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Additive manufacturing strategies are gaining more importance in the context
of lithium-ion batteries. The rapid prototyping, reduced waste and complex
3D structures achievable are powerful and attractive tools that are out of the
reach of current fabrication techniques. Additionally, thanks to the potential
that these manufacturing techniques hold for the fabrication of micro-energy
storage devices, they are gaining increasing attention in the literature. Here,
some of the more common additive manufacturing techniques are compared
to standard methodologies by systematically evaluating their electrochemical
performance and correlating it with the physical changes induced by the
printing process. By using LTO/CNT-based inks, it is observed that the inner
arrangement of the conductive additive is significatively altered depending on
the technique used and that this has an impact on the rate performance of
the device. By using a model that links the capacity-rate data to the physical
properties of the batteries, it is possible to find the limiting factor on the

the energy storage field, including the
lithium-ion battery industry. With the
rising popularity of solid-state batteries,
many have seen additive manufacturing
as the future of the industry, due to the
flexibility of design, reduced waste, the
complex designs achievable that boost
power and energy densities and reduced
use of casing and current collectors.’l In
fact, we can already see some examples of
companies that are walking down the path
of 3D printing for lithium-ion batteries,
including Photocentric, Sakut and Black-
stone Technology GmbH; with the last
two planning to deliver prototypes in early
2023 and 2025 respectively.[*’]

Although the field has advanced rapidly,

printed electrodes and correlate it with the material arrangement that each

technique produces.

1. Introduction

In the last few years, we have witnessed a very fast development
of the additive manufacturing industry. Since the patenting of
fused deposition modelling (FDM) in 1992, 3D printing has
evolved massively through the creation of new techniques,
printable materials, and better accuracies.! Additive manufac-
turing now is present in all markets with an estimated value
of USD 18 billion in 2022 and this value is expected to reach
84 billion in 2029.”) The market penetration is also reaching

the youth of the field is still present in the
optimization level of the functional inks
aimed at specific printing methodologies.
This comes accentuated by the fact that
different techniques have different chal-
lenges associated, and multi-material/composite inks, which
are of common use in batteries, require even more careful
design and optimization.’l These issues commonly result in
the end devices as brittleness, higher resistivities and reduced
electrochemical performances.! It is therefore fundamental in
the development of this technology, to clearly narrow the origin
of the issues and propose specific strategies for their solution
or mitigation. With this objective in mind, our work aims to
study some of the most common additive manufacturing
techniques and, employing a novel methodology, quantify the
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performance loss and its origin. We used as electrode material
a composite based on Li TisO;, (LTO) and single-wall carbon
nanotubes (CNTs). CNTs, in combination with micro-sized
active material particles, have been demonstrated to produce
segregated networks that significantly improve the mechanical
and electrochemical properties due to their binding effect.®!
These properties are very desirable in printed devices, as some
rely on high aspect ratio structures, and the deep integration
of these materials in the battery industry makes them the ideal
subject for the investigation of the changes that the 3D printing
techniques induce in the final structure. To study these changes
and their implications, we focused on the analysis of the micro-
structure and the rate performance of the electrodes. Rate per-
formance is heavily influenced by the physical parameters of
the electrodes, and recently, models have been developed corre-
lating the time constants associated with the charge—discharge
of the devices, with the physical magnitudes that limit them.[*1%!
This conforms the perfect toolbox for our studies, as it gives
us the whole picture. We can observe how the microstructure
of the electrodes changes with the fabrication technique, what
impact that has on the rate performance, and finally, we can
correlate the limitations with changes in specific magnitudes
(i-e., porosity, conductivity, ion diffusivity, etc.). Hence, it allows
for a very sharp optimization process for both inks and printing
processes.

2. Results and Discussion

2.1. Material Preparation

To investigate how the deposition technique influences the
material arrangement and its consequences on the performance
as electrode material, we selected ITO as the active material
for all the tests conducted in this work. [TO was combined
with CNTs which fulfilled the role of binder and conductive
additive." CNTs combine excellent conductivity, mechanical
robustness, and typically require a much lower mass fraction
(Mp) than other additives, which boosts the capacity of the elec-
trodes. For instance, Park et al.®! found that CNT M; as low
as 2% outperformed the standard 20% PAA/CB combination,
in electrical, electrochemical, and mechanical properties. Using
active materials with higher particle size, this Mg could be fur-
ther reduced to 0.5% in the case of lithium nickel manganese
cobalt oxide (NMC).

To track how the deposition techniques affect the perfor-
mance of the materials at different Mg, three percentages
(2.5%, 5%, and 10%) were selected that were well above the
percolation threshold (Figure S1, Supporting Information). All
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deposition techniques were fed from the same masterbatches,
reducing the potential inconsistencies that may be introduced
through experimental errors. These slurries were prepared
with =5% of solid content and only in the case of the spray
and aerosol jet printing these solutions were further diluted
with DI water. The quality of the active material was checked
throughout all the steps of the fabrication process by x-ray dif-
fraction (XRD) (Figure S2, Supporting Information) and no
change could be observed in the crystallographic structure from
the starting powder to the electrode placed in the cell.

2.2. Microstructure and Material Arrangement

When CNTs are combined with the active material, the inner
arrangement of the composite has deep implications for the
performance of the electrodes. There are two possible dis-
tributions of the CNTs in the composites. The first one is a
homogeneous distribution of CNTs along the thickness of
the electrodel™? and the second one, is a segregated network
of CNTs.®l Generally speaking, the change from one type of
arrangement to the other is catalyzed by the size of the particles
accompanying the CNTs. For nanometric-sized particles, nano-
tubes distribute homogeneously across the electrode, while for
micrometric-sized materials, segregated networks are formed.[®!
While this is true for common slurry casting techniques, to
date, it is unknown if the formation of segregated networks is
possible by other deposition techniques. The common advan-
tages of the segregated networks are improved conductivity and
the potential to fabricate thicker electrodes with higher robust-
ness. These advantages are desirable not only in the context of
high throughput techniques but also for new approaches such
as additive manufacturing/printed devices where the aspect
ratio is much higher than in common planar devices."’!

The distribution and arrangement of the material were
studied for the five techniques; slurry casting, vacuum filtra-
tion, extrusion printing,"™ spray coating,™®! and aerosol jet
printing,[®l with different CNT M. For slurry casting samples
(Figure S3, Supporting Information), it can be observed the
formation of the segregated networks even at low CNT con-
tent. With the increase of the CNT percentage, more networks
appear across the electrode thickness until reaching a max-
imum at moderate percentages (around 4%). Further increase
in the CNT percentage seems to thicken the networks rather
than form new ones (percentages of 7.5% and 10%).18] Other
techniques such as extrusion printing and filtration follow the
same trend with very similar network thickness and distribu-
tion for the different percentages (Figure S4, Supporting Infor-
mation and Figure 1). However, techniques such as spray and

Figure 1. FIB-SEM cross-sections of electrodes obtained by a) slurry, b) filtration, c) extrusion, d) spray coating, and e) AJP. All were prepared using

the same CNT mass fraction, i.e., 5%.
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aerosol jet printing (AJP) show substantial differences from the
slurry samples. Although Spray samples still display the pres-
ence of segregated networks (Figure S4, Supporting Informa-
tion), they are much thinner than those created by other tech-
niques (Figure 1d). Additionally, the increase of the CNT% does
not have a major effect on the thickness of these networks and
only further increases their presence across the width of the
electrodes (at the percentages studied).

On the other side, AJP samples do not produce segregated
networks at low to medium CNT percentages (Figure S4, Sup-
porting Information), and only at high CNT percentages, some
observable continuous networks are obtained.

The different behavior of the techniques can be attributed to
the drying process of the inks during the deposition. By slurry
and filtration, the CNTs have enough time to entangle and form
the networks while the solvent is drying. Similarly, the extruded
samples have layers thick enough (nozzle size of 0.40 mm) to
reproduce this effect. On the other side, we have the extreme
case of the AJP, where the deposited layers are very thin and
the droplets of composite reach the material with a very limited
volume of solvent, which does not allow the rearrangement of
the CNT to form networks. These differences are illustrated in
Figure S5 (Supporting Information), where it can be observed
how a drop cast solution of LTO/CNT forms a network of thick
channels, while AJP samples show a thinner and much more
diffuse layer of CNTs. Spray coating is situated in the middle
between these approaches, the inks are not dry when they reach
the surface, but they are applied in such thin layers that when
the next layer is applied, the previous one is fully dried, lim-
iting the rearranging of the CNT network. The differences in
the drying processes are illustrated in Scheme 1.

Taking this into account, we can catalogue the deposition
techniques in two broad groups that relate to the way the mate-
rial reaches the substrate. These groups are “wet” and “dry”
techniques. We will consider slurry casting, filtration and extru-
sion printing, wet techniques, while AJP and spray, dry tech-
niques. Strictly speaking, spray coating does not fit perfectly in
any of those categories, but somewhere in the middle; however,
we will consider it a dry technique due to the limited rearrange-
ment capability of the material.
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2.3. Electrochemical Performance

Through the morphological characterization, it could be
observed that the deposition technique mainly changes the
arrangement of the filler (CNTs in our case) in the electrode.
However, other physical parameters of the electrode are also
altered when the deposition technique is changed. For instance,
it could be observed that the roughness and porosity of the
material deposited by dry techniques are higher than that of the
wet, Figure S6 (Supporting Information). It has been recently
shown by Tian et al. that the capacity-rate curves obtained by
galvanostatic cycling (GC) and/or chronoamperometry (CA)!"]
can be linked to the physical parameters of the electrodes
through a semiempirical model.!% In this section, we will
follow that methodology to correlate the electrochemical results
to the differences in the physical parameters obtained for each
technique.

We start defining the magnitude “rate” as shown in
Equation (1), being Iy current per mass and Qy the experi-
mental specific capacity.

R=14/Qu (1)

This magnitude has the advantage to relate directly to the
experimental charge/discharge time of the cell by =1/R.' The
semiempirical equation we use to describe the specific capacity
as a function of the rate is shown in Equation (2), where Qy is
the low rate specific capacity, 7the characteristic time, and n the
slope behavior.[1%]

0u=Qu[1-tRer {1 .

The physical meaning of 7 is the characteristic time asso-
ciated with the charge/discharge. It is a measure of the min-
imum time required to fully charge the device, Figure 2a, and
the point at which the capacity starts to fall with the rate.l!®]
The exponent n describes the decay behavior at a high rate and
indicates the rate-limiting mechanism of the cell. Its values are
generally comprised between 0.5 and 1, which corresponds to
diffusive and resistive limitations respectively.!®!

c) AJP

E [§
Gas carrier

Scheme 1. a) Scheme of the drying process of the wet deposition techniques, i.e., slurry casting, filtration, and extrusion (DIW). i) After the deposition
of the ink, ii) the solvent starts to evaporate, iii) forcing the dispersion to crash and catalyzing the segregation and agglomeration of the CNTs and LTO.
iii) Once the material is dried the end layer shows high segregation in its microstructure. b) Representation of the deposition and drying process of the
spray coating technique. Layers are deposited in wet but very thin coats, allowing a reduced material rearrangement capability. Networks are present
but are generally thin and widespread. c) Scheme of AJP deposition process. To avoid coffee ring effects and improve adhesion, the droplets reach
the substrate with minimal content of solvent that evaporates quickly after deposition.® This method produces films with very little self-rearranging
capabilities and produces a microstructure completely different to those of the wet techniques.
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Figure 2. a) Brief description of the effect of each parameter used in the semi-empirical model discussed in Equation (2). The parameters used for
the plot are shown in the inset. Adapted from reference [10]. b) Specific capacity versus the rate of representative slurry and spray c) electrodes with
the indicated CNT M. Solid lines correspond to CA tests while the symbols to GC. Similar plots for the other techniques can be found in Figure S7
(Supporting Information). d) Exponent “n” versus the CNT M for e) “wet” and “dry” techniques. f) Characteristic time divided by the square of the
electrode thickness (7/L%) against the CNT M for all the techniques. The displayed values of the fitting parameters are obtained from averaging the
data from CA and GC test of sets of samples from 3 to 7 cells. The errors displayed correspond to the standard deviation of each set.

Using this model we can fit our rate-dependent capacity
tests to extract Qy, 7and n. This method is a powerful tool for
the quantitative analysis of batteries, as it allows for building
up statistics and a much more methodical analysis of the rate-
dependent tests.

We analyzed cells corresponding to the five techniques and
three CNTs mass fractions both by GC and CA. Results are dis-
played in Figure 2b,c and Figure S7 (Supporting Information).
It is worth mentioning that GC tests, represented in the graphs
by symbols, were initially launched in terms of C-Rate and then
changed to rate following Equation (1). For that reason, the posi-
tion of the GC data is not always displayed in the same position
respective to the X-axis. The representation and transformation
of the current transients from the CA into the capacity-rate data
shown in the figures are further explained in the Supporting
Methods section and references.!”"]

For each CNT My corresponding to each technique, we ana-
lyzed and fitted the data of sets containing between 3 to 7 cells
by CA and GC. The results obtained for the Qo are displayed
in Figure S8 (Supporting Information), while the averaged
values of n are shown in Figure 2d,e. For most techniques, it is
observed that the increase of the CNT M catalyzes a change in
the rate-limiting behavior (n), from resistive limited at low Mg to
a more diffusion-limited at high My, which agrees with previous
reports.'% This change is sharper in the electrodes produced by
wet techniques, while for those fabricated by dry techniques,

Adv. Energy Mater. 2023, 13, 2203747 2203747 (4 Of“)

their n values seem to saturate at 0.7 even at high CNT Mg. The
reduction of the slope in the high rate region (lower n) implies
better capacity retention that seems to improve the more CNTs
are present in the sample, although samples with segregated
networks seem to experience a more substantial change.
Surprisingly, some techniques do not show major changes in
their behavior regardless of the My, i.e., filtration and spray. The
reason behind this observation might be that they achieved their
saturation value outside the CNT M studied, as the change in
rate-limiting behavior seems rather abrupt.¥ It is also worth
mentioning that the thickness of the electrodes does not seem
to affect significantly the exponent n, Figure S9 (Supporting
Information), at least within the mass loadings studied. This
is quite interesting as if the rate-limiting behavior was directly
related to the resistance inside the electrode, as the depend-
ence with the conductive additive suggests, the thickness of the
electrodes should trigger the change of behavior. This, and the
fact that the network arrangement affects so substantially the n
value, suggest that the change of behaviour might be related to
a balance between the electronic conductivity and the diffusion
of the ions along the porous structure of the electrode, as these
are the main values that are altered across techniques.
Although n can give us some information about the struc-
tural/compositional parameters that influence the perfor-
mance of our batteries, the characteristic time 7, has been far
more studied for this purpose and its correlation with specific

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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battery parameters has been clearly described.l%820 We can
understand 7 as an RC circuit time constant with three major
terms, one from the electrical and ionic resistances of the elec-
trode and separator, another associated with the mass transfer,
including the diffusion of ions in the electrolyte through the
pores of the electrode and separator and the solid diffusion of
the ions in the material, and finally one term associated with
the timescale of the electrochemical reaction, Equation (3).11
This relationship can be further developed and rewritten as
shown by Equation (4).119.20]

T = THectrical T Tiffusion T tc (3 )

Cye Cye 1 LsCy o
T:Lé[ vl Ve 3/2]+LE[ d V;ﬁ]
2000pe 205.P; Dy, P; o Fs

Ik I
+ S+ g
DBLPS/ DAM

(4)

To compare the different deposition techniques and CNTs
Mg, we can simplify Equation (4) into Equation (5) by consid-
ering constant the terms associated with the processes that are
not altered by those changes. Those are the ones related to the
separator (terms 4 and 5), the solid diffusion of ions (term 6)
and the electrochemical reaction (term 7).

= Lé [ CV,eff + CV,eff 1

+ +Lchb+c 5
20 00p & 20—13LPE3/2 DBLPEM:| ) Gl

This gives us an expression that only depends on the thick-
ness (Lg), porosity (Pg), out-of-plane conductivity (Goop) and
effective volumetric capacitance of the electrodes (Cy.q), with
ion diffusion and ion conductivity (Dgand op; respectively)
being constant across our samples. All these parameters are in
the term accompanying [2 in Equation (5); therefore, to com-
pare the different techniques is more convenient to use 7/L;
rather than 7, as the other terms will not change significantly.
Indeed, 7/L; has been proposed in the literature as a figure of
merit for the comparison of battery materials.'*?! Additionally,
if we study the dependence of 7 with the electrode thickness,
Figure S10 (Supporting Information), we obtain a second-order
polynomial with a parameter “a” (the one accompanying I%)
which is much more relevant to the studied thicknesses than
any of the other parameters. This value, as well as the ratio
between “a” and “b,” agrees well with the observed by Tian
et al. for a large set of battery electrodes from the literature.[’)

If we observe the values of 7/I% for the different techniques
and CNT Mgs, in Figure 2f, we note very significant differences
across the deposition methods. Quite interestingly, all the tech-
niques that we classified as “wet” due to their drying behavior
and the arrangement of their conductive matrix in the form
of segregated networks, show a very similar 7/I}. Conversely,
Spray and AJP samples, that we classified as “dry,” show much
higher values, and therefore worse rate performance, than those
of the wet techniques, being an order of magnitude higher for
spray and two orders of magnitude for AJP. It is important to
emphasize the importance of these results, as they imply that
samples produced by spray and AJP will see a very significant
drop in their rate performance compared to the wet techniques.

Adv. Energy Mater. 2023, 13, 2203747 2203747 (5 0fT|)
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It also highlights the tremendous importance that the material
arrangement can have in an electrode.

The CNT M. has very little influence on the 7/L}, regardless
of the deposition technique; or at least this is the case for the
Mk explored.

To further understand the abrupt changes observed in
the characteristic times between techniques, we can refer to
Equation (5). We can use this relationship to identify the phys-
ical parameter that limits 7, and thanks to the assumptions
described above, we can narrow the suspects to the porosity of
the electrodes, their conductivity and volumetric capacitance.

2.3.1. Effect of the Porosity on the Rate Performance

We measured the porosity of the electrodes, as per described
in the Methods section, for all the samples produced by every
technique and CNT My, Figure 3a. Again, we observe very dis-
similar behavior when we compare wet and dry techniques. All
the wet techniques show similar porosity values and follow the
same trend, with increasing porosity with the amount of CNTs.
Conversely, the dry techniques show a stable porosity that does
not depend upon the ratio of CNTs/LTO. Interestingly, porosity
seems to depend on the technique itself, as spray and AJP show
very different values. These results are further supported by
the gas adsorption analysis, Figure 3c, which shows the same
trends as those of the apparent porosity. In fact, these results
highlight better the differences between wet and dry techniques
as they account better for the microstructure of the electrodes
without considering very large macroporous channels.??

The reason behind the steady increase of the porosity with
the CNT content for the wet techniques may be attributed to the
formation of segregated networks. As we add more CNTs, these
incorporate into the networks rather than in between the LTO,
creating two regions, one with almost the same porosity as the
pure LTO and one with that of the CNT films. The bigger the
CNT proportion, the thicker the segregated networks get and
the closer they get to the values of the pure CNT film as shown
in Figure S12 (Supporting Information). The pore size volume
distribution also follow this trend, Table S1 and Figure S14
(Supporting Information). In the case of the dry techniques,
since the CNTs are more homogenously distributed with the
LTO, the changes induced by the increase of My are smaller and
the intrinsic porosity created by the technique governs the overall
porosity. In fact, in macroporous materials, the increase of
the CNT Mg can even reduce the porosity, as they can fill the
pre-existing pores.?3l This could explain why in Figure 3c, the
spray and AJP samples see their pore volume reduced when
the CNT content is increased from 2.5% to 10% and also why
the pore size volume distribution changes athigh CNT ratio in the
dry techniques, Figure S14 (Supporting Information).

We can explore the influence of the porosity on the rate per-
formance through the 7/}, by plotting these two parameters
against each other, as shown in Figure 3b and Figure S15 (Sup-
porting Information). We can easily observe that the values do
not show any clear correlation across the techniques. In fact, the
relationship that these two parameters should follow (dashed
line in Figure 3b corresponding to Equation (S7), Supporting
Information) cannot explain the distribution of the data across

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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(orange background). b) Characteristic time divided by electrode thickness squared (z/L2) against the apparent porosity. The graph shares the legend
with graph (a). The dashed lines represent the relationship between 7 /12 and porosity according to Equation (S7) (Supporting Information) with the
parameters described in the Supporting Methods. The two dashed lines represent the most dissimilar parameters of the electrodes we produced, while
the orange area between them, intermediate fabrication parameters. c) BET surface area and Pore volume for the selected techniques and CNT M.
Wet techniques are on the left side of the plot and dry on the right. The data were obtained from the isotherms in Figure S11 (Supporting Information).
d) Volumetric capacities versus CNT Mg for all techniques; the legend is shared with (a).

techniques. However, it can explain quite well the behavior of
the data corresponding to the “wet” techniques. This means
that although porosity is a parameter difficult to simulate
through a model due to its influence in other magnitudes
such as conductivity or internal resistances,?*2¢ all the other
parameters change so little within the “wet” techniques that the
samples adhere very well to the dependency with the porosity.
This clearly shows that despite porosity is not the main factor
responsible for the difference between the rate performance
of the different deposition techniques, it has an important role
in the electrodes. We can see that this is indeed true for instance
in the volumetric capacity, Figure 3d, where it follows perfectly
the reverse trend of the porosity; the more porous the electrode
gets, the lower the capacity per unit of volume it has. A similar
trend is observed for the pore volume as well, Figure S16 (Sup-
porting Information). It is also interesting to observe the high
positive correlation between the porosity and the charge transfer
resistance of the electrodes, Figure S17 (Supporting Informa-
tion), which shows similar behavior as in other systems.[26%7]
Although it is important to mention that this magnitude is also
affected by other parameters such as the volume fraction of the
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additives, that change along with the CNT content, so it can
be a combination of effectsi?>?® that would require a more
detailed analysis to precisely correlate.

In common battery electrodes, porosity is a parameter that
can be easily adjusted by calendering the composites, but as we
move to more advanced manufacturing techniques and designs,
this option no longer becomes available and is something to
carefully consider when selecting our fabrication technique.

2.3.2. Effect of the Conductivity in the Rate Performance

We measured the in-plane (IP) and out-of-plane (OOP) conduc-
tivity of the electrodes as described in the Supporting Methods.
For the OOP we used a two-probe approach, which, includes
the effect of the contact resistance.?” Although this value is
non-trivial, we can isolate our electrode resistance by meas-
uring samples with the same contact areas and composition
but changing their thicknesses, Figure S19 (Supporting Infor-
mation). Comparing these values with those obtained by direct
probing, we can see that the difference between them falls
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Figure 4. a) In-plane (purple background) and out-of-plane (blue-green background) conductivities for different CNT Mg and techniques.
The in-plane conductivity was measured by 4-point probe while the out-of-plane conductivity was measured as described in the supportive information.
b) Characteristic time divided by electrode thickness squared (t/L%) plotted against the out-of-plane conductivities. The gray dashed line corresponds
to the representation of Equation (5) rearranged in the shape of Equation (S7) (Supporting Information) using the parameters shown in Supporting
Methods. c) /L2 plotted versus the volumetric capacity divided by the out-of-plane conductivity (Qv/0oop)- The two dashed lines that enclose the
gray area, represent Equation (6) with the parameters described in Supporting Methods and correspond to the experimental limits among which our
electrodes are usually found. d) Plot of the peak current vs scan rate of the slurry and AJP samples to obtain the b-value according to ip = av®. The
CVs from which the peak values were obtained are displayed in Figure S20 (Supporting Information). e) Simulated areal capacity plotted versus rate
for slurry and AJP electrodes considering the necessary thickness to achieve the same areal capacity considering the values shown in Figures 2 and 3.
f) Comparison of literature results for spray and AJP samples with 5% conductive additive and post-synthetic treatments,?*3% with our slurry, spray,
and AJP samples with 2.5% CNT content and no calendering. Literature data are represented with symbols while our data with lines. The solid lines
indicate experimental data from a cell, while the dashed lines simulated curves using the experimental parameters obtained. All samples, including
the literature data, have the same thickness (60 um). g) Qualitative radar map of the techniques explored in this work attending to the five categories
displayed in the map. The score assigned to the categories “Rate performance,” “Max. Areal Capacity,” and “Volumetric Capacity” are based on the
results obtained in this work, while the other scores were adapted from references.?'l

the statistical error is clouding the changes of this magnitude,
or simply that the My we are working with are far enough from
the percolation threshold, and therefore reaching the satura-
tion value.l? Regarding the changes in OOP conductivity with
the deposition techniques, again, we observe differences over
an order of magnitude between the “wet” and “dry” techniques.
All “wet” techniques display very similar values that match
those of segregated networks in the literature,?! while spray
and AJP parameters are significantly lower. Interestingly, these

within the statistical error across samples, and therefore we can
consider the contact resistance small enough to not be consid-
ered for the OOP measurements.

The IP and OOP conductivities are displayed in Figure 4a. All
techniques yield similar results for the IP conductivity showing
the same trend with the CNT M regardless of the technique.
Conversely, the OOP conductivities show very different results
across techniques and seem to be quite insensitive to the
change of CNT M;g. The explanation for the latter could be that

Adv. Energy Mater. 2023, 13, 2203747 2203747 (7 of 1) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1Te8.D 3|qedt dde au Aq peusenob a.e sajolie YO ‘SN JO 3Nl Joj Akeid17UIIUQ AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 | 1M AReq| Ul Uo//ScY) SUOTIPUOD Pue Swid | 8u) 89S *[£202/0T/20] Uo Akeiqiauliuo Ao|im 96e]10D AluuL JO Ariqi1 Aq L2€02202 Wuse/z00T OT/I0p/W0D A8 | AReiq 1 ul|uo// Sty ol pepeojumod ‘ST ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

differences are similar to those obtained when comparing seg-
regated CNT networks to other conductive additives that don’t
form these structures.®20]

The OOP conductivity results in Figure 4a resemble
those obtained for the 7/I%, and indeed, if we plot it against
Ooop,5(Figure 4b) we can see that there is a clear correlation
between them. Furthermore, if we compare the experimental
points with the representation of Equation (5) (dashed line in
Figure 4b using the parameters indicated in the Supporting
Methods), we observe that the data follow very accurately the
same dependence with the ogop 5. This implies that OOP con-
ductivity is indeed the limiting factor of the rate performance
and its changes across techniques explain the differences we
observed in the characteristic times. It also infers that the sam-
ples are limited by the part of the RC charging time associated
with electrode resistance.

The deposition technique, therefore, affects the microstruc-
ture of the electrode, which, in turn, changes the OOP conduc-
tivity of the composite. The characteristic time, which is what
we consider as “rate performance,” is therefore mainly dictated
by the OOP conductivity as shown in Figure 4b. The OOP con-
ductivity in this material is therefore the parameter that needs
to be optimized and the one that changes the most across depo-
sition techniques.

2.3.3. Volumetric Capacitance and Rate Performance

Going back to Equation (5)’s first term, we can observe that
together with opop We also have a contribution from Cy g i.
Since we have just demonstrated that this first term is the one
that dominates over 7/} thanks to the 0pop g, it is interesting
to explore which role Cy, ¢ might play.

Tian et al. proposed that the volumetric capacitance, Cy.g,
in battery electrodes is related to the volumetric capacity, Qy,

by the following relationship: %:ZSFmAh’l.[m] Since we

A%

already obtained the Qy of our electrodes (Figure 3d), we can
use it to plot T/} versus the Qy/Coopx (Figure 4c). By com-
bining the first term of Equation (5) and the relationship
between Cy¢ and Qy, we can therefore obtain Equation (6).

T (o B

— =14 +=

- LZE (6

E Ooop,E

If this equation applies to our electrodes, the data in Figure 4c
should align relatively well with a grade 1 polynomial with
slope 14 and an intercept value that will depend on the physical
parameters of our cell, B. This is represented in Figure 4c as
a gray area, which is the area delimited by Equation (6) using
as intercept the most extreme fabrication values we used and
which are described in detail in the Supporting Methods.
While the wet techniques align well with this relationship,
the dry ones do not. This observation is very interesting as
it implies that the relationship between Cy.g and Qy might
change depending on the physical parameters of the electrodes.
This observation is further supported by the evaluation of the
b-values from the plot of the peak current vs scan rate through
the relationship ip = a®, Figure 4d. Here, we can see that the
AJP sample has a contribution from a non-diffusion limited
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current that contrasts with the slurry sample that is instead
diffusion-controlled for the whole scan rate range. Although the
results extracted from the current peaks in the CV are merely
qualitative,??l these two hints might indicate a difference in
their Cy.q to Qy relationship. The origin of this difference
between electrodes is unclear, however, the higher roughness
of the AJP samples (Figure S5, Supporting Information), and a
higher volume of open micro-pores, Table S1 (Supporting Infor-
mation), could be contributing to it.

2.4. Prediction of Performance and Comparison of Techniques

Following the methodology described in the previous section,
we were able to examine the differences between the five depo-
sition techniques and correlate the changes in their electro-
chemical performance to changes in their physical parameters
such as porosity and material arrangement. Using the fitting
parameters obtained (Figure 2) in combination with the volu-
metric capacitances (Figure 3d) we can predict the response
of the electrodes fabricated by different techniques. This is
extremely useful in terms of device engineering and as a way
to select the appropriate technique for the requirements of
the device. For instance, we can consider the most dissimilar
techniques, i.e., Slurry casting and AJP, and predict how they
will perform under the same fabrication parameters. If we
consider films produced by these techniques with an equal
areal capacity of 1 mAh cm™2, using for their parameters those
shown in Figure 2 (their “n” and 1) and Figure 3 (their volu-
metric capacity), we can obtain their rate-dependent response,
Figure 4e. To compare their performance more easily, we can
calculate the rate at which their capacity falls to 80% of the low-
rate capacity through Equation (7), obtained from Equation (2)
taking the low-rate limit where the exponential is negligible.

Reo =(1/5)""/7 7

These rates can be interpreted as the reverse of the time
that it takes to charge/discharge the battery (R = 1/tc,p). There-
fore, for the batteries in Figure 4e, the minimum charge/dis-
charge time at which we retain 80% of the nominal capacity, is
tgos = 3 h for slurry and tg ojp = 360 h for AJP.

These large differences in charge/discharge times highlight
the importance that the deposition technique can play, and how
critical the changes in the associated electrode’s microstructure
can be in the device’s performance.

At this point, it is worth highlighting that for this study we
did not compress any of the films produced; this is usually done
to reduce the porosity of the films, increase volumetric capacity
and improve conductivity, as shown in Figure S21 (Supporting
Information). This was done on purpose, to simulate as accu-
rately as possible the conditions that printed structures would
generally have, as their compression would not be feasible in
practical devices. Is also important to mention that we specifi-
cally worked with spray and AJP in the regimes in which the
pooling of the material is minimized and therefore patterning
becomes easier without further steps. For instance, other
authors produced thick samples by AJP with a much more pro-
fuse ink stream, subsequently dried with a laser in a second
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step.2% These films were also compressed afterward obtaining
a performance that is closer to our “wet” techniques Figure 4f.
Similarly, spray-coated samples with a post-deposition hot
pressing treatment produced samples with very good rate per-
formance that also align well with our results (Figure 4f).*°]
These, and other post-synthetic treatments can help to boost
the performance of additive manufacturing techniques but are
not always compatible with the structures and devices that are
meant to conform. In this regard, it is important to highlight
that smart patterning and the extra functionalities that the
printed devices have, such as flexibility®3 or miniaturization,*
can help to compensate and overcome their intrinsic lower per-
formance.34 For instance, while AJP can create patterns as
thin as 10 um with high aspect ratios,** the patterning capa-
bilities of slurry or filtering techniques are very limited. It is
important to consider this and other capabilities along with per-
formance, as the ideality of a technique for a specific application
is based on numerous factors. In this regard, Figure 4g shows
a qualitative snapshot of some of the parameters that are gener-
ally considered important in the engineering of energy storage
devices and allows a quick assessment of the appropriateness of
a technique for certain objectives. This radar map highlights for
example the versatility of extrusion printing, the lack of scala-
bility of vacuum filtration or the inability of the slurry casting to
create complex structures. We have contributed to completing
this map of properties by fully characterizing the performance
drops that occur when different techniques are applied, and we
have been able to identify the root of these changes through
a mechanistic model. These results are therefore very useful
when selecting a technique and optimization strategies.

3. Conclusions

We have fabricated LTO/CNTs composite battery electrodes by
five different deposition techniques including slurry casting,
vacuum filtration, 3D extrusion printing, AJP and spray
coating. We analyzed their microstructure observing clear dif-
ferences depending on the drying mechanism and time, being
able to categorize the techniques into two broad groups we
named “wet” and “dry,” the first showing the presence of CNTs
segregated networks while the latter a non-preferential distribu-
tion. The changes in the microstructure were observed to alter
very significantly the rate performance of the electrodes, and
using a semi-empirical equation to fit the data in combination
with a mechanistic analysis of their parameters, we were able
to find the root of the differences across techniques. By plotting
7/I% versus different magnitudes, we identified that the OOP
conductivity was the limiting factor in the rate performance of
our electrodes although porosity also plays an important role
too. Interestingly, worse conductivities and therefore character-
istic times were obtained for those techniques that didn’t show
segregated networks, i.e., those catalogued as dry techniques.
We used the results obtained in this work to complete the
picture of the printing/additive manufacturing techniques,
benchmarking their performance and taking into account other
important design parameters. Our results highlight the impor-
tance of the microstructure on the battery electrodes and how
deposition techniques influence over it. This understanding is

Adv. Energy Mater. 2023, 13, 2203747 2203747 (9 0fT|)

www.advenergymat.de

a key point in the optimization of the devices as it allows for
the design of specific routes to overcome their limitations. For
instance, the minimum gain in performance that the increase
of CNT content brings to the “wet” techniques is counterbal-
anced by a substantial increase in porosity and therefore lower
volumetric capacity. This makes the lowest concentration of
CNTs the most optimal ink for these techniques. Additionally,
the use of post-synthetic treatments can help to bring the per-
formance of the samples with no segregated networks close to
the ones with them, although these treatments are not always
compatible with the device architecture, especially in minia-
turized devices. AJP’s lower performance can be compensated
with smart patterning, thin layering and its inherent capability
to deposit material over pre-patterned substrates, aiming to
reduce the effective thickness of the films while maintaining
high mass loading, i.e., artificially creating a layer of conductive
additive in between layers of active material or pre-patterning
conductive pillar or walls in the substrate prior the active mate-
rial deposition.

These are only a few examples of optimization strategies that
can be designed based on the results of this article but many
more will be surely suggested by the 3D printing and battery
community.

4. Experimental Section

Material Characterization: The crystal structure of the samples at
different stages of the processing was studied by X-ray diffraction (XRD)
(D5000 powder diffractometer, Bruker, USA) with a monochromatic Cu K
radiation source (4 =0.15406 nm) and a secondary monochromator. The
scanning electron microscopy (SEM) was performed with a Zeiss Ultra
Plus (Carl Zeiss, Germany) equipment with a built-in EDS capabilities.
The transmission electron microscopy was done with a FEI Titan high-
resolution TEM (HRTEM) at 300 kV (FEI, USA), using as substrates for
the samples holey carbon grids (Agar Scientific, UK).

LTO/CNT Ink Preparation: Raw LisTisO;, powders were purchased
from Linyi Gelon LIB Co and single-wall carbon nanotubes were
purchased in solution (0.2% in weight and 0.3% CMC as a stabilizer
in water) from OCSIAl. The inks were prepared in 2.5%, 5%, and 10%
CNTs Mg with an approximate solid content of 5%. Large (25 mL)
batches were prepared to feed simultaneously all the techniques, for
which the LTO was added in powder to a centrifuge tube followed by
a few droplets of IPA to make it into a dense paste. Afterward, water-
based CNTs dispersions were added to the tube until the desired
proportion was obtained. Mixtures were vigorously stirred with a vortex
mixer (Fisherbrand) followed by a 10 min sonication in a sonic bath
(Fisherbrand, 37 kHz) and a final stirring step in the mixer.

Electrodes Preparation: All electrodes were prepared using a Cu foil
(9 um, MTI Corp, USA) as current collector. A wide variety of active
material thicknesses were prepared ranging from 10 to 100 um. Slurry
cast electrodes were prepared by direct application of the as-prepared
inks on the Cu foils with a Micrometer Adjustable Doctor Blade (MTI
Corp, USA). The vacuum-filtrated electrodes were prepared by mixing
the active material (LTO), Tuball CNTs and water together by magnetic
stirring for 15 min. Subsequently, the mixture was placed in a sonic
bath (FisherBrand 11207) for 5 min at frequency of 37 Hz. The mixture
was then filtered by vacuum filtration (EMD Millipore 47 mm Glass
Vacuum Filter) using the electrochemical cell separator (polyolefin) as
filter paper and was left to dry for several hours. The dried composite
was then removed from the filter forming a free-standing film and
electrodes were cut. For the 2.5% composite electrodes, Cellulose
Nitrate Membranes (Whatmann, 0.2 um) were used as filter paper and
subsequently dissolved using acetone to form a freestanding electrode.
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The extrusion-printed electrodes were fabricated using a Nano3Dprint
(Burlingame, CA, USA) dual extrusion printer. As prepared inks were
loaded into standard 3.5 mL syringes with 22 Ga syringe nozzles with
a 0.40 mm inner nozzle diameter. The print platen was heated to 70 °C.
Print speed was ranged between 600 and 1800 mm min~'. Extrusion was
normalized with respect to print speed so mass deposited remains equal
for each layer regardless of print speed. This was to promote adhesion
of the first layer through drying. Distance between the nozzle tip and the
substrate was kept constant to ensure a connected liquid flow between
the nozzle and substrate. The spray-coated electrodes were prepared
using a Harder and Steenbeck Infinity Airbrush attached to a Janome
JR2300N mobile gantry with a substrate temperature of 70 °C. As carrier
gas, N, was used with a back pressure of 25 psi and a nozzle diameter
of 0.4 mm. The spraying distance was 100 mm and inks were pre-diluted
to a concentration of 10 mg mL™" just before the spraying. The aerosol
jet printed samples were printed using an Optomec AJP 300 (Optomec
Inc, Albuquerque, NM, USA) aerosol jet printer. Deionized water was
used to dilute the as prepared inks for aerosol jet printing in a 2:1 ratio.
The pneumatic atomizer attachment of the printer was used to generate
the high volume of aerosol required for large-area electrodes, using an
N, carrier gas for both pneumatic aerosolizing and nozzle focusing.
Stand off distance between nozzle tip and substrate was set at 5 mm,
with a process speed of 10 mm s7'. The print plate was set to 70° for the
duration of the print. Regardless of the preparation method, the samples
were subsequently subjected to a 2-h thermal treatment of 400 °C at low
pressure and under Ar flow to remove the CMC. TGA of the CNTs with
the CMC, Figure S19 (Supporting Information), indeed shows that this
treatment is sufficient to remove the CMC.

Batteries Assembly: All the batteries were assembled in half-cell
configuration using 2032-type coin cells (MTI Corp). The working
electrodes were punched with d = 1.2 cm and tested against a Li
reference/counter electrode (d = 1.5 cm, MTI Corp, USA) using a
Celgard 2320 separator and LP30 (IM LiPFg in EC/DMC, 1:Tin v/v, BASF)
as electrolyte. Cells were assembled in an Ar-filled glovebox (UNIlab Pro,
Mbraun) with O, and H,O levels < 0.1 ppm.

Electrochemical Testing: The galvanostatic tests were measured in an
ARBIN LBT21084 using a symmetric charge/discharge protocol with
C-rates ranging between 0.2 C up to 10 C and using 1.2-2.4 V as the
voltage range. The chronoamperometry tests were also performed with
an ARBIN LBT21084. Cells were galvanostatically cycled for 5 cycles at
0.1 C before they were charged up to the upper voltage at 0.1 C and then
the CA took place at the lower cut-off potential. The cyclic voltammetric
and potentiostatic electrochemical impedance spectroscopy tests were
performed in a VMP3 potentiostat (Biologic). PEIS data was obtained
using a frequency range between 50 kHz and 50 mHz with 6 points per
decade. The impedance spectroscopy data was analyzed with a python
script using “impedance.py” package.*l

BET Measurements: To assess the porosity and the surface area
of the samples, nitrogen adsorption at 77 K was measured using a
Quantachrome Autosorb-1Q. Prior to the measurements, each sample
(£10-20 mg) has been activated overnight at 150 °C under a secondary
vacuum. In a typical experiment, adsorption curves have been measured
in the range of 0.0001-0.99 p/p0, and desorption curves in the range of
0.99-0.3 p/p0.

To determine the pore volume, the Gurvich rule at 0.95 p/p0 was used.
This method assumes that the pressure is high enough so the nitrogen
in the pores is actually in a bulk liquid state. Limiting the value at 0.95 is
also used to avoid considering macropores and inter-particle voids.

To determine the surface area, the classic BET method was used.l*”]
This method consists in the linearization of the isotherm into a “BET
plot” which allows the determination of the nitrogen monolayer
adsorption capacity of the samples. Knowing the cross-sectional surface
of adsorbed N, molecules (0.162 nm?), the BET surface area of the
sample can be determined.

To determine the Pore Size Distribution of the Carbon NanoTubes,
the DFT method provided in the Quantachrome ASiQwin software was
used. The model used is “N; at 77 K on carbon (cylindr.pores, NLDFT
equilibrium model).”
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In-Plane Conductivity Measurements: Conductivity measurements were
performed with a 4-point probing device (Signatone SYS-310, California,
USA), a Keithley 2400 (Keithley Instruments, Ohio, USA) as source
meter and a 4-point probe head (Signatone SP4, California, USA) with
1016 um tip spacing and 45 g of pressure. Samples areas were above
1 cm? and were tested at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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