fabrication of 3D P-ZIMBs, including the design of the porous Au scaffold on flat Au IDEs, followed
by the sequential deposition of the PANI cathode and Zn anode onto the respective micro-electrodes. b) Schematic demonstration of the 3D in-plane
diffusion of Zn2+ ions during discharging, where Zn2+ ions strip from the Zn anode and insert into the PANI cathode, and during charging, where Zn2+

ions extract from the PANI cathode and plate onto the Zn anode. c) Digital images of the obtained electrodes: flat Au IDEs, 3D porous Au scaffold IDEs,
as well as the devices C-ZIMB and 3D P-ZIMB. d) 2D and 3D profilometer images of 3D P-ZIMB, with the lower image showing height profiles of the
electrodes, measured to be 21 and 7 μm, respectively, including the flat Au IDEs thickness, which is around 4 μm.

nanowire-like morphologies for PANI while preserving porosi-
ties (refer to Figure S5, Supporting Information).

Moreover, we extended additional structural characterization
of the electrodeposited Zn and PANI, as shown in Figure 2m,n.
For performing XRD analysis, the electrodeposited Zn and PANI
samples were deposited on titanium (Ti) foil using the same ex-
perimental conditions, as the IDEs are too small for XRD mea-
surements. The XRD pattern of electrodeposited Zn (Figure 2m)
shows distinct characteristic peaks at around 2𝜃 = 36.53°, 39.26°,
43.38°, and 54.56°, corresponding to the diffraction planes of
(002), (100), (101), and (102), respectively, and peaks can be
well indexed to hexagonal zinc.[22] The XRD pattern of elec-
trodeposited PANI displays distinct broad peaks at approximately
15.42°, 20.45°, and 25.57°, corresponding to the (011), (020), and
(200) reflections, respectively. This indicates crystalline regions
within an amorphous matrix.[23] Additionally, the Raman spec-
trum of PANI shows characteristic peaks at around 1192 cm−1,
1345 cm−1, 1492 cm−1, and 1617 cm−1, corresponding to C–
H bending deformation in the benzenoid ring, C─N+ stretch-
ing, C═N stretching vibration, and C═C stretching of quinoid,
respectively.[24]

Next, the charge storage performance of the C-ZIMBs and 3D
P-ZIMBs was evaluated using a gel electrolyte consisting of 3 m

Zn(CF3SO3)2 in guar gum (see the experimental section for de-
tailed composition of the gel electrolyte). The electrochemical
responses were measured by immersing the micro-batteries in
the gel electrolyte within a cuvette (Figure S6, Supporting In-
formation, a digital image). Figure S7 (Supporting Information)
shows the CV curves of C-ZIMBs and 3D P-ZIMBs at various
scan rates (0.2–0.6 mV s−1) over a voltage window of 0.5–1.5 V.
Distinct pairs of redox peaks were observed, corresponding to the
two-step intercalation and de-intercalation of Zn2+ ions into the
PANI matrix during discharging and charging.[25,26] Addition-
ally, simultaneous proton (H+) doping and de-doping may occur,
contributing to capacitive-based charge storage. Notably, 3D P-
ZIMBs exhibited similar CV patterns to C-ZIMBs but with sig-
nificantly higher areal currents. Comparative CVs at scan rates
of 0.4 mV s−1 (Figure 3a) and 0.6 mV s−1 (Figure 3b) clearly
demonstrate the enhanced area enclosed by the CV curves, indi-
cating improved charge storage performance in 3D P-ZIMBs. To
gain a deeper understanding of the charge storage contributions,
b-values for specific oxidation and reduction peaks were calcu-
lated using the relation ip = avb, where a and b are constants.[27]

The b-value ranges from 0.5 to 1, with values close to 0.5 in-
dicating diffusion-controlled performance and values near 1.0
suggesting capacitive-controlled charge storage. Figure 3c shows
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Figure 2. a–c) SEM images of 3D porous Au scaffold IDEs at different magnifications, demonstrating the successful and uniform distribution of porosity
in the Au scaffold on flat Au IDEs. d,e) SEM images of the 3D P-ZIMB at different magnifications, showing successful loading of electrode materials
onto the porous Au scaffold IDEs. g–i) Further magnified images of the 3D porous Zn anode, demonstrating efficient loading of Zn onto the porous Au
scaffold without destroying its structure, although the overall porosity is reduced due to the Zn coating. j–l) Magnified images of PANI-coated porous
Au scaffold IDEs, showing full coverage with PANI, which increase the mass loading of PANI and thus enhance the overall areal capacity. The further
magnified images reveal that the PANI has a nanowire-like morphology with distinct porosities, potentially increasing effective interaction with the
electrolyte and interfaces. m,n) XRD patterns of electrodeposited Zn and PANI. For XRD analysis, Zn and PANI were electrodeposited onto Ti substrates
under the same conditions used for the micro-batteries. o) Raman spectrum of electrodeposited PANI.
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Figure 3. CVs of C-ZIMB and 3D P-ZIMB at different scan rates of a) 0.4 mV s−1 and b) 0.6 mV s−1 over the voltage window of 0.5–1.5 V. Calculation
of b-values for the cathodic and anodic peaks for c) C-ZIMB and d) 3D P-ZIMB, where b-values approaching 1 for most peaks in both micro-batteries
indicate that the overall charge storage is dominated by capacitive control, which can lead to high-rate capability of the micro-batteries. e,f) Calculation
of capacitive-controlled and diffusion-controlled contributions at different scan rates, showing that more than 80% of charge storage contributions come
from capacitive-controlled processes.

the b-value calculations for the cathodic and anodic peaks of C-
ZIMB, which are ≈0.90 (peak 1), 1.00 (peak 2), 0.86 (peak 3),
and 0.98 (peak 4). These values, mostly approaching 1.0, indicate
capacitive-dominated charge storage contributions. Similarly, for
3D P-ZIMB, the b-values are 0.81, 1.03, 0.67, and 0.95, respec-
tively. Furthermore, the charge storage process can be quantified
into capacitive-controlled (k1v) and diffusion-controlled (k2v0.5)
components based on the current at a fixed voltage relation,
i (V) = k1 v + k2v0.5 ⇒ i(V)/v0.5 = k1 v0.5 + k2.[28] The capacitive-
controlled contributions were 79.10% and 82.87% at 0.2 mV s−1

for C-ZIMB and 3D P-ZIMB, respectively, slightly increasing to
87.24% and 90.56% for C-ZIMB and 3D P-ZIMB at a scan rate
of 0.6 mV s−1. Figure 3e,f presents the contribution plots rela-
tive to scan rates for C-ZIMB and 3D P-ZIMB. This analysis fur-
ther confirms that the charge storage contribution of our micro-
batteries is dominated by a capacitive-controlled charge storage
mechanism. The introduction of porous Au scaffold IDEs as cur-

rent collectors further enhances the capacitive-controlled charge
storage mechanism, which is advantageous for high-rate battery
operation (see further details).

Furthermore, we performed galvanostatic charge–discharge
(GCD) testing of the C-ZIMB and 3D P-ZIMB at different areal
currents ranging from 50 μA cm−2 to 1000 μA cm−2. Figure 4a,b
shows the respective GCD curves of C-ZIMB and 3D P-ZIMB at
areal currents of 50, 100, 200, 300, 400, 500, and 1000 μA cm−2

over a voltage range of 0.5–1.5 V. Consistent with the CV re-
sponses, the 3D P-ZIMB demonstrates significantly improved
areal capacities compared to the C-ZIMB. Specifically, the areal
capacities increase from 15 to 35 μAh cm−2 and from 6.8 to 16
μAh cm−2 at areal currents of 50 μA cm−2 and 1000 μA cm−2, re-
spectively, in the 3D P-ZIMB compared to the C-ZIMB, as shown
in Figure 4c,d. Even at higher areal currents, the 3D P-ZIMB
maintains significant improvements in areal capacity (≈135%),
which highlights the advantages of micro-batteries with a porous
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Figure 4. GCDs of a) C-ZIMB and b) 3D P-ZIMB at different areal currents ranging from 50 μA cm−2 to 1000 μA cm−2 over a voltage window of 0.5–1.5 V.
c,d) Comparative GCDs of the C-ZIMB and 3D P-ZIMB show a significant increase in areal capacities from 15 to 35 μAh cm−2 and 6.8 to 16 μAh cm−2 at
areal currents of 50 μA cm−2 and 1000 μA cm−2, respectively, in 3D P-ZIMB compared to C-ZIMB. e) Rate test of the C-ZIMB and 3D P-ZIMB at different
areal currents, increasing from 50 μA cm−2 to 1000 μA cm−2 and then back to 400 μA cm−2.

3D Au scaffold. The rate test performance of the C-ZIMB and
3D P-ZIMB, shown in Figure 4e, further confirms the signifi-
cant enhancement in areal capacities at each areal current and
efficient reversibility. The 3D P-ZIMB offers reasonably efficient
charge storage capacities of nearly 19.30 and 16.00 μAh cm−2

at higher areal currents of 500 and 1000 μA cm−2, respec-
tively, while the C-ZIMB only achieves 8.20 and 6.8 μAh cm−2.
These results demonstrate that the 3D P-ZIMB not only pro-
vides higher areal capacities at lower rates but also maintains
reasonably good charge storage performance at high rates, at-
tributed to the capacitive-controlled dominant charge storage
mechanism of the device. However, the initial increase in areal
capacity of the 3D P-ZIMB may be attributed to the activation
of the 3D porous PANI micro-electrodes as the 3D porous mi-

croelectrodes have more PANI coating than planar Au IDEs,
which contributes to the activation process. Capacitive-controlled
charge storage offers both improve charge storage performance
and rate capability. The areal capacities of our 3D P-ZIMBs are
significantly larger than those of reported micro-batteries, in-
cluding planar types: Carbon//Polymer (half-cell 31 μAh cm−2,
full cell 10.6 μAh cm−2),[29] Ni-NiO//Zn,[30] Ni//Bi,[31] thin-
film micro-batteries: LiCoO2//Li4Mn5O12

[32] and sandwich-type
thin film solid-state batteries: V2O5//LixV2O5 (6 μAh cm−2),[33]

LiMn2O4//V2O5 (18 μAh cm−2),[34] and V2O5//LixMn2O4,[35] re-
spectively. Additionally, we calculated the volumetric capacities
of both C-ZIMB and 3D P-ZIMB (see Figure S8, Supporting In-
formation). For example, at an areal current of 50 μA cm−2, the
volumetric capacities of 3D P-ZIMB and C-ZIMB are 20.77 and
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13.96 mAh cm−3, respectively. These results further highlight
the advantages and effectiveness of our porous 3D electrodes
in enhancing charge storage compared to the planar IDEs. Fur-
thermore, it is demonstrated that our 3D P-ZIMB can efficiently
power commercial sensors. For instance, two 3D P-ZIMBs con-
nected in series can easily power an indoor-outdoor thermometer
with a hygrometer clock (as shown in Figure S9, Supporting In-
formation), showcasing the potential to expand the application
capabilities of on-chip micro-batteries. To further understand the
charge transfer kinetics of the micro-batteries, we extended the
EIS testing, with results provided in the Supporting Information.
The Nyquist plot (Figure S10, Supporting Information) shows
that the 3D P-ZIMB has demonstrates charge-transfer resistance
of 5.5 Ω compared to the C-ZIMB’s 260 Ω. Additionally, the equiv-
alent series resistance is lower for the 3D P-ZIMB, with efficient
diffusion kinetics at high frequencies (refer Figure S10, Support-
ing Information). Therefore, our porous Au IDEs not only offer
higher charge storage performance within a limited device foot-
print but also maintain lower charge transfer resistance, without
compromising conductivity. Moreover, we extended our analysis
to estimate the relative change in the diffusion constants of Zn2+

ions (refer to Figure S11, Supporting Information). In this analy-
sis, the real impedance is related to the diffusion coefficient as fol-
lows: Zʹ = (RL + RD) + 𝜎𝜔−0.5and DZn2+ = R2T2

2A2𝜂4F4C2𝜎2
= K

𝜎2
; where

(RL + RD) represents the total resistance (including solution and
charge transfer), 𝑍ʹ is the real impedance component from the
Nyquist plot, DZn2+ is the diffusion coefficient of Zn2+ ion (cm2

s−1), 𝜎 is the Warburg coefficient, 𝜔 is the angular frequency, 𝑛 is
the number of electrons transferred per electrolyte per monomer
unit of PANI, T is the cell testing temperature in Kelvin (298.13
K), A is the active electrode area (cm2), R is the molar gas con-
stant (8.314 J K−1 mol−1), 𝐹 is Faraday’s constant (96 485.3383 C
mol−1), and 𝐶 is the Zn2+ ion molar concentration used in the
electrolyte.[36] Since the electrode area and electrolyte concentra-
tions are the same for both C-ZIMB and 3D P-ZIMB, the value
of K (where K = R2T2

2A2𝜂4F4C2𝜎2
) can be considered identical for both

micro-batteries. This allows us to compare the relative change in
the Zn2+ ion diffusion coefficients. As shown in Figure S11 (Sup-
porting Information), the slope of the Zʹ Vs 𝜔−0.5 graph is related
to 𝜎, where a lower 𝜎 indicates a higher DZn2+ , and vice versa.
Therefore, the lower slope observed in the 3D P-ZIMB micro-
batteries indicates a higher Zn2+ ion diffusion coefficient com-
pared to the C-ZIMB.

Next, the extended GCDs of the C-ZIMB and 3D P-ZIMB for
100 cycles, shown in Figure 5a, reveal stable performance over
cycling. The measured capacity retentions are 108.56% (the ca-
pacity retention exceeding 100% is primarily attributed to the
increasing capacities with cycling due to the material activation
process) and 94.25% for C-ZIMB and 3D P-ZIMB, respectively,
with coulombic efficiencies of 100% (Figure S12, Supporting In-
formation), respectively. Hence, 3D P-ZIMB not only maintains
stable charge storage performance over cycling (100 cycles) but
also retains improved capacities. To gain a deeper understand-
ing of the cycling stability of our 3D P-ZIMB, we evaluated its
long-term performance over 200 cycles (see Figure S13, Support-
ing Information). The 3D P-ZIMB retained ≈50% of its capac-
ity after 200 cycles. The observed capacity fading after 100 cycles
may be attributed to the cracking of the PANI micro-cathodes

(see further details). Additionally, we conducted a self-discharge
measurement of the 3D P-ZIMB (refer to Figure S14, Support-
ing Information), and even after 25 h, our 3D P-ZIMB main-
tained a voltage of 0.95 V. For further insight into the stability
of the micro-electrodes, we conducted ex-situ SEM and Raman
investigations of the cycled devices, with the digital images of
the cycled devices shown in Figure 5b. Figure 5c displays the
post-mortem SEM images of the cycled C-ZIMB, including low
magnification images (i, ii) to confirm the absence of short cir-
cuits, and higher magnification images. The magnified SEM im-
ages of the PANI cathode (iii, iv) reveal cracks throughout the
micro-electrodes but maintain nanowire-like PANI morpholo-
gies. The increasing cracks after cycling could be due to the pres-
ence of small cracks between the nanowire-like PANI framework
in the PANI electrodes before cycling, which could propagate fur-
ther through stress generation across the micro-electrodes under
repetitive cycling. On the other hand, significant dendrite growth
on the edges of the Zn anodes was recorded, as shown in the mag-
nified images (vi and vii). It is not surprising that the edges of
electrodes could generate intense electric field distributions due
to the in-plane diffusion of Zn2+ ions, leading to the formation of
dendrites. Similarly, Figure 5d shows the SEM images of the cy-
cled 3D P-ZIMB, where the PANI cathode displays more promi-
nent cracks (ii–iv) due to the high mass loading of PANI, which
leads to more stress generation during cycling, while maintain-
ing the original nanowire-like PANI morphologies. On the other
hand, no noticeable dendrite growth was observed on the edges
of the Zn anode in 3D P-ZIMB (v), unlike the anode of C-ZIMB,
but the electrodes maintained identical morphologies and porosi-
ties. Zn flakes growth was observed in some places on the micro-
electrodes due to the preferred growth direction of metallic Zn
during the repetitive Zn2+ plating/stripping process. Although
cracking of PANI cathode was observed in our 3D P-ZIMBs, there
was no observation of material peeling off from the porous Au
IDEs, which is an additional advantage. Our advanced porous
Au micro-electrodes not only allow higher loading of the cathode
materials, in this case, PANI, but also hold the materials onto the
electrode geometries to minimize peeling off. The cracking of the
micro-electrode materials could be improved to further enhance
the cycling stability of the micro-batteries through advanced coat-
ing of materials with zincophilic characteristics onto the micro-
electrodes, which could mechanically suppress crack propaga-
tion and equally suppress dendrite growth, as observed in the
Zn anode in C-ZIMB. Furthermore, the ex situ Raman investiga-
tion of cycled PANI (shown in Figure S15, Supporting Informa-
tion) maintained identical material characteristics, with the char-
acteristic Raman peaks attributed to the pristine PANI, i.e., be-
fore cycling. Hence, PANI could be a potential cathode material
for Zn-ion micro-batteries, demonstrating reversible capacitive-
controlled charge storage performance for high-rate capability
while maintaining morphologies and structural characteristics.

Furthermore, we calculated the areal energy and areal power
density for the C-ZIMB and 3D P-ZIMB as shown in Figure S16
(Supporting Information), which clearly demonstrates notable
enhancements in the areal energy density of the 3D P-ZIMB
without compromising power performance. This indicates that
our 3D P-ZIMB can deliver significantly higher energies with
similar power compared to the C-ZIMB. The calculated areal en-
ergies (at areal powers) for the 3D P-ZIMB are ≈31.05 μWh cm−2

Adv. Funct. Mater. 2024, 2413777 2413777 (7 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Extended long-term cycling tests of the C-ZIMB and 3D P-ZIMB for 100 cycles, with observed capacity retentions of ≈108.56% and ≈94.25%
for C-ZIMB and 3D P-ZIMB, respectively. b) Digital images of the cycled micro-batteries: C-ZIMB and 3D P-ZIMB. c) Postmortem SEM images of a cycled
C-ZIMB at different magnifications. High magnification images clearly illustrate the cracking of the PANI cathode after cycling, but also demonstrate the
growth of Zn dendritic-like morphologies on the edges of the Zn anodes. d) SEM images of cycled 3D P-ZIMB: larger cracking of the PANI cathodes is
displayed, however, the nanowire-like PANI morphologies are maintained even after cycling. The porous 3D Zn anode did not display noticeable dendrite
growth, maintaining an identical 3D porous structure, although some Zn flakes growth occurred due to the preferred growth direction of metallic Zn.

Adv. Funct. Mater. 2024, 2413777 2413777 (8 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Ragone plot comparing the areal energies and areal pow-
ers of our 3D P-ZIMB with various published micro-batteries:
Carbon//Polymer,[29] Ni-NiO//Zn,[30] Ni//Bi,[31] thin-film batter-
ies: LiCoO2//Li4Mn5O12,[32] and micro-supercapacitors: Mxene-
Graphene,[37] PANI-rGO,[38] MnO2-CNT,[39] CNTs-PEDOT-PSS,[40]

MnO2,[41] Ag@PPY,[42] polyaniline/graphite oxide,[43] PEDOT:PSS,[44]

AC-Zn,[45] Graphene-AC,[46] LTO//LFP,[47] NVP//NVP,[48] NTO//NVP.[49]

(≈28 μW cm−2) and ≈14 μWh cm−2 (≈3584 μW cm−2), which
are ≈14 μWh cm−2 (≈39 μW cm−2) and ≈6 μWh cm−2 (≈3542
μW cm−2) for the C-ZIMB, respectively. The areal energies of our
3D P-ZIMB are higher than most reported on-chip energy storage
devices shown in Figure 6 (Ragone plot), for instance, including
micro-batteries: Carbon//Polymer,[29] Ni-NiO//Zn,[30] Ni//Bi[31]

and thin-film micro-batteries: LiCoO2//Li4Mn5O12.
[32] Our 3D P-

ZIMB not only delivers higher areal energy density but also offers
higher areal powers, which are comparable to or even higher than
high-performance micro-supercapacitors: Mxene-Graphene,[37]

PANI-rGO,[38] MnO2-CNT,[39] CNTs-PEDOT-PSS,[40] MnO2,[41]

Ag@PPY,[42] polyaniline/graphite oxide,[43] PEDOT:PSS,[44] AC-
Zn,[45] and Graphene-AC,[46] respectively. Hence, our findings
further confirm the advantages of our advanced micro-electrodes
in delivering high-energy storage performance within a lim-
ited device footprint. The performance of our 3D P-ZIMB is
lower than that of previously reported Li-ion and Na-ion micro-
batteries, which were made using a mask-assisted vacuum filter-
ing technique with a larger device area (≈1.68 cm2) and wider IDE
finger widths (around 1 mm), compared to our 3D P-ZIMB (de-
vice area including electrode gap is 0.36 cm2, with IDE widths and
gaps of 200 μm).[47–49] This difference in performance is expected,
given the higher material loading on the larger 1 mm IDE fingers
and the higher voltage of Li and Na-based systems compared to
the safer Zn-based systems. Nevertheless, it is crucial to mini-
mize the IDE gaps, device area, and width to achieve effective
integration with system-on-a-chip technology and enhance the
charge storage performance of micro-batteries within a limited
device area. The fabrication of a series of porous microelectrodes
on a wafer scale is feasible using our approach. The processing
method described in this work is both efficient and rapid, offering
precise control over porosity with minimal challenges. However,
PANI deposited on the 3D porous Au electrodes tends to develop

cracks, which propagate and enlarge during repeated charge and
discharge cycles, leading to capacity fading. Therefore, there is
potential to explore methods to suppress capacity fading, such as
introducing SEI layers to enhance long-term cycling stability. Ad-
ditionally, these 3D electrodes address common issues in micro
batteries, such as electrode flaking, sluggish ion diffusion, and
dendrite formation on the Zn anode. Consequently, this work
paves the way for developing more efficient, high-performing,
and safer on-chip micro-batteries, which are essential for the ad-
vancement of smart system-on-chip devices.

3. Conclusions

This study showcases a significant advancement in the de-
sign and performance of planar Zn-ion micro-batteries using
highly porous 3D gold scaffold-based interdigitated electrodes.
By efficiently loading high-capacity active materials—polyaniline
(PANI) for the cathode and zinc (Zn) for achieving higher
capacities—onto these advanced micro-electrodes, the developed
3D P-ZIMB micro-batteries exhibit markedly improved energy
storage performance (31 μWh cm−2), higher areal capacities
(35 μAh cm−2), and great power output (3584 μW cm−2). This in-
novative design also addresses common issues in micro-batteries
such as electrode flaking, sluggish ion diffusion, and dendrite
formation while maintaining the structural integrity of the ac-
tive materials. Consequently, this work paves the way for the de-
velopment of more efficient, high-performing, and safer on-chip
micro-batteries, which are crucial for the continued progress of
smart system-on-chip devices.
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