Carbon additive effect on the electrochemical performances of inkjet
printed thin-film LisTisO12 electrodes

Prisca Viviani !, Eugenio Gibertini 2!, Filippo lervolino®, Marinella Levi®, Luca Magagnin*

a Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”, Politecnico di Milano, Via Luigi Mancinelli 7, 20131 Milan, Italy
b Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy

Keywords Anode, Li-ion battery Inkjet printing Carbon nanotube Ink formulation

1. Abstract

Conventional rigid batteries find limited applications in the wearable and flexible electronics field, as difficulties in device integration due to lack
of shape conformability to unconventional substrates remain an obstacle. Accordingly, new fabrication techniques are under investigations and
printing techniques have attracted great interest for their selectivity, low material waste and scalability. In this frame, inkjet printing (1JP) has
emerged as a potential fabrication technique to obtain flexible patterned thin-film electrodes with high resolution. However, a more in-depth
systematic study of how IJP can be applied to lithium-ion batteries fabrication is still missing. Herein, we propose a study that focuses on how
different carbon-based additives (Nitta et al., 2015; Choi and Ahn, 2018 [1,2]), i.e. carbon black and multi-walled carbon nanotubes, affect the
electrochemical performances of inkjet printed thin-films Li,TisO;, electrodes. A simple ink formulation is proposed, which is aqueous-based,
non-toxic and safe to handle. The fabricated thin-film electrodes showed different specific capacity, the highest associated with the carbon
nanotubes-based (CNTSs) electrode, i.e. 150.3 mAh g-! at 0.2 C, showing that CNTs improving electrochemical performances can be applied

also to printed electrodes. The carbon nanotubes-based electrodes showed excellent cycle stability, with negligible capacity loss for over 100
cycles. The work highlights the importance of a valid material choice to reach the desired electrode performances and may inspire alternatives

paths to deepen IJP of lithium-ion batteries fabrication.

2. Introduction

Lithium-ion batteries (LIBs) represent the to-go energy storage
technology in many application fields as portable electronics, power
instruments and automotive due to their unique combination of high
energy and power density [1]. However, the use of rigid and traditional
batteries, as well as their respective fabrication processes, is limited
when dealing with wearable electronics [2]. In particular, when
patterned electrodes, thin films and unconventional substrates are
involved, new fabrication strategies are needed in order to overcome the
limitations of the traditional slurry coating roll-to-roll electrode pro-
cessing [3]. Conventional thin film fabrication techniques, as Chemical
Vapor Deposition (CVD) [4], Atomic layer deposition (ALD) [5] or
magnetron sputtering [6] are able to produce thin electrodes with
extremely accurate thickness and composition control but they require
controlled environments, complex processes and high costs [7]. As a
consequence, academic and industrial interest was driven towards

alternatives and printing techniques are a class of technologies partic-
ularly interesting for their low cost, versatility and scalability [8-12].
Inkjet printing (1JP) is one of the most mature and widely used printing
technologies and micro-fabrication by IJP has already been demon-
strated in many fields [13-18]. IJP is a solution-based mask-less additive
technique that can deposit layers of different materials by propelling
droplets of ink onto various substrates, allowing minimum material
waste and high precision. In addition, the possibility of finely tuning the
film thickness, the ambient operative condition and versatility on
pattern variation reveal the broad spectrum of opportunities that this
technique is able to offer [19]. In Drop-on-Demand inkjet system (DOD)
droplets are expelled only when they are needed. Traditional DOD sys-
tems work through either a thermal or piezoelectric system [20]. In
thermal 1JP, small bubbles are created inside the ink chamber when
resistors are sufficiently heated upon a voltage application, increasing
the pressure inside the chamber and forcing ink droplets through the
nozzle [21,22]. This poses some limitations in ink printability, since the



solvent should have a sufficiently low boiling point (i.e. <200 °C) [23].
For this reason, aqueous inks are preferable when dealing with thermal
1JP. Furthermore, inks should meet specific physical properties in terms
of viscosity (i.e. 2-30 cP) and surface tension (i.e. up to 60 mN m-1), in
order to guarantee ink printability [24].

Despite its suitability for high-accuracy patterning and thin-film
deposition, to date poor attention has been addressed to the use of 1JP
for Li-ion micro-battery fabrication. Only few reports exist in literature
on IJP printed electrodes, focused on ink formulation for specific active
materials as SnO, [25], sulfur [26], SiO, [19], Li4TisO1, [27], LiC0oO,
[28], LiFePO,4 [29,30] and MnO, [31]. Other works, then, focused on
printable electrolyte [32], binder choice [33] and carbon-black surface
functionalization affecting ink stability and printability [34]. It is widely
known that a good active material electrification is fundamental in order
to fully extract the electrode capacity. Generally, carbon-based materials
are the easiest available and most employed conductive agents. Of
course, different carbon forms have different crystallinity, morphology,
particles sizes, and these differences affect the overall conductivity and,
eventually, the electrochemical performances [35,36]. In Li-ion battery
electrode processing, carbon black (CB) nanoparticles are typically used
but graphenic powders and carbon nanotubes (CNT) have been pro-
posed as alternatives [37-40]. Regarding the formulation of IJP inks in
literature, carbon-black nanoparticles are commonly used as conductive
additive and only PEDOT:PSS was proposed as an electrically conduc-
tive binder for SiO, nanoparticles-based ink [19]. However, despite
different carbon additive effect on electrochemical performances has
been previously investigated, those works are related to conventional
slurry coating technique and not to inkjet printing. A systematic inves-
tigation of conductive additive effect in inkjet printable inks is missing
in literature. To fill this lack, we formulated aqueous inks processing
LisTisO12 (LTO) particles with carbon black (CB) and multi-walled
carbon nanotubes (MWCNTSs) as conductive additives. Table S1 col-
lects different ink formulations present in literature, in order to compare
them with the ones presented in this work. The inks were then inkjet
printed on a copper foil to obtain thin-film electrodes. We propose a
clear comparison in terms of inks rheological properties, in-plane elec-
trical conductivity, electrodes morphology, specific capacity and rate
capability according to the carbon conductive additive. Herein, we
demonstrate that significantly better electrochemical performances by
using MWCNTSs instead of CB can be achieved for electrodes obtained
through 1JP.

3. Experimental
3.1. Ink preparation

In a typical procedure, 1.5 g of LisTisO1, powder (Tob New Energy
Technology Co.), 0.21 g of polyvynilpirrolidone (PVP 40 k, TCI) and
0.187 g of carbon-based conductive agent, either CB (VULCAN XC72,
Cabot, 240 m? g-Y) or CNT (MWCNT, Nanografi, 510 m? g-!), were ball-
milled at 420 rpm for 8 h with 2.5 ml of ethylene glycol (EG) and 2.5 ml
2-propanol (IPA). A second ball-milling step was done for 1 h at 150 rpm
after adding 40 ml aqueous solution of 1 mM lithium dodecyl sulfate
(LDS, Sigma-Aldrich) and 0.4 g of lithium polyacrylate (Li-PAA), ac-
cording to [41]. The stable suspension was then ultrasonically dispersed
for 15 min (300 W, 1 s ON, 2 s OFF). The obtained suspension was ready
to be used as ink, named LTO-no add, when no conductive agent has
been added, LTO-CB when the added conducting agent was CB and LTO-
CNT when the added conducting agent was CNTSs.

3.2. Preparation of thin-film electrodes

LTO inks were transferred to a properly cleaned HP45 cartridge and
then inkjet printed through a flat-bed Breva thermal inkjet printer on a
Cu substrate previously coated with a graphite spray. The cartridge had
an integrated printhead featuring 300 nozzles with a diameter of ~30
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Fig. 1. Viscosity vs shear rate of LTO-CNT (blue), LTO-CB (red) and LTO-no
add (black) (a), particle size distribution profile of LTO-no add (solid), LTO-
CB (dashed) and LTO-CNT (dotted) inks.

wm, providing a resolution of 600 dpi. Printer parameters values to fire a
single drop from nozzles were set to 11.5 V as pulse voltage and 2.2 ps as
pulse duration. The printing process was repeated for ten times. The as-
printed LTO electrodes were then dried in an oven at 80 °C in vacuum for

3 h prior to the electrochemical characterization.

3.3. Characterization

3.3.1. Ink characterization

Rheological properties were measured by means of an Antoon Paar
rheometer (MCR-302) with a plane-plane geometry, with a gap of 0.2
mm and a material volume of 110 pl. A samples pre-shearing (at 1000
s-! for 45 s) was performed to assure that all samples have the same
mechanical history. Viscosity was measured as function of the shear rate
from 0.1 to 10,000 s-*. Data are shown starting from 10 s-*. Surface
tension measurement was performed by pendant drop technique and
drop shape analysis fitted through Opendrop software. Zeta potential
and particle size distribution analysis were performed by means of a
Zetasizer (Malverne Instruments).

3.3.2. Printed electrode characterization

Electrode morphology and composition was investigated through
Scanning electron microscopy (SEM, Zeiss EVO 50 EP) and energy
dispersive spectroscopy (EDS, Oxford instruments INCA x-sight detec-
tor). Samples resistivity was characterized by mean of a Keithley 2612B
System SourceMeter coupled with the SPP4 S/F Multi Contact four-point
needle probes. The tested samples had a length of 80 mm, a width of 50
mm and a thickness of about 1.5 pm. The tests were performed varying



Table 1

Viscosity, surface tension, density, Oh-1, zeta potential and particles size values for LTO-no add, LTO-CB and LTO-CNT inks.

Viscosity (cP) Surface tension (MmN m-?) Density (kg m-3) Oh-t Z (mV) Particle size (nm)
LTO-no add 2.58 40.3 1030 13.47 -34.6 ~200
LTO-CB 271 40.94 1040 12.92 -38.4 ~250
LTO-CNT 2.82 40.41 1040 12.79 —-39.6 ~330

the current and registering the corresponding voltage. The resistance
values were obtained computing the slope of the voltage-current dia-
gram according to Ohm's first law. Resistivity values were obtained
accordingly to Ohm's second law, knowing the geometry of the samples.
The inkjet printed electrodes were tested by assembling coin cells
(CR2032) with Li foil as counter and reference electrode, Celgard 2400
as separator and 50 pl of 1 M LiPFg in EC:DEC (1:1 vol.) as electrolyte.
The cells were assembled in a glove box (MBraun) filled with argon gas
(H20, O, < 0.5 ppm). Cyclic voltammetries (CV) curves were performed

through Biologic (VMP3 potentiostat) in a voltage window of 1-3 V vs
Li+/Li at different scan rates. Galvanostatic charge-discharge curves
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were obtained with Neware cycle tester, in the same voltage window by
varying the C-rate, i.e. 0.2, 0.5 and 1C. EIS measurements were per-
formed with Biologic in the frequency range 5 MHz — 0.1 Hz and 10 mV
pulse amplitude. AIll measurements were performed at room
temperature.

4. Results & discussion
4.1. Ink rheology and characterization

LTO-no add, LTO-CB and LTO-CNT inks characterization was per-
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Fig. 2. SEM images at different magnification: LTO-CB electrode top-view at 10 K magnification (a), LTO-CNT electrode top-view at 10 K magnification (b), LTO-CB
electrode top-view at 50 K magnification (c), LTO-CNT electrode top-view at 75 K magnification (d), LTO-CNT electrode cross-section at 20 K magnification and
corresponding electrode thickness (e). EDS analysis (f) showing the LTO-CNT surface elemental map.



formed in terms of viscosity, surface tension and density in order to
collect the inverse of the Ohnesorge number (Oh-!) to define ink
printability. The viscosity of the three formulations was measured in
order to assess the compatibility with the suitable viscosity range of 1JP
inks, i.e. 1-25 cP [42]. Fig. 1-a presents the inks viscosity as a function of
shear rate and the relative values are reported in Table 1 along with
surface tension values. The overall behavior of the three formulations is
typical of a Newtonian fluid, i.e. viscosity independent from shear rate.
Ink formulation of LTO only, i.e. without conductive agent, had slightly
lower viscosity and a coherent trend on viscosity raise was found ac-
cording to the specific surface area of carbon additive (MWCNT > CB).
All inks viscosity values were in the desired range, even at high shear
rates and this is favorable as typical shear rates involved during ejection
are in the range of 10-10° s-! [43]. Values of surface tension for three
formulations are reported in Table 1. Surface tension values were close
to ~40 mN m-%, which is in the appropriate surface tension range of 1JP
inks, i.e. 25-50 mN m-! [42]. It is well below the water surface tension
value (~70 mN m-1) and even lower than commercial black ink (=50
mN m-1), mainly because of the PVP and LDS effect on surface tension
lowering. The drop formation behavior in IJP application is typically
governed by Oh-! [44], known as Z number, which is determined by ink
physical parameters only and is given by Eq. (1):
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where o is the ink surface tension, p is ink density, d is a characteristic
length, usually taken as the nozzle diameter (21 pum), and 7 is the ink
viscosity. Reis and Derby reported 1 < Oh-! < 10 as a range where
printability is optimal [45]. The lower limit represents a condition

where viscous forces prevent drop ejection because fluid is too viscous.
Moreover, this condition poses serious issues related to nozzle clogging.
The upper limit, instead, represents conditions for satellites generation,

i.e. smaller droplets separated from the main drop that easily lose
directionality [46]: this affects printing quality and precision. As a
matter of fact, systems where Oh-! is larger than 10 are still printable

with a good final resolution provided that the satellites merge with the

head drop at a certain point. Inks with Oh-! values up to 21 were suc-
cessfully printed [47]. Oh-* values for the formulated inks are reported
in Table 1. Being all values close to 10, all formulations were indeed

easily printable. It is possible to couple Reynold (Re) number, given in
Eq. (2):

* A%
Re = V0%
1

with the Ohnesorge (Oh) number, in order to assess ink printability
from a theoretical point of view. The Ohnesorge-Reynold diagram for
LTO-CNT ink is reported in Fig. S1. The values for LTO-CB and LTO-no
add inks are not reported, as only a small difference passes among them
compared to those of LTO-CNT ink. As Re varies with the drop velocity,
i.e. the voltage applied to the resistor element, it is possible to select the
optimal voltage for the printing process, being V = 11 V, as it corre-
sponds to a drop velocity that is sufficiently high. Z potential value
determines stability of nanoparticles suspension in water. Nanoparticles
dispersion are stable if Z values are over +30, when a sufficiently strong
electrostatic repulsion among nanoparticles is reached [48]. Values of Z
potential for LTO-no add, LTO-CB and LTO-CNT formulations are re-
ported in Table 1. A good stability for all ink formulations was found,
confirmed by the absence of evident sediment after several days of
storage. Eventually, particle size in the inks is reported in Table 1. Size
dimensions are sufficiently small to allow jetting, without nozzle clog-
ging. As a general rule, a clogging-free jetting is forecast when particle
size dimension is between 1/100 < d < 1/50 of the nozzle diameter.
Despite LTO-CNT ink having particles dimensions slightly higher than
300 nm (nozzle diameter is 30 um), no nozzle clogging was observed
during printing process. To this extent, CNTs length indeed represents an
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Fig. 3. Comparison of cyclic voltammetry curves at a scan rate of 0.5 mV s-!

between LTO-CNT electrode (solid line), LTO-CB electrode (dashed line) and
LTO-no add electrode (dotted line) (a) and anodic and cathodic peaks current of
LTO-CNT electrode as a function of the square root of the scan rate (b). Inset:
plot of the logarithmic value of current peaks as a function of logarithmic value
of the scan rate.

issue when dealing with inkjet printing, because of nozzle clogging. On
the other hand, too short CNTs would not provide the best properties in
terms of conductivity. In our formulation we were able to find an
optimal compromise that can satisfy both the demands.

4.2. Printed electrode characterization

Images of printed LTO-CNT, LTO-CB and LTO-no add electrodes on
Cu plates are reported in Fig. S2. Fig. 2 shows SEM images and
compositional map of LTO-CB and LTO-CNT printed electrodes. LTO-CB
electrode surface (Fig. 2-a,c) showed a severely cracked surface with
cracks distributed all over the surface, suggesting a brittle behavior of
the electrode. Fig. S3 shows SEM image and compositional map of the
LTO-no add electrode. A similar superficial appearance was found on the
LTO-no add electrode, as cracks were present. On the contrary, LTO-CNT
printed layer (Fig. 2-b,d) had a less smooth surface but compact and free
of cracks. This effect could be attributed to the different morphology of
the conductive agent. CB is composed of irregular aggregates of spher-
ical morphology while, on the contrary, CNTs are 1D materials able to
create a continuous spider web-like network which contributes to
greatly increase the cohesion of the LTO particles, whose dimension was
about hundredths of nanometers. Fig. 2-e reports the cross-section of a
20 printed layers-thick LTO-CNT electrode: a uniform thickness of 3.3



Table 2
Diffusion coefficient values for LTO-CNT, LTO-CB and LTO-no add printed
electrodes.

LTO-no add LTO-CB LTO-CNT
Din (*10-** cm? s-%) 0.75 173 6.93
Dge (*10-* cm? s-1) 1.10 5.61 8.38

pm was measured, showing a very compact and dense coating that
confirms the binding capability of the MWCNT network. From EDS
analysis of LTO-CNT electrode (Fig. 2-f), titanium, carbon and oxygen
were uniformly distributed, suggesting the absence of any segregation
process during the drying of the inkjet-printed layer. The electrical
properties of printed electrodes were obtained in terms of sheet resis-
tance (R;) and resistivity (p). The obtained values are reported in
Table S2. The results were coherent, as the electrode without a
conductive agent had the highest resistivity. As expected, LTO-CNT
electrode showed the lowest resistivity compared to the LTO-CB and
LTO-no add electrodes. In particular, the MWCNTSs decreased the R
value of an order of magnitude compared to CB, as a good percolative
conductive path favored by their aspect ratio was created [49].

4.3. Electrochemical characterization

The electrochemical behavior of various LTO electrodes according to
the conductive agent addition was evaluated through cyclic voltam-
metry (CV). In particular, the LTO/carbon conductive agent ratio is kept
to 8:1, in order to effectively extract the active material capacity and do
not lower the specific capacity of the battery. CV curves of the three
different printed electrodes are presented in Fig. 3-a. Two reversible
redox peaks for LTO-CNT electrode were observed, confirming the
behavior of LTO nanoparticles with the typical highly reversible reac-
tion Li+ ions extraction and insertion processes in the LTO spinel
structure. The difference between the potentials of the anodic and
cathodic current peaks, defined as AE P = E ® P — E © P reflected the
same trend of sheet resistance, as AE P decreased as Rs was lower. The
highest values (640 mV) was found for the LTO only, as predictable
because of the poor intrinsic electronic conductivity of LTO [50].
Despite an overall enhancement in both AEP and peak current for LTO-
CB electrode, only an addition of MWCNTSs in the LTO ink was able to
give both sharp and well defined anodic and cathodic peaks, suggesting
a lower polarization for the charge transfer reaction as results of a much
better electrification. Moreover, it is possible to quantify the capacitive
(i.e. non-diffusion controlled) and the faradaic diffusion-controlled
contributions to the total stored charge. For a battery-like electrode,
the peak current is proportional to the square root of the scanning rate,
while for a capacitor-like electrode the current dependency on the scan
rate is linear [51]. This is summed in Eq. (3)

i=cw ©)

C and b are adjustable parameters. In particular, b is found as the
slope of the plot log | vs log v and two conditions can be recognized: b =
0.5 is representative of a battery-like electrode and b = 1 of a capacitor-
like electrode [51]. Inset in Fig. 3-b represents the log i vs log v plot for
an LTO-CNT electrode where b was calculated both for the intercalation
and deintercalation processes as 0.68 and 0.64, respectively. The
capacitive effects related to pseudo-capacitance and double layer
charging were not negligible, due to the presence of nano-sized material,
according to SEM images. Similarly, b values for the intercalation in
LTO-CB and LTO-no add electrodes (Fig. S4-a,b) were 0.59 and 0.52,
respectively. This aspect confirms that the storage mechanics is almost
purely diffusion controlled as Li+* intercalation/de-intercalation. In
order to understand the nature of the kinetic behavior of the active
material, the diffusion coefficient D can be derived by using the Randles-
Sevcik Eq. (4) [52]:

160 1— .
S 140{ = wu "oz
o 02C LA N L
%120-.. 05C wmuwumns
=100 “ees 1€ hyue
:‘5 80 02C o000 5 02C
5 g5c Seeln
(0] i 1C A A
O 60{a%.saa. AaA,
2 02C amada, 0.2C
§ 40 05C
= CNT additi SR A
o 204 , CBagditilo:n 1C
0 4 No addition
0 2 4 6 8101214161820 2224 26
Number of cycles
200 - : : : 120
b)
‘T@ T ey T 245 100 g
= 150 >
E G s s g -80 g
z |l 0 S
S 100+ Lo 5
& R i T W W 8
8 a
o 05C 40 £
7o) | e :
- effciency [
» e LTO-CNT 2 9
= LTO-CB
O T T T T 0
0 20 40 60 80 100

Number of cycles

Fig. 4. Comparison of the discharge capacity of three electrodes: LTO-CNT
(black), LTO-CB (red) and LTO-no add (blue) vs number of cycles at 0.2 C,
0.5 C and 1 C (a) and discharge capacity and coulombic efficiency on 100 cycles
at 0.5 C for LTO-CB electrode and LTO-CNT electrode (b).
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where A is the electrode area, n is the number of electrons involved
in redox reaction, C* is the concentration of Li* ions in the electrolyte, D
is the Li+ ions diffusion coefficient and v is the scan rate. The diffusivity
of lithium ions is calculated for the intercalation and deintercalation
process. The corresponding D values are reported in Table 2 and are in
accordance with values found in literature [53,54]. As expected, the
LTO-CNT electrode was characterized by a better lithium ions diffusion
process compared to LTO-CB and LTO-no add electrodes.

In order to understand the electrochemical performance in terms of
storage capacity, galvanic charge-discharge (GCD) curves were obtained
at0.2 C,0.5 Cand 1 C in a voltage window ranging from 1 V to 3 V vs
Li+/Li. Fig. S5 shows the galvanic discharge curves of LTO-no add, LTO-
CB and LTO-CNT electrodes. Both LTO-CNT and LTO-CB electrodes
showed a visible plateau around 1.53 V. LTO-no add electrode, instead,
didn't show a well-defined plateau, resulting in poor capacity value.
Fig. 4-a shows the electrodes rate capability. As expected, LTO-CNT
electrode showed the best electrochemical performance for every
tested C-rate. The specific capacity of LTO-CNT electrode at 0.2 C was
150.3 mAh g-*, which was sensibly higher compared to LTO-CB elec-
trode (101.2 mAh g-) and LTO-no add electrode (58.9 mAh g-1). After
100 cycles at 0.5 C (Fig. 4-b), LTO-CB capacity faded from 91.3 mAh g-*
to 81 mAh g-1. On the other hand, the LTO-CNT electrode showed a
higher specific capacity, with an initial value of 128 mAh g-* and almost
negligible capacity loss after 100 cycles (Fig. 4-b). In addition, the
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Fig. 5. Nyquist plots of the LTO-CNT (black), LTO-CB (red) and LTO-no add (blue) electrodes (a) and fitting results using an equivalent circuit (inset). Nyquist plot of

LTO-CB and for LTO-CNT upon different cycles states (b).

Table 3
Fitted impedance parameters for LTO-no add, LTO-CB and LTO-CNT electrodes.
Noadd  CB- CNT- CB-10 CNT-10
fresh fresh cycles cycles
R2 (Q) 610.9 240.2 42.33 410.3 101
i (mA cm-?) 0.072 0.107 0.611 - -

average coulombic efficiency was 100%. The results indicate that the
addition of CNTs as conductive agent involves a significant improve-
ment in terms of reversible capacity and cycling stability.

The effect of carbon conductive additive on the overall electro-
chemical properties was further investigated through EIS measure-
ments. The Nyquist plots of LTO-no add, LTO-CB and LTO-CNT
electrodes are presented in Fig. 5-a. Fittings were performed using the
equivalent circuit represented in the inset in Fig. 5-a. In this equivalent
circuit, Ry represents the electrical contact between the electrode and
the graphite current collector resistance and R, is the charge transfer
resistance. The results obtained from fitting experimental data are re-
ported in Table 3. The corresponding charge transfer resistance for the
LTO-CNT electrode was sensibly lower, i.e. 42 Q, compared to that of
LTO-CB and LTO-no add, i.e. 240 Q and 355 Q, respectively. It is evident
how the addition of a suitable conductive agent improves the charge-
transfer reaction, decreasing the overall battery internal impedance. In
addition, the exchange current density is calculated according to Eq. (5):

. RT
0= R
nFR, (5)

where R is the gas constant, T is the temperature, n is the number of
electrons involved, F is the Faraday constant. Corresponding values are
listed in Table 3. The exchange current density of LTO-CNT electrode
was the highest, compared to those of LTO-CB and LTO-no add, as result
of a greater conductivity of CNTs [55]. Fig. 5-b represents the Nyquist
plots of LTO-CB and LTO-CNT upon different cycle states. After 10 cy-
cles, charge-transfer resistance increased upon cycling for both LTO-
CNT and LTO-CB electrode, as consequence of SEI formation and
accumulation on LTO nanoparticles surface. However, the increase was
much more restrained for LTO-CNT electrode, likely because of a better
electrification given by the continuous MWCNTSs network that produced
a more homogeneous, stable and thinner SEI compared to the CB loaded
electrode.

5. Conclusions

In summary, we have proposed simple aqueous-based LisTisO1, ink
formulations and investigated the effect of carbon conductive additive in
terms of ink rheological properties and electrochemical performances of
inkjet-printed thin films electrodes. The presence of CNTSs contributes to
creating a continuous, free of cracks electrode surface, compared to CB-
based electrode. Galvanostatic charge-discharge cycles evidenced a
specific discharge capacity sensitively higher for electrodes comprising a
conductive agent, compared to the one where no carbon addition was
done. In particular, a specific discharge capacity for the LTO-CNT
electrode of 128 mAh g-* at 0.5 C was observed with no capacity loss
after 100 cycles. EIS analysis confirmed that the overall improvement of
electrochemical performances is strictly related to the formation of
highly electrically conductive percolation path that is dependent on the
type of carbon conductive additive. Besides the promising performances
for thin-film printed battery applications, the work highlights the
importance of a suitable materials choice in ink formulation in order to
obtain high-performances thin-film electrodes through inkjet printing.
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