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HIGHLIGHTS

e An on-chip lithium-ion capacitor based on 3D carbon microelectrodes is presented.

e The capacity of the carbon microelectrodes improved with oxygen plasma treatment.

e LiFePO, incorporated with the carbon structure to realize a battery-type cathode.

e The device shows areal energy density about 5 times higher than symmetric system.
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There is a growing interest in the development of high energy on-chip capacitive energy storage units for
application in microelectronic devices. Lithium-ion capacitor (LIC) typically comprising battery-type and
capacitor-type electrodes offer the opportunity for an improved energy density in capacitive energy storage. In
this work, an aqueous on-chip LIC was fabricated using carbon microelectromechanical systems (C-MEMS)
technique. Oxygen plasma-treated 3D carbon microelectrode arrays served as the capacitor-type electrode in the

LIC, while LiFePOy, integrated on the 3D carbon microelectrode arrays was used as the battery-type cathode.
Electrochemical performance evaluation shows that the aqueous on-chip LIC can deliver an areal density up to
~5.03 pWh cm’z’ which is ~5 times higher than the oxygen plasma-treated symmetric carbon microelectrode-

based electrochemical capacitor.

1. Introduction

The need for high-performance microscale energy storage units for
rapidly growing microelectronic devices have continued to attract much
attention [1]. Miniaturized batteries and electrochemical capacitors
(ECs) are attractive candidates for on-chip energy storage application
[2]. According to their energy storage mechanisms, ECs are based on
electric double-layer capacitance (EDLC) or pseudocapacitance [3].
While EDLC involves charge storage through non-faradic adsorption/-
desorption of electrolyte ions on the surface of electrode materials,
pseudocapacitance mechanism involves surface or near-surface faradaic
reactions of electrolyte ions with metal oxides or conductive polymer
electrodes. Typically, ECs can give advantageous characteristics such as
higher power density, faster charge/discharge properties, and ultralong
cyclability than batteries.

* Corresponding author.
E-mail address: wangc@fiu.edu (C. Wang).

https://doi.org/10.1016/j.jpowsour.2020.227987

However, the limited energy density of ECs represents a significant
drawback [4]. Over the years, asymmetric ECs realized by the combi-
nation of EDLC and pseudocapacitive electrodes have been shown to be
a promising strategy to achieve improved performance trade-off in terms
of energy and power density due to enlarged cell voltage window [5-8].
Another interesting asymmetric device concept is based on the combi-
nation of the bulk and surface storage mechanisms enabled by a
battery-type electrode and a capacitor-type electrode, respectively.
Lithium-ion capacitor (LIC) is one of such systems, consisting of high
energy battery-type electrode and high power capacitor-type electrode
[9,10].

The electrochemical performance reports on LICs are mostly based
on large cells which are not well suited for on-chip integration. On-chip
LICs could potentially be favorable for integration along with other
components in microelectronic devices to provide a good combination
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of high energy and power densities within limited footprint area.
Recently, Li et al. reported a promising prototype on-chip LIC with
lithiated graphite and activated carbon (AC) as the battery-type and
capacitor-type electrodes, respectively, by injecting slurries of the
electrode materials in an interdigital microchannel [11]. However, more
facile and CMOS processing-compatible methods are desirable for the
practical application of the on-chip LICs. In terms of device architecture,
the fabrication of on-chip energy storage devices are targeted at
ensuring high effective microelectrode surface area within a restricted
space using scalable and facile approaches. 3D microelectrode designs
offer higher effective surface area and better electrolyte accessibility
than planar designs, which could result in enhanced areal capacity
[12-16]. One of the most interesting 3D microelectrode fabrication
approaches is the carbon microelectromechanical systems (C-MEMS)
technique which generally involves photolithographic patterning and
pyrolyzing photoresists in an inert atmosphere to obtain glassy carbon
structures [17-20]. C-MEMS process is a facile route of obtaining a wide
variety of ordered 3D carbon microelectrode structures with high
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resolution [17,21,22]. Various symmetric on-chip ECs with 3D carbon
microelectrodes based on C-MEMS platform have previously been
demonstrated [18,19,23]. It has been shown that the electrochemical
properties of the carbon microelectrodes could be enhanced by intro-
ducing nanofeatures, for example, electrochemical activation [23], the
incorporation of CNT [18], or by integrating pseudocapacitive materials
such as polypyrrole (PPy) [19] and MnO; [20].

Given the prospects of providing enhanced areal capacity, the pre-
sent study demonstrates a novel first generation 3D on-chip LIC based on
C-MEMS-derived interdigital carbon microelectrodes. Our method in-
volves subjecting the carbon microelectrode to oxygen plasma treatment
to achieve improved capacitive properties as the capacitor-type elec-
trode. The battery-type electrode in the LIC was realized by the inte-
gration of LiFePO4 (LFP) on the 3D carbon microelectrodes by
electrophoretic deposition (EPD). The carbon//LFP on-chip LIC evalu-
ated using 1 M Li»SO4 aqueous electrolyte delivered an areal energy
density up to ~5.03 pWh cm~2 which was ~5 times higher than sym-
metric carbon microelectrode-based EC. The on-chip LIC system could
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Fig. 1. (a) Illustration of the fabrication process of the C-MEMS-based on-chip LIC. (b) Schematic 3D view of the microdevice.
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potentially be favorable in terms of facile fabrication approach and areal
capacity for practical application in microelectronic devices. This study
broadens the prospects of the application of C-MEMS technology beyond
symmetric systems in the development of high-performance on-chip
capacitive energy storage.

2. Experimental section

2.1. Interdigital carbon microelectrode arrays fabrication and LFP
integration

An illustration of the C-MEMS-based on-chip LIC fabrication process
is presented in Fig. la. First, a negative tone photoresist, SU-8 25
(MicroChem Corp.), was spin-coated on a 550 pm thick Si/SigNy4 (10,
000 A) wafer at 500 rpm for 12 s and then at 3000 rpm for 30 s. The
photoresist coated wafer was baked at 65 °C for 3 min and at 95 °C for 7
min on a hot plate. UV exposure through a photomask was then carried
out using an OAI mask aligner with a dose of 300 mJem 2. Thereafter, a
post-exposure bake was performed at 65 °C for 1 min followed by baking
at 95 °C for 5 min. The resulting baked photoresist was developed to
reveal a 2D interdigital finger pattern using a NANO™ SU-8 developer
solution (MicroChem Corp.). In order to build an array of 3D structures
on the 2D interdigital finger pattern, a second negative photoresist, SU-
8100 (MicroChem Corp.), was spin-coated at 500 rpm for 12 s and then
at 2000 rpm for 30 s, followed by baking (65 °C for 10 min, and 95 °C for
30 min) on a hot plate. The baked photoresist was patterned using a UV
exposure dose of 700 mJem 2. Post-exposure bake (65 °C for 3 min and
95 °C for 10 min) was carried out followed by the development process
to reveal the patterned photoresist using the SU-8 developer. The
resulting samples were pyrolyzed by using a YFT 1700 tube furnace in a
continuous flow of Ar (about 2000 sccm flow rate). The samples were
initially heated at 350 °C (ramp 3 °C/min) for 30 min and then at 900 °C
(ramp 5 'C/min) for 1 h, followed by natural cooling to room temper-
ature in the Ar atmosphere. The interdigital patterned glassy carbon
microelectrode devices obtained after the pyrolysis step were treated
with oxygen plasma using a reactive ion etch (RIE) system (RIE-1701,
MARCH) for 1, 5 and 10 min. An oxygen flow rate of 60 sccm, 400 mTorr
pressure and 250 W power were used during the plasma treatment
process. For LFP integration, both sides of the interdigital carbon
microelectrode device were connected to the positive and negative sides
of a DC power source for electrophoretic deposition (EPD) process. 18
mg commercial LFP powder comprising carbon coating purchased from
MTI Corporation, 1.5 mg conductive agent (Super P Li) and 0.5 mg
MgCl, as an EPD process additive [24], were dispersed in 20 ml
acetone-water mixture (9:1 v/v) by ultrasonication for 4 min to obtain a
suspension. The suspension obtained after ultrasonication was imme-
diately used for EPD process by applying a constant voltage of 30 V for 5,
10 and 20 s. The devices fabricated were then washed several times with
ethanol and dried overnight at 70 °C. A schematic 3D view of the on-chip
microdevice is presented in Fig. 1b.

2.2. Characterization

Scanning electron microscopy (SEM) (JEOL 6330, Peabody, MA,
USA) was used to reveal the surface of the carbon structures. The surface
functionalities of the carbon microelectrodes were investigated by
fourier transform infrared (FTIR) (JASCO FT/IR, 4100, Tokyo, Japan).
Electrochemical evaluations were carried out with 1 M Li;SO4 aqueous
electrolyte using a VMP3 multichannel potentiostat (VMP3, Princeton
Applied Research). Electrochemical impedance spectroscopy (EIS) ex-
periments were performed with frequency ranging from 1 MHz to 100
mHz. Cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) tests were carried out in a three-electrode setup using the oxy-
gen plasma-treated carbon anode or LFP incorporated carbon micro-
electrode cathode as the working electrode, while a graphite rod and
Ag/AgCl served as the counter and reference electrodes, respectively.
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The anode was evaluated within a voltage range of - 0.9 to 0.1 V, while
the cathode was tested within - 0.3 to 0.6 V. CV and GCD tests were
carried out on oxygen plasma-treated carbon//carbon symmetric de-
vices as well as carbon//LFP hybrid devices in a two-electrode setup
within a voltage range of 0-1.4 V.

3. Results and discussion
3.1. Materials characterization

The SEM image of a typical device and a single 3D carbon micro-
electrode obtained after the pyrolysis processes is presented in Fig. 2a
and S1, respectively. An array of 3D carbon microelectrodes can be seen
on top of planar interdigital carbon fingers. There are 20 interdigital
fingers (10 for each electrode side) with length and width of about 4800
pm and 79 pm, respectively. The thickness of the fingers was about 15
pm. A typical device comprises 460 3D carbon microelectrodes (23 on
each finger) with an average height of about 106 pm and diameter of
about 46 pm. The total electrode geometric surface area of each side of
the interdigital microelectrode (surface area of planar fingers and the
projected 3D carbon structure) was ~0.07 cm?. The device footprint
area (planar area of the interdigital microelectrodes and the interspaces)
was ~0.29 cm? The surface morphology of the as-prepared carbon
electrode sample is shown in Fig. 2b. Oxygen plasma treatment resulted
in roughening of the surface of the samples with the appearance of pits
(Fig. 2¢, d and 2e) because of the etching effect on the carbon material.
The pits became larger with increasing plasma treatment duration from
1 to 10 min. The heights of the 3D carbon microelectrodes measured
after the plasma treatment process were about 105, 104 and 96 pm for 1,
5, and 10 min treatment durations, respectively.

Fig. 3a shows the on-chip LIC with interdigital 3D microelectrodes
comprising LFP electrode material and bare carbon. An enlarged view of
the sample presented in Fig. 3b shows the LFP electrode material inte-
grated on the 3D carbon microelectrode after EPD process, while Fig. 3¢
shows a bare 3D carbon microelectrode. Figs. S2a and S2b show the top-
view SEM images of a carbon microelectrode after 5 min plasma treat-
ment and after 10 s LFP integration deposition duration, respectively.
Fig. 4a, b, 4c and 4d show the microelectrodes with increasing LFP
electrode deposition durations. LFP electrode thicknesses of about 0.93,
1.19 and 2.90 pm for 5, 10, and 20 s deposition durations, were
measured, respectively.

The surface functional groups produced after plasma treatment can
be observed in the FTIR pattern shown in Fig. 5. An increase in the in-
tensity of the functional group signals can be observed as plasma
treatment duration increases. The broad peak at 3450 cm ™" is related to
-OH groups of phenol or carboxylic functionalities [25], while the peak
at 2930 cm™! corresponds asymmetric stretching of the CH, functional
groups [26]. The peaks at 1735 cm™! can be assigned to C=0 stretching
of carboxyl group [271, while the 1610 cm™! peak is related to C=C
stretching of aromatic rings or C=0 groups conjugated with aromatic
rings [26]. Other peaks at 1502, 1237 and 1108 em ! are ascribed to,
C=C stretching, C-O-C and C-O vibrations respectively [25,26,28].

3.2. Electrochemical evaluation

3.2.1. Carbon//carbon symmetric EC devices

The 5 min plasma-treated electrodes and untreated electrodes were
examined as symmetric EC. The third cycle CV curves of carbon//carbon
symmetric ECs before and after plasma treatment based on a two-
electrode configuration at a scan rate of 1 Vs~! are shown in Fig. 6a.
The area under the CV curve of the treated sample is about 9 times larger
than the untreated sample indicating improved charge storage behavior
after plasma exposure [23]. The 5 min plasma-treated and the untreated
ECs gave capacities of about 0.030 and 0.003 pAh cm™2 (normalized by
device footprint area), respectively, at the 1 Vs~! scan rate. Fig. 6b
shows the third cycle CV curves of 5 min plasma-treated sample at
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Fig. 2. (a) SEM image of interdigital 3D carbon microelectrodes. Surface morphology of the carbon microelectrodes with (b) 0 min, (c) 1 min, (d) 5 min and (e) 10

min oxygen plasma treatment durations.

\4 |

Bare carbon

Fig. 3. (a) SEM image showing the on-chip LIC with interdigital 3D microelectrodes comprising LFP electrode material and bare carbon. An enlarged surface
morphology of (b) LFP electrode material integrated on 3D carbon microelectrode after EPD process and (c) bare 3D carbon microelectrode.

different scan rates. The corresponding capacities calculated for 5, 10,
and 20 Vs~! were about 0.015, 0.010 and 0.008 pAh cm™2, respectively,
based on device footprint area. The enhanced capacitive performance
can be attributed to the enlarged surface area as well as pseudocapaci-
tance contribution from surface functional groups in the oxygen
plasma-treated carbon material [23,29,30].

The GCD curves in the two-electrode test of the 5 min plasma-treated
sample at 0.12 mA cm ™2 for 10 cycles are presented in Fig. S3. The
discharge capacity based on device footprint area calculated from the
GCD curves of the sample was about 1.97 pAh cm ™2 after the first cycle.
A slightly lower discharge capacity of ~1.52 pAh em™2 was obtained
after the tenth cycle. The tenth cycle GCD curves of the devices at 0.36
mA cm 2 current density for different plasma treatment durations are
presented in Fig. 7a. Among the devices, the 5 min plasma-treated
sample gives the highest discharge capacity. The discharge capacities

calculated from the GCD curves in Fig. 7a for 0, 1, 5, and 10 min plasma
treatment durations were about 0.001, 0.041, 0.297 and 0.138, pAh
em ™2, respectively, based on device footprint area. The rate performance
results presented in Fig. 7b also shows that the 5 min plasma-treated
device gave the highest discharge capacities at different current den-
sities. The discharge capacities after the tenth cycle for the 5 min
plasma-treated sample at current densities of 0.24, 0.48 and 0.60 mA
cm 2 were about 0.63, 0.18 and 0.13 pAh cm~?, respectively, based on
device footprint area. A discharge capacity of 1.32 pAh cm ™2 was ob-
tained when the current density was returned to the original of level of
0.12 mA cm 2 (after the tenth cycle) indicating that the initial capacity
was fairly recovered after high current density test. Fig. 7c shows that
the 5 min plasma-treated device gave the highest capacity after 200
cycles at a constant current density of 0.24 mA cm 2. Discharge ca-
pacities of about 0.002, 0.060, 0.870 and 0.190 pAh cm 2 were obtained
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Fig. 4. SEM images of the interdigital 3D microelectrodes with (a) 0's, (b) 55,
(c) 10 s and (d) 20 s LFP deposition durations.
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Fig. 5. FTIR pattern of C-MEMS-based carbon microelectrodes with different
oxygen plasma treatment times.

for 0, 1, 5, and 10 min plasma-treated samples, respectively, at 0.24 mA
cm™2 after 200 cycles.

The decreased discharge capacities of the device upon further
increasing the oxygen plasma treatment duration from 5 to 10 min may
be attributed to the reduced effective surface area of the interdigital
microelectrodes. The average height of the 3D carbon microelectrodes
reduced by 7.8% when the plasma treatment duration was increased
from 5 to 10 min. Larger pores were also generated after the 10 min
plasma treatment which may give lower specific surface area in the
interdigital microelectrodes, leading to the lower discharge capacities
observed. Another possible reason may be a reduced conductivity of the
microelectrodes due to the functionalities induced by the oxygen plasma
treatment [32]. The discharge capacities of the 5 min plasma-treated
device normalized per total geometric surface area of individual
microelectrode are 12.47, 4.93, 0.24, 0.14, 0.10 pAh cm~2 at current
densities of 0.12, 0.24, 0.36, 0.48 and 0.60 mA cm_z, respectively.

3.2.2. Carbon//LFP LIC devices
The on-chip LICs were fabricated with 5 min plasma-treated carbon
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microelectrodes as anode and LFP electrode material as the cathode. The
electrochemical evaluation of the carbon microelectrode after 5 min
plasma treatment and the LFP electrode in a three-electrode cell
configuration is presented in Figs. S4 and S5, respectively. To achieve
optimal electrochemical performance, the LFP electrode thickness was
adjusted by controlling the EPD process duration. Fig. 8a shows the CV
curves of a LIC device with 10 s LFP deposition duration at scan rates
from 20, 50 and 200 mVs~'. The nearly rectangular shape with the
absence of obvious peaks on the CV curves indicate that capacitive
behavior dominates in the device within a voltage range of 0-1.4 V.
Fig. S6 shows the GCD curves of the first 10 cycles within this voltage
range for a LIC with 10 s LFP deposition duration at a current density of
0.12 mA cm 2 The discharge capacities obtained after the first and
tenth cycles were about 8.36 and 7.29 pAh cm ™2, respectively, based on
the device footprint area. Fig. 8b shows the tenth cycle GCD curves of
the on-chip LIC with 5, 10 and 20 s LFP deposition durations at a current
density of 0.36 mA cm~2. The GCD curves signifies that the sample with
10 s LFP deposition duration gave the highest discharge capacity. The
discharge capacities calculated from the GCD curves were respectively
about 0.46, 3.33 and 0.76 pAh cm ™2 for the on-chip LIC with 5, 10 and
20 s LFP deposition durations. The rate performance of the on-chip LICs
with different LFP deposition durations is presented in Fig. 8c indicating
that the on-chip LIC with 10 s LFP deposition duration showed the
highest discharge capacities in all current densities. For example, at the
highest current density of 0.60 mA cm™2 the devices gave discharge
capacities of about 1.61, 0.35 and 0.16 pAh cm ™2 for devices with 5, 10
and 20 s LFP deposition durations, respectively. Moreover, the on-chip
LIC with 10 s LFP deposition durations gave a discharge capacity of
about 7.64 pAh cm 2 after the current density was returned to the initial
level of 0.24 mA cm 2. However, some sharp capacity decrease can be
observed at about the sixth and tenth cycles upon further cycling at this
current density. This may be attributed to slight detachment of active
materials or current collector fingers after being subjected to high cur-
rent density. A discharge capacity of about 5.72 pAh cm~2 was obtained
for the device after the tenth cycle at the 0.24 mA cm ™2 current density.
The energy-power density relationships of different on-chip hybrid de-
vices are shown in the Ragone plots in Fig. 8d. The on-chip LIC with 10 s
LFP deposition duration delivered the highest areal energy density with
a maximum value of ~5.03 pWh cm 2 and a maximum areal power
density of ~0.42 mWem 2. The maximum areal energy densities of the
devices with 5 and 20 s LFP deposition durations were ~1.70 and 1.53
uWh cm ™2, respectively. The maximum areal energy density realized
was about 5 times higher than the symmetric carbon//carbon EC which
gave a maximum areal energy density of ~1.05 pWh cm 2. The corre-
sponding maximum volumetric energy and power densities of the on-
chip LIC with 10 s LFP deposition duration was ~7.91 pWh ecm ™~ and
0.25 Wem ™3, respectively. The cyclability of the on-chip LIC with 10 s
LFP deposition duration at a constant current density of 0.24 mA cm 2 is
presented in Fig. 8e. The capacity increased for the first 1-550 cycles
and decreased sharply at about 550th cycle. The capacity further
increased after the 560th cycle until the 1450th cycle where it sharply
decreased again. Thereafter, an almost steady capacity (~3.67 pAh
cm~2) was maintained up to the 2000th cycle. The capacity increase
observed at initial cycles may be due to electro-activation process in the
electrode materials of the on-chip LIC [19,23,31]. Prolonged cycling
may facilitate the improved accessibility of electrolyte to the active
materials leading to capacity increase. Similar to the rate capability test
result in Fig. 8c, the sharp capacity decrease in the cyclability curve may
also be attributed to the gradual detachment of active materials and/or
the carbon microelectrode with prolonged cycling. Optimizing the EPD
parameters and pyrolysis process may improve the cycling stability of
the LIC.

The on-chip LICs exhibit iR drop in the GCD curves presented in
Fig. 8b. The iR drop correlates to the internal resistance of the cells
including ohmic resistance (Ry), ionic resistance (R;), solid electrolyte
interface resistance (Rggy) and charge transfer resistance (Rey) [32]. The
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electrodes plasma-treated for 5 min at different scan rates.

i a a 0 min 1.4 AOn!in
1.6 (:/"“"1 min 10 min 5 min (a) (\“E 2.5 o 1 min (b) o o 1m|-n (c)
14 g’ 4 S = 5min e 1.2 = S5min
o 10 min =
1.2 < 204 012 macm? %
= 1.01 2 042 mAcm? =
T @ 0.36 mAcm? S 154 =
E 0.8+ g W 5
g S 40/ &
@ 01 ) ' 0.24 mAcm? g
041 s .36 mAcm? 5
S 0.5 ey, 0.48 mAcm® iy &
e (%] Qm|:|;|;|];m];r_mml).6 mAcm™ -S
[a) SO b 0000 7]
0.0 0.0 STIITe S iseneveans: 5 »
T T T T T T T T T T T T T T T 0.2+ - T T . . : . . : .
AR NN N N 0 10 20 30 40 50 60 0 20 40 60 80 100 120 140 160 180 200

Time (s)

Number of cycles

Number of cycles

Fig. 7. (a) GCD curves of symmetric ECs with 3D carbon microelectrodes at different oxygen plasma treatment durations. (b) Rate capability of the ECs at different

current densities. (c) Cycling performance of the ECs.

Nyquist plots of the on-chip LIC with different LFP deposition durations
is presented in Fig. S7a to give insight into the electrochemical perfor-
mance results observed. The plots consist of one depressed semicircle at
the high frequency region and a sloping line at the low frequency region.
The intercept of the plots correlates to the Rg, while the depressed
semicircle may be related to the R¢; [32]. The sloping line in the low
frequency region represents the impedance of electrolyte ion diffusion
known as the Warburg diffusion (W) [33,34]. The cell with 20 s LFP
deposition duration showed the largest suppressed semicircle in the
Nyquist plot which may be attributed to high R; in the cell. The R; may
be influenced by the resulting electrode porosity with prolonged LFP
deposition durations. The LFP electrode structure after prolonged EPD
process may exhibit the smallest pore structure distribution due to a
dense packing of electrode material particles leading high ion transport
resistance [35]. As presented in Fig. S7b, the Nyquist plots of the on-chip
LIC before and after 2000 cycles also show one depressed semicircle at
the high frequency region and a sloping line at the low frequency region.
The cycled on-chip LIC exhibit significantly larger depressed semicircle
indicating increased internal resistance and charge transfer resistance
after cycling. The SEM images of the 3D carbon and LFP microelectrodes
after 2000 cycles are presented in Fig. S8. The 3D structure of the
electrodes is clearly retained without obvious cracks or peeling of the
electrodes after cycling. The cycled LFP electrode particles appear
loosened and slightly covered with surface film which may which may
contribute to enhanced resistance observed in the Nyquist plot. The
performance comparison of the on-chip LIC demonstrated in this work
with other microscale ECs described in literature is presented in

Table S1. We can see from Table S1 that the maximum volumetric en-
ergy density of our on-chip LIC exceeds some microscale symmetric and
asymmetric ECs reported in literature. A high operating potential is one
of the main requirements for high energy density in electrochemical
energy storage systems. In this study, a maximum operating potential of
1.4 V was attained in contrast to the typical 1 V in aqueous electrolyte
systems due to irreversible water hydrolysis at ~1.2 V. It has been
previously described by other group that the Li;SO4 electrolyte salt
employed in this study exhibit strong Li* and SO solvation which may
suppress water hydrolysis and expand the operation potential [36]. Our
work is an initial full cell study on the application of C-MEMS technique
for the development of on-chip LIC in aqueous electrolyte. Future efforts
will include capacity and rate performance matching of the
capacitor-type carbon microelectrode with the battery-type cathode to
ensure optimal performance of the on-chip LIC system. It is also expected
that improving the capacitive behavior of the carbon microelectrode,
the incorporation of other battery-type electrode materials capable of
providing faster kinetics or employing high voltage electrolytes would
ensure higher energy-power density tradeoffs in the on-chip LIC system.
The C-MEMS approach demonstrated in this study exhibits promising
potential for the facile development of high-performance on-chip LICs
with 3D microelectrodes.

4. Conclusion

We describe a novel on-chip LIC based on interdigital 3D carbon
microelectrodes. The study explores the potential application of a high
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Fig. 8. (a) CV curves at different scan rates of LIC with 10 s LFP deposition duration. (b) GCD profiles, (c) rate performance and (d) Ragone plot of LICs with different
LFP deposition duration. (e) Cycle performance of LIC with 10 s LFP deposition at a current density of 0.24 mA cm ™2 for 2000 cycles.

aspect ratio 3D platform based on C-MEMS technology beyond sym-
metric on-chip ECs. Oxygen plasma-treated 3D carbon microelectrodes
served as the capacitor-type electrode in the LIC, while LFP integrated
on the carbon microelectrodes was used as the battery-type cathode. The
carbon//LFP LIC delivered an areal energy density up to ~5.03 pWh
cm 2, about 5 times higher than symmetric 3D carbon microelectrode
EC evaluated, which indicates the advantage of enhanced energy density
by pairing a battery electrode with a double layer capacitor electrode in
one cell with limited foot print area. The on-chip LIC could potentially
be favorable as high-performance compact and integrable energy stor-
age system for practical application in microelectronic devices.
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