





Figure 5.7 XRD patterns of printed (a) anode; (b) cathode electrodes.

The electrochemical cyclic voltammogram (CV) technology is used to test the
corrosion resistance of the printed nickel film in the electrolyte (1M LiPFg in EC/EMC

(3:7)) shown in Figure 5.8. The stainless steel is used as the comparison because stainless
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steel is very stable as the current collector for lithium-ion batteries. A small chemical
reactive signal is detected at ~3.8 V in the first cycle which represents the anode
passivation process of nickel film. As talked before, nickel is covered with thin and dense
oxidation passivation in air which prevents nickel from further oxidation. This oxidation
passivation also protects nickel inside lithium-ion batteries below 3.8 V. The anodic
current at a voltage of 3.8 V disappears with CV cycle number, indicating that the
tolerance for corrosion is improved by the irreversible anodic reaction which produces
more stable passivation layers. The second and the third cycles of nickel are closer to the
stainless steel. Other research points out it could be Ni-P alloy (T. Liu et al., 2013) which
has superior tolerance against electrolyte even the operating voltage is polarized up to 4.5
V. Pre-Phosphating treatments would benefits the stability of nickel film inside the
batteries. CV characterization confirms nickel has potential usage for current collector in

lithium-ion batteries.

144



0.10
0.08 |
0.06 |
0.04 |
0.02 k
0.00
-0.02 |
-0.04 |
-0.06 |
-0.08 |
-0.10
012 F
-0.14 |
-0.16 |
018 | oo

o200 v 0wy
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Voltage (V vs Li’/Li)

— Nickel Film
--- Stainless Steel

Current (mA)

Figure 5.8 CV characterizations of nickel and stainless steel inside lithium-ion batteries.

Figure 5.9 (a) and (b) displays the surface morphology of printed LTO and NMC
electrodes. The printed electrodes have smooth and uniform surface with no cracks. This
is contributed by the layer by layer process of inkjet printing, which can control the
deposition more precisely than tape-casting. The insert shows the thickness of the printed
active layers which is around 2 pm. After battery assembly, the whole thickness of the
battery is below 150 pm (50 pwm for each Kapton substrate, 10 um for the nickel
conductive layer). Inkjet printing or other printing provide a much easier method to

fabricate thin film batteries.
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Figure 5.9 SEM images of printed (a) anode; (b) cathode electrodes. The inserts are the
lay structure at the edge of the printed electrodes.

Figure 5.10 show first cycling of the flexible batteries. The first charge and

discharge capacity of the battery is 106 mAh/g and 96 mAh/g. The capacity is calculated
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by the cathode. The theoretical specific capacity of the NMC-LTO battery is around 160-
170 mAh/g. The relative low capacity of the flexible battery is caused by unequal
capacity between the cathode and anode. Usually full cells should have extra anode
material to hold the lithium ions from the cathode material. The cut off voltage is set at
0.5-2.5 V, no obvious disturbance during charging and discharging curve means the good
stability of nickel current collector inside the batteries. The polarization voltage between
charging and discharging curve is around 250 mV which is very close to the traditional
batteries; this indicates that low conductivity of printed nickel current collector does not

have significant influence on the battery performance.
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Figure 5.10 The first charge/discharge curves of flexible battery tested at 0.1 C current
rates between 0.5-2.5 V at 25 °C.
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54  Summary and Conclusion
In summary, water based battery inks (cathode and anode) are synthesized, the inks are
stable at room temperature and very suitable for inkjet printing. Water is used to replace
chemically toxic organic solvent. The ink fabrication process and inkjet have no effect on
the composition and performance of the active materials. Conventional batteries with
traditional aluminum and copper current collectors are made by inkjet printing. The
battery work very well with good mechanical flexibility. In order to make full printable
lithium-ion batteries, two kinds of printed conductive films (silver and nickel) are
synthesized and compared as current collector for printed batteries. Nickel shows more
stable performance inside the battery during charging and discharging than silver. The
silver current collector fails at 0.8 V which are caused by anodic dissolution (cathode part)
and formation of silver-lithium alloy (anode part). This research indicate silver is not
suitable for the fabrication of printable lithium-ion batteries. While nickel has outstanding
chemical and physical stability during battery fabrication and battery charging and
discharging, it has good corrosion resistance to the battery inks and stability at high
potential. The stability of nickel is contributed by the passivate nickel oxidation layer
which is very similar to the aluminum. Moreover, on nickel and lithium cannot form
alloy during charging and discharging. The printed nickel has higher conductivity than
the widely used carbon materials and does not affect the battery polarization very much.
This research indicates inkjet printing is a good method to deposit material and fabricate

thin film as electrodes for lithium-ion batteries.
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CHAPTER 6

SUMMARY

The printable conductive inks and battery inks are synthesized and studied in this thesis.
The biggest challenge of inkjet printing or digital printing is nozzle clogging which
severely affects the final printing resolution and printing cost (cartridge and nozzle
consumption). Water based particle free silver ink is a perfect solution to this problem.
The resolution of printed conductive silver film is 40 pm which is the limitation of the
DMP 2800 inkjet printer. Polymer and organic reductant are used to modify the
properties of the silver ink which can uniform and smaller the silver particles which
benefits to thermal sintering and conductivity. The conductivity of printed silver is about
50 % of the bulk.

Constantan nano particles ink is formulated by a novel Chemical Reducing
Sintering (CRS process) which etches the oxidation layer and pre-join the constantan
nano particles before thermal sintering. The plastic flow or solid diffusion can be
triggered through the “bridge” among constantan nano particles which achieve sintering
at relative low temperature. This is the first time to make constantan film by inkjet
printing. The CRS process is then modified to make copper and nickel nano inks. The
conductivity printed copper and nickel is 1.3 % and 1.4 % of the copper and nickel bulk.

The flexible lithium-ion battery is made by inkjet printing. Nickel ink is used to
fabricate the current collectors inside the battery to replace the carbon or gold current
collectors. The printed battery shows a good charge and discharge capacity and stability.

More work is needed to replace the polymer separator using printable ceramics ink (like
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Al,05) to achieve 100 % printable lithium-ion batteries.
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