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A B S T R A C T   

A battery design and fabrication process is demonstrated to make Lithium-ion (Li-ion) microbatteries with high 
capacity to power IoT devices. The battery consists of printed anode and cathode layers based on graphite and 
lithium cobalt oxide (LCO) respectively. The active area of the electrodes is scaled down to 1 mm2 and the 
resulting electrochemical performance is evaluated. These miniature batteries demonstrate a significantly higher 
discharge capacity (6.4 mAh/cm2) and energy density (23.6 mWh/cm2) than thin-film and thick-film, and 3D 
microbatteries. This work shows a miniaturized Li-ion battery capable of powering a MEMS-based wireless 
sensor system with peak current requirements as high as 4 mA, demonstrating its effectiveness as a power source 
for integrated electronics.   

1. Introduction 

The rapid growth of the electronics industry has resulted in a sus-
tained need for portable electronics. Significant effort has been directed 
towards developing miniaturized devices for applications in wireless 
sensor networks [1], biomedical sensors [2], gas sensors [3], actuators 
[4,5] and wearables [6,7]. In particular, due to a rise in the popularity of 
the Internet of Things (IoT), demand for “autonomous wireless sensors” 
has increased. These devices can be used for smart building control, 
industrial process automation, factory automation, and many other 
applications. Such devices require integrated i.e., on-board power 
sources to be able to provide stable current supply and to deliver high 
peak currents on the order of ~1–10 mA while occupying small areas (<
1 cm2). Recent work has shown that with the exception of the power 
supply, all of the components needed for standards-compatible wireless 
communication can be integrated onto a single silicon chip with a 
wirebond antenna [8]. Printing the power supply directly on such a chip 
at wafer-scale would be a low-cost, small-volume solution. Rechargeable 
batteries (e.g., a Li-ion battery system) are preferred candidates due to 
their high energy density and long cycle life [9–12]. The commercially 
available low footprint batteries use semiconductor processing tools 
(therefore, costly) and lack enough capacity to power IoT devices. 
Despite the popularity and widespread demand for miniature wireless 
devices, limited advances have been made to design energy storage 
mechanisms that can satisfy their power and size requirements[13]. 

For miniature or scaled-down Li-ion batteries, three key battery 
configurations have been adopted, thin-film [14–18], thick-film 
[19–23], and 3D architectures [24–34]. Typically, thin-film Li-ion bat-
teries are configured from successive thin film depositions using pro-
cesses such as sputtering [35–38], chemical vapor deposition [39], and 
pulsed laser deposition [40]. Previously, thin-film planar battery con-
figurations with either the cathode and anode layers stacked on top of 
one another (layer by layer) or deposited side by side on the respective 
current collectors have been demonstrated [41–44]. A vertical archi-
tecture i.e., layer by layer configuration, allows reducing the battery 
footprint area, which is critical for wireless miniaturized electronic de-
vice applications. Although most of these processes are compatible with 
microelectronic device fabrication, the thicknesses of the active layers 
prepared by these thin-film techniques are limited to 1–5 µm due to is-
sues such as fracture, adhesion, high internal resistance [21], and slow 
diffusion of Li+ ions in solid films. This results in insufficient power and 
capacity per unit footprint area to allow the operation of microelectronic 
devices. 

Thick-film battery configurations employ printing processes such as 
stencil printing [20,45], laser-direct write technique (LDW) [21,22,26], 
etc. to allow the fabrication of porous structured thick-film electrodes 
without requiring any lithographic patterning. Owing to their porous 
structure, these electrodes could provide significantly higher areal ca-
pacities than the thin-film electrodes. This in turn allows for improved 
ionic and electron transport through the thick electrodes. 
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3D battery architectures involve 3D electrodes in several forms such 
as arrays of microrods/microtubes synthesized by the templating 
method [46,47], micro/nanowires [48,49], interdigitated [29,50], 
honeycomb-like and sponge-like [51]. 3D structural designs tend to 
overcome the limitations of thin-film battery configurations by offering 
high energy density without increasing the Li-ion diffusion lengths for a 
given footprint area. However, the fabrication of 3D battery architec-
tures is often quite complex and restricted to very few cathode and 
anode materials. For example, consider the templating method [47], 
which involves microfabrication of a base array to act as the mechanical 
support and sequential deposition of a series of layers representing 
electrolyte, active material, and current collectors, etc. The outstanding 
challenge here is the development of deposition techniques that result in 
conformal and pin-hole free films for the different layers that comprise 
the battery stack [47]. Further, their fabrication cost and time is sig-
nificant when compared to traditional batteries. 

One promising approach to develop high capacity miniature/micro 
Li-ion batteries is to employ printing methods such as stencil and screen 
printing to deposit thick, high capacity electrodes [20]. In this paper, the 
batteries with active area < 25 mm2 are referred to as micro-batteries. In 
conventional battery fabrication processes, the electrode slurry is 
deposited with blanket coating methods. However, with the sten-
cil/screen printing method, the slurry can be deposited over a 
well-defined area. Typically, electrode films with a thickness on the 
order of 100 µm can be obtained. Batteries manufactured using print 
technologies offer the advantage that they can be directly printed on the 
electronic device during the device fabrication. Printing methods [20, 
52–54] also provide the flexibility to customize battery active area as 
per the device layout and size requirements while also accommodating a 
wide range of substrate materials, ranging from flexible plastics to rigid 
substrates e.g., silicon. Therefore, printed batteries incorporating addi-
tive manufacturing methods to achieve low-cost fabrication [55–57] and 
high throughput are excellent candidates for supporting the power re-
quirements of wireless electronic systems. Although a significant 
amount of work has been performed on printed batteries for large-area 
applications [54–60], reports focused on scaling battery size and power 
for typical IoT system requirements are limited [20,29,30,61]. 

In this work, a battery design and fabrication process is demon-
strated to address the lack of low footprint, high-capacity microbatteries 
for MEMS-based sensors. The battery consists of synthetic graphite and 
lithium cobalt oxide (LCO) as the respective anode and cathode layers 
printed on thin evaporated current collectors. For the fabrication of 
batteries, a vertical configuration is adopted where single layers of 
anode, separator, and cathode are stacked and sealed together. Once 
printed, the batteries are assembled and packaged using an airtight seal 
(Torr Seal®) in a glovebox and tested in air. This work investigates the 
electrochemical limitations of Li-ion batteries as the active areas are 
scaled-down. The areal capacity as a function of the electrode area 
(1–25 mm2) is evaluated, and the influence of the electrode film thick-
ness on the battery performance is studied. The batteries demonstrate an 
areal capacity as high as ~6.4 mAh/cm2, capacity retention >80% and 
columbic efficiency >97% under 30 charge/discharge cycles. Our ex-
periments show that a 25 mm2 battery can power a wireless transceiver 
chip, single-chip micro mote (SCµM) [8] that consumes a baseline cur-
rent of 650 μA with a peak current as high as ~ 4 mA. 

2. Results and discussion 

2.1. Battery architecture and processing 

2.1.1. Electrode materials and preparation 
Lithium cobalt oxide (LCO) and synthetic graphite electrochemistry 

is selected for the printed, miniature Li-ion battery due to its stable 
electrochemical performance. The battery system comprises of LCO 
cathode and graphite anode with an organic electrolyte 1 M LiPF6 in EC/ 
DEC (1:1). Aluminum (Al) and copper (Cu) were used as the current 

collectors for the cathode and anode, respectively. Current collector 
layers serve the dual purpose of providing mechanical support to the 
active materials and facilitating efficient charge transfer to and from the 
battery. The theoretical specific capacities of the LCO and graphite are 
145 and 350 mAh/g, respectively. The batteries were designed to be 
cathode limited to prevent the deposition of lithium metal during the 
charging step. Hence, the expected battery capacity and utilization were 
defined by the weight of the LCO film. 

The stencil printing process is developed to achieve thick electrode 
films with areas as small as 1 mm2. In the stencil printing process, a 
stencil with the desired pattern is placed in contact with the substrate, 
followed by dispensing of ink, which is then pushed into the stencil with 
the help of a doctor blade. Once the blade is traversed over the stencil 
opening, the stencil is removed, and the pattern from the stencil is 
transferred onto the substrate. Fig. 1 (A) shows a schematic illustration 
of the stencil printing process; here, cathode slurry is deposited through 
a polyimide plastic stencil on the glass substrate. In this work, cathode, 
and anode active layers are stencil printed on top of the respective 
current collector layers. 

2.1.2. Electrode composition and optimization 
To obtain high capacity batteries with a device compatible areal 

footprint, electrode ink must be carefully designed to meet the perfor-
mance and processing criteria. The electrode inks with high active mass 
loadings will provide higher capacity, and typically consist of active 
particles, conductive additives, and a polymer binder. Typically, the 
solid content is fixed to reflect the final composition and the solvent 
content/binder molecular weight is adjusted to get the desired rheology. 
The conductive additives are rigid in nature and help enhance the 
electronic conductivity of the active layers. The polymer binder holds 
the active particles together and allows for homogeneous dispersion of 
active particles. The anode and cathode ink compositions used in this 
work are based on the previously reported work from our research group 
[62]. Using a 6 wt% of polyvinylidene fluoride (PVDF) in N-methyl--
pyrrolidone (NMP), 4.5 wt% of graphite (SFG 6 L), and 1.5 wt% carbon 
black (Super C65), an 88 wt% LCO film dried at room temperature was 
obtained. In the anode, instead of the conventional PVDF binder, an 
aqueous-based polystyrene butadiene rubber (PSBR) binder was used. 
Based on recent reports, an improvement in electrochemical perfor-
mance [63,64] and mechanical strength [62] was observed using PSBR 
as a binder in anodes. For the anode slurry, a 5.4 wt% PSBR in deionized 
water, 4.4 wt% of carbon black (Super C65) was used to achieve a 
90.2 wt% synthetic graphite film. 

2.1.3. Battery fabrication 
To minimize the battery footprint, a vertical configuration is adopted 

where cathode and anode layers are stacked on top of one another rather 
than being deposited side by side. Fig. 1 (B) shows the key steps involved 
in the battery fabrication process. First, thin films of Cu and Al were 
deposited on the anode and cathode substrates, respectively, using 
thermal evaporation to act as the current collectors. A four-point probe 
setup was used to measure the sheet resistance of current collectors. The 
probe has four pins in contact with the current collector, two pins apply 
a current, and the voltage is measured across the other two pins. The 
sheet resistance was calculated using the current, voltage, and geometry 
of the sample. The sheet resistance for the evaporated Cu and Al films 
was recorded to be 0.27 and 0.38 ohms/sq respectively. Next, with the 
help of a laser ablation tool, square electrode patterns were cut into a 
polyimide plastic sheet to be used as stencils during the electrode slurry 
deposition. Stencils with various square openings were obtained to 
define the electrodes with areas of 25, 9, 4, and 1 mm2. Then, the 
cathode and anode slurries were stencil-printed over 200 nm thick, 
thermally evaporated Al and Cu current collectors, respectively. The 
printed electrodes are shown in Fig. S1 in the Supporting Information. 
The miniature batteries were prepared by placing the LiPF6 soaked 
polypropylene-based separator (20 µm, Celgard) between the LCO 
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cathode and graphite anode. After assembly, batteries were packaged 
using an airtight seal to allow testing of the batteries outside the glo-
vebox. To package the cell stack, current collectors were sealed together 
with an epoxy resin (Torr Seal®) applied along the electrode edges. 
Fig. S1 shows a Li-ion battery with an active area of 25 mm2 after 
packaging. Torr Seal® is a two-component epoxy and has been widely 
used in the vacuum industry as an excellent sealer to prevent leaks in 

vacuum systems. Once the adhesive is applied, the batteries were 
allowed to rest for 24 h at room temperature inside the glovebox. This is 
to both ensure the curing of the Torr Seal® and the complete wetting of 
the electrodes. 

Fig. 1. (A) Stencil printing process: A plastic 
stencil with the square electrode pattern is 
placed on the substrate, and a doctor blade is 
moved over the stencil, which pushes the ink 
into the stencil, forming the printed film. (B) 
Schematic representation of the battery fabri-
cation process. First, the anode (graphite) and 
cathode (LCO) slurries were deposited over the 
Cu and Al current collectors, respectively, using 
stencil printing. The miniature Li-ion batteries 
were prepared by stacking the cathode and 
anode with a polypropylene separator (soaked 
in LiPF6 electrolyte) and packaging using an 
adhesive sealant.   

Fig. 2. Cross-sectional SEM micrographs of LCO (A) and graphite (B) electrodes. Topographical SEM micrographs of LCO (C) and graphite (D) electrodes.  
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2.2. Battery characterization and testing 

After printing of electrode slurries, the morphology of the electrode 
films was characterized using scanning electron microscopy (SEM).  
Fig. 2 (A)-(D) show the cross-sectional and topographical SEM micro-
graph images of the LCO and graphite electrodes. The size of the active 
LCO particles ranges between 3 and 10 µm. The graphite particles have 
an average size of ~20 µm. According to the SEM images (Fig. 2), the 
active materials and conductive additives are well distributed in the 
electrode film. The thickness of the LCO and graphite electrodes after 
printing was around 100 and 80 µm, respectively. 

To evaluate the electrochemical performance as a function of elec-
trode area, battery electrodes with active areas of 25, 9, 4, and 1 mm2 

were tested. The areal loadings of the cathode for the 25, 9, 4, and 
1 mm2 electrodes were 25.8, 24.9, 23.5, and 20 mg/cm2 respectively. 
For anodes, the areal loadings were measured to be 11, 12, 11.6, and 
10.4 mg/cm2 for the 25, 9, 4, and 1 mm2 electrodes respectively. An 
electrolyte volume of 8, 4, 2 and 1 µL was used during the assembly and 
packaging of 25, 9, 4 and 1 mm2 cells respectively. The electrolyte 
amount was determined based on previous studies reporting an elec-
trolyte volume of 1.9–3 times the total pore volume as optimal for Li-ion 
batteries [65,66]. Before performing the desired tests, the batteries were 
cycled thrice at 47, 16, 10, and 10 μA for the 25, 9, 4, and 1 mm2 

electrodes respectively between 3.0 and 4.2 V. During the formation 

cycle, the coulombic efficiency was in the 68–85% range; this is due to 
the irreversible consumption of Li ions in the formation of solid elec-
trolyte interphase (SEI) layer and the side reactions with contaminants 
present in the electrode. [67–69] The columbic efficiency was around 
95–99% after the completion of the formation cycle. Fig. 3 (A-D) shows 
the charge-discharge characteristics of the batteries with active areas in 
the 1–25 mm2 range, after the completion of the battery formation cy-
cles. The cells with 25 mm2 active area demonstrated an average ca-
pacity of 0.84 mAh, and the average specific capacity was estimated to 
be 130 mAh/g, which is in good agreement with the theoretical value of 
145 mAh/g for LCO. The average capacities of 280, 120, and 22 μAh 
were observed for batteries with active areas of 9, 4, and 1 mm2, 
respectively. And, the specific capacities for the 9, 4, and 1 mm2 was 
calculated to be 125, 128 and 110 mAh/g respectively. The 
charge-discharge curves in Fig. 3 (A-D) match the results previously 
obtained for Li-ion full cells with LCO cathode and graphite anode [70]. 
These results suggest that no apparent limitations in the electrochemical 
behavior of Li-ion batteries were observed as the active areas are scaled 
down to 1 mm2. 

Fig. 4 (A) shows a comparison of the discharged areal capacities as a 
function of the electrode area. For 25, 9, and 4 mm2 electrodes, areal 
capacities ranged between 3 and 4 mAh/cm2. 1 mm2 electrode 
demonstrated an areal capacity of ~2.4 mAh/cm2. This deviation in the 
areal capacity in case of electrodes with an active area of 1 mm2 is 

Fig. 3. Galvanostatic charge-discharge characteristics for the batteries cycled between 3.0 and 4.2 V with an active area of (A) 25 mm2 (B) 9 mm2 (C) 4 mm2 and 
(D) 1 mm2. 
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attributed to issues such as lack of complete overlap of the anode and 
cathode active areas; a potential result of misalignment during the 
battery assembly yielding reduced overall active area, and reduced 
compaction at the electrode edges. These capacity values can be further 
improved with industrial packaging processes. 

To enhance the areal capacity, print parameters were modified to 
deposit thicker electrode films and achieve high capacity electrodes. The 
cathode layer thickness was increased to 140 µm. To maintain a constant 
ratio of the theoretical capacity of the anode to cathode (Ratio = 1.08), 
the doctor blade height was appropriately increased, resulting in a 
graphite film thickness of around 120 µm. Fig. 4 (B) shows the discharge 
profiles for the stencil-printed electrodes with the highest areal capacity 
for each cathode thickness, 100 and 140 µm. The specific capacity for 
the 140 µm thick LCO electrodes was 127.7 mAh/g. An areal capacity of 
4.8 mAh/cm2 was recorded for 140 µm thick LCO electrodes, ~1.3 times 
the areal capacity observed in the case of 100 µm thick electrodes. The 
enhancement in the areal capacity is attributed to the increased cathode 
active material loading obtained in case of 140 µm thick cathodes. 
Specifically, the areal loading for the 140 µm cathodes was 37.6 mg/cm2 

as compared to 25.8 mg/cm2 for the 100 µm cathodes. Fig. S2 in the 
Supporting Information shows the effect of an increase in LCO cathode 
layer thickness on the areal capacity of 9 and 4 mm2 electrodes. An 
enhancement of ~26% in the areal capacity was observed for the 9 and 
4 mm2 batteries with 140 µm thick LCO electrodes. 

To evaluate the cycling performance, Li-ion batteries (active area: 
25 mm2, areal capacity of 4.8 mAh/cm2) were cycled at the C/10 rate 
(136 μA based on the theoretical capacity of the cathode) between 3.0 
and 4.2 V. Fig. S3 (A) in the Supporting Information shows the capacity 
retention and columbic efficiency of the battery. A minimum decay in 
the capacity occurs up to 30 cycles. The battery was able to retain 80% of 
its capacity up to 30 cycles, and the columbic efficiency of the battery 
was more than 97%. The reduction in capacity can be attributed to the 
quality of the packaging material i.e. adhesive sealant (Torr Seal®) 
surrounding the active part of these lab-scale Li-ion batteries. These 
capacity values can be further improved with industrial packaging 
processes. Next, the rate capability of the miniature Li-ion batteries 
(active area: 25 mm2) was studied at rates of C/10–1 C (1.36 mA) be-
tween 4.2 V and 3.0 V. Between discharging cycles, the battery was 
charged using a constant current-constant voltage procedure i.e., battery 
was charged to 4.2 V at C/10 rate, and then it was held at a constant 
voltage of 4.2 V for 1 h. Fig. S3 (B) in the Supporting Information shows 
the discharge curves of the batteries discharged at C/10, C/5, C/2 and 
1 C rates. A voltage drop at the beginning of discharge at 1 C rate was 
observed; this is attributed to the contact losses between the current 

collector and the active layer, conductivity of the electrolyte, and the 
particle-particle contact resistance. With the increase in the C-rate, a 
drop in the areal capacity was observed beyond C/10 rate, e.g., at 1 C 
rate, the areal capacity was reduced to 27.2% of the capacity observed at 
C/10, this is comparable to the reduction in the discharge capacity re-
ported previously for (150 µm) thick LCO electrodes [54]. Fig. S4 shows 
the discharge profiles at C/10, C/5, C/2, and 1 C rates for (A) 9 mm2 

batteries with a cathode film thickness of 136 µm, and (B) 25 mm2 

batteries, cathode film thickness of 98 µm. 
Next, to evaluate the effectiveness of the miniaturized Li-ion batte-

ries as a power source for IoT applications, a wireless sensor node on- 
chip, single-chip micro mote (SCµM), presented by Maksimovic et al. 
[8] was used as the load. SCµM is a wireless transceiver including a 
Bluetooth low-energy (BLE) transmitter and an IEEE 802.15.4 2.4 GHz 
transceiver integrated with a sensor interface and a Cortex M0 processor 
integrated on a single 3 × 2 mm2 silicon die that requires no external 
components other than a power supply for operation. The test procedure 
was designed to determine the battery’s capacity under low average but 
high instantaneous current loads which is more representative of 
duty-cycled operation often associated with IoT devices[71]. Fig. S5 in 
the Supporting Information shows a schematic of the test circuit used. 
First, the chip’s transmitter was activated for 10 ms with approximately 
4 mA current draw, then, after the transmitter was deactivated, the 
receiver was activated for 30 ms with approximately 2.8 mA current 
draw. Then, the chip’s radio was turned off completely, as shown in  
Fig. 5 (A), leaving a baseline current of 700 μA. This cycle was repeated 
at a rate of 1 Hz and is a loose approximation of a wireless sensor node’s 
activity in a network with a transmission of data followed by waiting for 
acknowledgment of reception. 

For these tests, considering the typical transmitter/receiver current 
draw, batteries with an active area of 25 mm2 were used. As demon-
strated in Fig. 4 (B), 25 mm2 electrodes (140 µm thick LCO) show ca-
pacity of around 1.2 mAh which is further enhanced to ~1.6 mAh on 
increasing the cathode film thickness to 180 µm. The areal capacity of 
6.4 mAh/cm2, volumetric capacity of 191 mAh/cm3 and areal energy 
density of 23.6 mWh/cm2 was obtained. The specific capacity was 128.8 
mAh/g which is comparable to the theoretical specific capacity of LCO 
(145 mAh/g). Fig. S6 in the Supporting Information shows the galva-
nostatic charge/discharge characteristics for the 1.6 mAh battery. Fig. 5 
(B) and (C) show the battery voltage and the load current as time pro-
gresses for the 1.2 and 1.6 mAh batteries under the specified duty cycle. 
The miniaturized batteries could support the SCµM power requirements 
for about 24 min before charging was required, which is reasonable 
considering that the peak currents ranged between 2.8 and 4 mA, and 

Fig. 4. (A) Discharge profiles of the Li-ion batteries with 25, 9, 4 and 1 mm2 stencil-printed electrodes. (b) Effect of LCO cathode film thickness on the areal capacity 
of 25 mm2 electrodes. 
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the average current drawn by the chip was around 650 µA. The large 
current transients do appear to degrade the lifetime. Using a switching 
regulator to efficiently convert the battery voltage to the desired chip 
supply voltage would reduce the peak and average load current by a 
factor of more than 2. Typical transmission and reception times in 
802.15.4 networks are roughly 10 times shorter than the profile shown 
in Fig. 5 (A)[71]. Further, baseline current for SCµM chips has been 
reduced to 0.15 mA[72]. These results provide strong evidence that the 
printed, miniaturized Li-ion batteries are capable of supporting power 
requirements for next-generation IoT devices for hours to days. 

Fig. 6 compares the areal capacity and energy density of our Li-ion 
miniature batteries with other micro-batteries reported in the litera-
ture[17,19,24–27,30–34]. Each data value plotted in Fig. 6 is tabulated 
in Table S1 in the Supporting Information. Compared to recent research 
reports on thin-film, thick-film and 3D micro-batteries, the areal ca-
pacity and energy density of our battery are considerably higher. 

3. Conclusions 

In summary, we have developed a fabrication process to produce 
miniature Li-ion batteries by combining the stencil printing process to 
deposit thick high capacity electrodes and an adhesive based battery 
sealing method, with active areas as small as 1 mm2. Areal capacities as 
high as 6.4 mAh/cm2 and areal energy density of 23.6 mWh/cm2 were 

recorded for batteries with 25 mm2 area, 180 µm thick LCO cathode 
films. Further, we demonstrated that the capacity of the battery is suf-
ficient to support the power requirements of a MEMS-based wireless 
sensor system. These batteries with high areal discharge capacity are 
ideal for applications requiring a power source with high energy density 
and small footprint such as in autonomous wireless sensor nodes, and 
miniaturized electronic systems in medical devices. 

4. Experimental section 

4.1. LCO and graphite inks 

Cathode slurries were prepared with a 10 wt% polyvinylidene fluo-
ride (PVDF, Kureha Corp.) in N-methyl-pyrrolidene (NMP, Sigma 
Aldrich) as the solvent. The binder was homogenized on the vortex 
mixer for 2 h. Next, 88 wt% LCO (MTI corp.), and conductive additive 
(4.5 wt% of graphite (SFG 6 L) and 1.5 wt% carbon black (Super C65)) 
was added to the binder solution, and the mixture was further homog-
enized on a vortex mixer for 12 h. Similarly, anode slurry was prepared 
by homogenizing a mixture of 4.4 wt% of carbon black (Super C65, 
TIMCAL), 90.2 wt% synthetic graphite (MTI Cop.), and 5.4 wt% PSBR 
(Targray Technology) in deionized water. 

4.2. Battery processing and packaging 

The slurries were stencil printed on the evaporated current collector 
films with a doctor blade at a speed of 10 mm/s. The blade height was 
adjusted to achieve the desired loading. The electrodes were dried in an 
oven at 80 ◦C for 2 h. The SEM micrographs were taken using a tabletop 
SEM (FEI Quanta 3D). Before assembling the battery in the glove box, 
the electrodes were heated overnight in a vacuum oven connected to the 
glove box at 140 ◦C for 12 h to remove traces of residual solvent from 
the electrodes. 

4.3. Electrochemical characterization 

All measurements are carried out in the air and at room temperature. 
A battery analyzer, BST-8A (MTI Corp), was used to characterize the 
electrochemical performance of the battery. During the formation cy-
cles, the batteries were cycled between 4.2 V and 3.0 V for three cycles. 
For subsequent electrochemical experiments, the C-rate was estimated 
based on the discharged capacity at the end of the formation cycle. For 
the rate test, the charge rate was maintained at C/10, and discharge 
rates were varied from C/10–1 C. The cycling life is also measured in 
constant current, and both the charge and discharge rates are fixed at C/ 
10. 

Fig. 5. (A) Load cycle used for testing: chip’s transmitter activated for 10 ms with approximately 4 mA current draw, transmitter deactivated, and the receiver 
activated for 30 ms with approximately 2.8 mA current draw. (B) Discharge curves and (C) Current drawn by the load over the lifetime of the batteries. Batteries with 
capacities of 1.2 and 1.6 mAh were used. The inset in (C) shows load current waveforms over a few load cycles. 

Fig. 6. Comparison of areal energy density (mWh/cm2) and areal capacity 
(mAh/cm2) of our battery with other micro-batteries based on Li-ion chemistry 
reported in the literature. 
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4.4. Battery powering wireless sensor node 

A single-chip micro mote (SCµM)[8] was used as the load, the device 
has an IEEE 802.15.4 compatible transmitter and receiver, and a Cortex 
M0 running with a 5 MHz clock frequency. The Cortex was running at 
5 MHz for the duration of the experiment. The code running on the 
processor was a loose approximation of wireless communication with 
transmitter and receiver activated, one after the other, with a delay, in a 
constantly repeating loop that would only cease when the device was 
disconnected. Because the device has no non-volatile memory, it was 
programmed, which added some small additional charge draw from the 
battery. To measure the current, a 20 Ω sense resistor was placed in 
series with the battery, and a National Instruments DAQ was used to 
perform a 16-bit 20 kS/s voltage measurement across it. The battery 
voltage was also observed with a Fluke multimeter with approximately 
2 MΩ resistance. When the observed voltage dropped below 20% of the 
battery’s open-circuit voltage, the system was manually disconnected. 
Since the SCµM chip was manufactured with standard TSMC 65 nm 
devices, a battery with potential > 3.3 V would destroy the chip. 
Therefore, an ADP1713 linear series regulator was used with a 10 µF 
load capacitor (necessary for circuit stability) to regulate the local 
supply to 1.5 V. The current shown in Fig. 6 (C) includes both the power 
drawn by the chip and by the low-dropout regulator. 
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[22] J. Pröll, H. Kim, A. Piqué, H.J. Seifert, W. Pfleging, Laser-printing and 
femtosecond-laser structuring of LiMn2O4 composite cathodes for Li-ion 
microbatteries, J. Power Sources 255 (2014) 116–124, https://doi.org/10.1016/j. 
jpowsour.2013.12.132. 

[23] W. Lai, C.K. Erdonmez, T.F. Marinis, C.K. Bjune, N.J. Dudney, F. Xu, R. Wartena, Y. 
M. Chiang, Ultrahigh-energy-density microbatteries enabled by new electrode 
architecture and micropackaging design, Adv. Mater. 22 (2010) E139–E144, 
https://doi.org/10.1002/adma.200903650. 

[24] M. Nasreldin, R. Delattre, C. Calmes, M. Ramuz, V.A. Sugiawati, S. Maria, J.L. de, 
B. de la Tocnaye, T. Djenizian, High performance stretchable Li-ion microbattery, 
Energy Storage Mater. 33 (2020) 108–115. 

[25] H. Ning, J.H. Pikul, R. Zhang, X. Li, S. Xu, J. Wang, J.A. Rogers, W.P. King, P. 
V. Braun, Holographic patterning of high-performance on-chip 3D lithium-ion 
microbatteries, Proc. Natl. Acad. Sci. U.S.A. 112 (2015) 6573–6578, https://doi. 
org/10.1073/pnas.1423889112. 

[26] L. Zhou, W. Ning, C. Wu, D. Zhang, W. Wei, J. Ma, C. Li, L. Chen, 3D-printed 
microelectrodes with a developed conductive network and hierarchical pores 
toward high areal capacity for microbatteries, Adv. Mater. Technol. (2018), 
1800402, https://doi.org/10.1002/admt.201800402. 

[27] L. Airoldi, U. Anselmi-Tamburini, B. Vigani, S. Rossi, P. Mustarelli, E. Quartarone, 
Additive manufacturing of aqueous-processed LiMn2O4Thick electrodes for high- 
energy-density lithium-ion batteries, Batter. Supercaps 3 (2020) 1040–1050, 
https://doi.org/10.1002/batt.202000058. 

[28] W. Si, I. Mönch, C. Yan, J. Deng, S. Li, G. Lin, L. Han, Y. Mei, O.G. Schmidt, A single 
rolled-up Si tube battery for the study of electrochemical kinetics, electrical 
conductivity, and structural integrity, Adv. Mater. 26 (2014) 7973–7978, https:// 
doi.org/10.1002/adma.201402484. 

[29] K. Sun, T.S. Wei, B.Y. Ahn, J.Y. Seo, S.J. Dillon, J.A. Lewis, 3D printing of 
interdigitated li-ion microbattery architectures, Adv. Mater. 25 (2013) 4539–4543, 
https://doi.org/10.1002/adma.201301036. 

[30] T.S. Wei, B.Y. Ahn, J. Grotto, J.A. Lewis, 3D printing of customized li-ion batteries 
with thick electrodes, Adv. Mater. 30 (2018), 1703027, https://doi.org/10.1002/ 
adma.201703027. 

A. Toor et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.nanoen.2020.105666
https://doi.org/10.1109/access.2019.2937689
https://doi.org/10.1109/access.2019.2937689
https://doi.org/10.1016/j.biotechadv.2005.10.002
https://doi.org/10.1016/j.biotechadv.2005.10.002
https://doi.org/10.1088/1361-665X/ab0eb9
https://doi.org/10.1039/b707401h
https://doi.org/10.1016/j.bios.2010.12.042
https://doi.org/10.1109/TAFFC.2015.2511762
https://doi.org/10.1109/TAFFC.2015.2511762
https://doi.org/10.1002/aenm.201600797
https://doi.org/10.1038/ncomms5105
https://doi.org/10.1038/ncomms5105
https://doi.org/10.1021/nn302417x
https://doi.org/10.1039/c4cc03807j
https://doi.org/10.1038/ncomms12647
https://doi.org/10.1016/j.jpowsour.2015.03.164
https://doi.org/10.1021/nl302254v
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/adma.201603436
https://doi.org/10.1002/aenm.201501061
https://doi.org/10.1002/aenm.201501061
https://doi.org/10.1016/j.nanoen.2018.08.054
https://doi.org/10.1016/j.nanoen.2018.08.054
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref17
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref17
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref17
https://doi.org/10.1002/aenm.201803645
https://doi.org/10.2961/jlmn.2012.03.0016
https://doi.org/10.1016/j.jpowsour.2013.12.132
https://doi.org/10.1016/j.jpowsour.2013.12.132
https://doi.org/10.1002/adma.200903650
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref22
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref22
http://refhub.elsevier.com/S2211-2855(20)31239-8/sbref22
https://doi.org/10.1073/pnas.1423889112
https://doi.org/10.1073/pnas.1423889112
https://doi.org/10.1002/admt.201800402
https://doi.org/10.1002/batt.202000058
https://doi.org/10.1002/adma.201402484
https://doi.org/10.1002/adma.201402484
https://doi.org/10.1002/adma.201301036
https://doi.org/10.1002/adma.201703027
https://doi.org/10.1002/adma.201703027


Nano Energy 82 (2021) 105666

8

[31] M. Cheng, Y. Jiang, W. Yao, Y. Yuan, R. Deivanayagam, T. Foroozan, Z. Huang, 
B. Song, R. Rojaee, T. Shokuhfar, Y. Pan, J. Lu, R. Shahbazian-Yassar, Elevated- 
temperature 3D printing of hybrid solid-state electrolyte for li-ion batteries, Adv. 
Mater. 30 (2018), 1800615, https://doi.org/10.1002/adma.201800615. 

[32] K. Fu, Y. Wang, C. Yan, Y. Yao, Y. Chen, J. Dai, S. Lacey, Y. Wang, J. Wan, T. Li, 
Z. Wang, Y. Xu, L. Hu, Graphene oxide-based electrode inks for 3D-printed lithium- 
ion batteries, Adv. Mater. 28 (2016) 2587–2594, https://doi.org/10.1002/ 
adma.201505391. 

[33] J.I. Hur, L.C. Smith, B. Dunn, High areal energy density 3D lithium-ion 
microbatteries, Joule 2 (2018) 1187–1201, https://doi.org/10.1016/j. 
joule.2018.04.002. 

[34] D.S. Ashby, C.S. Choi, M.A. Edwards, A.A. Talin, H.S. White, B.S. Dunn, High- 
performance solid-state lithium-ion battery with mixed 2D and 3D electrodes, ACS 
Appl. Energy Mater. 3 (2020) 8402–8409, https://doi.org/10.1021/ 
acsaem.0c01029. 

[35] J.B. Bates, N.J. Dudney, B. Neudecker, A. Ueda, C.D. Evans, Thin-film lithium and 
lithium-ion batteries, Solid State Ion. 135 (2000) 33–45, https://doi.org/10.1016/ 
S0167-2738(00)00327-1. 

[36] N.J. Dudney, Y. Il Jang, Analysis of thin-film lithium batteries with cathodes of 50 
nm to 4 μm thick LiCoO2, J. Power Sources 119–121 (2003) 300–304. 

[37] B.J. Neudecker, N.J. Dudney, J.B. Bates, Lithium-free” thin-film battery with in situ 
plated Li anode, J. Electrochem. Soc. 147 (2000) 517, https://doi.org/10.1149/ 
1.1393226. 

[38] C.L. Liao, K.Z. Fung, Lithium cobalt oxide cathode film prepared by rf sputtering, 
J. Power Sources 128 (2004) 263–269, https://doi.org/10.1016/j. 
jpowsour.2003.09.065. 

[39] W.G. Choi, S.G. Yoon, Structural and electrical properties of LiCoO2 thin-film 
cathodes deposited on planar and trench structures by liquid-delivery metalorganic 
chemical vapour deposition, J. Power Sources 125 (2004) 236–241, https://doi. 
org/10.1016/j.jpowsour.2003.08.014. 

[40] Y. Iriyama, M. Inaba, T. Abe, Z. Ogumi, Preparation of c-axis oriented thin films of 
LiCoO2 by pulsed laser deposition and their electrochemical properties, J. Power 
Sources 94 (2001) 175–182, https://doi.org/10.1016/S0378-7753(00)00580-2. 

[41] S.J. Dillon, K. Sun, Microstructural design considerations for Li-ion battery 
systems, Curr. Opin. Solid State Mater. Sci. 16 (2012) 153–162, https://doi.org/ 
10.1016/j.cossms.2012.03.002. 

[42] S. Ferrari, M. Loveridge, S.D. Beattie, M. Jahn, R.J. Dashwood, R. Bhagat, Latest 
advances in the manufacturing of 3D rechargeable lithium microbatteries, J. Power 
Sources 286 (2015) 25–46, https://doi.org/10.1016/j.jpowsour.2015.03.133. 

[43] D.R. Rolison, J.W. Long, J.C. Lytle, A.E. Fischer, C.P. Rhodes, T.M. McEvoy, M. 
E. Bourg, A.M. Lubers, Multifunctional 3D nanoarchitectures for energy storage 
and conversion, Chem. Soc. Rev. 38 (2009) 226–252, https://doi.org/10.1039/ 
b801151f. 

[44] J.W. Long, B. Dunn, D.R. Rolison, H.S. White, Three-dimensional battery 
architectures, Chem. Rev. 104 (2004) 4463–4492, https://doi.org/10.1021/ 
cr020740l. 

[45] A.M. Gaikwad, D.A. Steingart, T. Nga Ng, D.E. Schwartz, G.L. Whiting, A flexible 
high potential printed battery for powering printed electronics, Appl. Phys. Lett. 
102 (2013), 233302. 

[46] P.H.L. Notten, F. Roozeboom, R.A.H. Niessen, L. Baggetto, 3-D integrated all-solid- 
state rechargeable batteries, Adv. Mater. 19 (2007) 4564–4567, https://doi.org/ 
10.1002/adma.200702398. 
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