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Abstract: Three-dimensional (3D) grid porous electrodes introduce vertically aligned pores as a
convenient path for the transport of lithium-ions (Li-ions), thereby reducing the total transport
distance of Li-ions and improving the reaction kinetics. Although there have been other studies
focusing on 3D electrodes fabricated by 3D printing, there still exists a gap between electrode design
and their electrochemical performance. In this study, we try to bridge this gap through a comprehensive
investigation on the effects of various electrode parameters including the electrode porosity, active
material particle diameter, electrode electronic conductivity, electrode thickness, line width, and pore
size on the electrochemical performance. Both numerical simulations and experimental investigations
are conducted to systematically examine these effects. 3D grid porous LisTisOp; (LTO) thick
electrodes are fabricated by low temperature direct writing technology and the electrodes with the
thickness of 1085 pum and areal mass loading of 39.44 mg-cm ~ are obtained. The electrodes display
impressive electrochemical performance with the areal capacity of 5.88 mAh~cm72@1.0 C, areal
energy density of 28.95 J-cm “@1.0 C, and areal power density of 8.04 mW-cm “@]1.0 C. This study
can provide design guidelines for obtaining 3D grid porous electrodes with superior electrochemical
performance.

Keywords: three-dimensional (3D) porous thick electrodes; LisTisO;, (LTO); 3D printing; lithium-ion
(Li-ion) battery

power density has always been a tremendous challenge.
Commercial Li-ion batteries with thin coated electrodes
face some intrinsic shortcomings [2]. For example, the
total proportion of inactive materials including current
collectors and separators can take over up to 50% of
the total volume (excluding the encapsulation) [3].
However, only active materials contribute to energy
storage; thereby it is highly desirable to maximize the

1 Introduction

Lithium-ion (Li-ion) batteries have been playing an
indispensable role in modern society [1]. However, the
urgent need for batteries with higher energy density and

* Corresponding author.
E-mail: chen@szu.edu.cn

www.springer.com/journal/40145



296

J Adv Ceram 2022, 11(2): 295-307

ratio of active materials and minimize the ratio of
inactive active materials. In addition, for thin electrodes,
the areal mass loading of active materials per footprint
area is usually low due to the trade-off between energy
density and power density [4—6].

Thick electrodes with the thickness of up to
hundreds of microns can reduce the number of current
collectors and separators at the cell level, thereby
increasing the ratio of active materials as well as the
mass loading of active materials per footprint area [4].
However, thick electrodes also face some critical
challenges, especially the proportional increase of
transport distance of electrons and Li-ions with the
increase of electrode thickness [7]. The relatively poor
charge transfer kinetics in thick electrodes requires
longer time for electrons and Li-ions to reach the
reaction sites and eventually lead to declined rate
performance and energy density. Danner et al. [8] and
Gao et al. [9] proposed theoretical and simulation
models to study the rate limiting factors of thick
NMC-graphite (Ni-Mn—Co ternary cathode and
graphite anode) batteries with electrode thickness of
300 um. It was found that the transport of Li-ions in the
electrolyte phase is the major limiting factor. Therefore,
improving the charge transfer kinetics is crucial for thick
electrodes. Toward this end, simultaneously enhancing
the effective electronic conductivity and effective ionic
conductivity is a key step. However, how to fabricate
thick electrodes with enhanced charge transfer kinetics
remains a tremendous challenge. As for the transport of
electrons, with more efficient percolation conductive
network composed of highly conductive additives such
as carbon nanotubes (CNTs) and graphene, it is
relatively easy to achieve high electronic conductivity
[10-12]. As for the transport of Li-ions in thick
electrodes, it is very important to shorten the total
transport distance of Li-ions so that the capacity at
high charge/discharge rates can be maintained.

One of the approaches is to create directionally-
ordered pores in the electrodes to reduce the tortuosity
toward low tortuosity thick electrodes that are able to
minimize the transport length of Li-ions in comparison
with other non-directional pores. For example, Sander
et al. [13] proposed a magnetic templating method that
was able to magnetically align a sacrificial magnetic
phase to obtain low tortuosity electrodes with aligned
pores. Other structural templates such as natural wood
and ice crystals have also been reported [14,15]. In
addition, three-dimensional (3D) carbon frameworks

made from CNTs, carbon nanofibers, and/or graphene
nanosheets were also prepared as conductive 3D
scaffolds for the loading of active materials to offer
highly efficient charge delivery even in thick
electrodes [4,5,16]. Although these approaches were
able to construct low tortuosity thick electrodes
through pore engineering strategies, the scalability of
these processes is generally limited; therefore, scalable
yet cost-effective processes are still needed [3].

3D printing has the capability of fabricating objects
with unparalleled complex shapes and geometries;
thereby it has been demonstrated as a powerful tool to
fabricate thick electrodes with tailored 3D architectures
[17-26]. There are many types of 3D printing technologies
including materials extrusion, vat polymerization,
powder bed fusion, direct energy deposition, and sheet
lamination [18]. Direct ink writing (DIW) is a material
extrusion process that extrudes inks from nozzles to
fabricated 3D object in a layer upon layer fashion. Due
to its simplicity and convenience of processing
composite inks, it has been the most widely used
technology in the fabrication of 3D Li-ion batteries.
For example, Sun et al. [27] fabricated 3D
micro-batteries with interdigitated LiFePO,4 (LFP) and
LisTisOy; (LTO) electrodes and the electrode thickness
was up to ~800 pum. In addition, graphene oxide-based
electrodes [28], LiMn;_,Fe,O4 cathodes [29], LiCoO,
electrodes [30], LiMn,O, electrodes [31], and all-fiber
Li-ion batteries [32], etc., have also been fabricated by
DIW [33-53]. These studies mainly focused on the ink
preparation, rheological properties, and electrochemical
characterization. However, the design principles and
guidelines toward high performance 3D-printed thick
electrodes are yet to be established.

LTO is a promising anode material that has been
selected as the candidate for 3D-printed Li-ion batteries
due to its nearly zero volume change during the
charging and discharging process [53,54]. In this study,
a comprehensive investigation on the effects of various
electrode parameters including the electrode porosity,
active materials’ particle diameter, electronic conductivity,
electrode thickness, line width, and pore size on
electrochemical performance were conducted for 3D
grid porous LTO electrodes. Firstly, the structure and
charge delivery mechanism of 3D grid porous electrodes
were discussed. Then a numerical simulation model
was established to systematically examine these effects.
After that, we fabricated 3D grid porous LTO electrodes
via a low temperature direct writing-based 3D printing
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technology. The microstructure, porosity, pore size and
distribution, mechanical integrity, and electrochemical
performance of 3D-printed LTO electrode half-cell with

Li-foil as the counter electrode were then characterized.

Combining the simulation results and experimental
results, the relationship between the electrode parameters
and electrochemical performance was established. Then
the design guidelines for obtaining 3D grid porous
electrodes with superior performance were discussed.
This study can provide a deep understanding of the
strength and weakness of 3D grid porous electrodes.

2 3D grid porous electrode and its charge
delivery mechanism

The 3D Li-ion battery composed of 3D grid porous
electrodes is shown in Figs. 1(a) and 1(b). 3D grid
porous electrode is a type of thick electrodes that
introduce vertically aligned pores as paths for the
transport of Li-ions. In thin electrodes, Li-ions only
need to penetrate through a thin layer with the
thickness of tens of microns (Fig. 1(c)). While in thick
electrodes, the electrode thickness increases up to
hundreds of microns as shown in Fig. 1(d). With 3D
grid porous electrodes, Li-ions can transport through
the vertically aligned pores instead of the tortuous
paths inside the electrodes, thereby reducing the total
transport distance of Li-ions.

(a) Full battery (b)

ISP,

In 3D grid porous electrodes, the charge delivery
mechanism is shown in Fig. S1 in the Electronic
Supplementary Material (ESM). For the delivery of
Li-ions, there are two major steps: the transport in
solid phase (inside the active material particles) and
the transport in liquid phase (inside the electrolyte).
The active material particle diameter d and the bulk
ionic conductivity are the major factors that impact the
transport in solid phase. Usually, the active material
particle diameter ranges from hundreds of nanometers
to 10 pm. The smaller the diameter is, the faster the ions
travel in solid phase and the better electrochemical
performance at high charge/discharge rates will be.
While for ionic transport in liquid phase, bulk ionic
conductivity of electrolyte or;+ and the total transport
distance L are the major influencing factors. The total
transport distance of Li-ions is determined by several
factors including the electrode tortuosity 7, the electrode
thickness, and the electrode structure. The vertically
aligned pores in 3D grid porous electrodes can help to
reduce the total transport distance and eventually
improve the electrochemical performance of thick
electrodes. While inside the porous electrodes, 7 is a
crucial factor and this value can be tailored by porosity
¢. Reducing 7 by increasing ¢ can help to reduce total
ionic transport distance. Here, the ¢ refers to the
internal ¢ of the electrode and does not include the
macro-pores formed by the space between active
material lines.

/ Current collector
. —— Grid cathode

Separator

Grid anode

, Cathode

Separator

Anode

Fig. 1 Schematic of 3D Li-ion battery and its charge delivery mechanism: (a) 3D Li-ion battery based on 3D grid porous
electrodes, (b) exploded view, (c) charge delivery in thin electrodes, (d) charge delivery in thick electrodes, and (e) charge

delivery in 3D grid porous electrodes.
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As for the transport of electrons, the total transport
distance of electrons L' and electronic conductivity o,
are the major influencing factors. Usually, electrons are
transported through an electrically conductive percolation
network composed of carbon additives. For thick
electrodes, it is very important to ensure that the
electrodes have excellent electronic conductivity. With
more carbon additives involved, a higher electronic
conductivity will be reached. However, a large ratio of
carbon conductive agents means decreased ratio of active
materials and is harmful to energy density. Therefore, it
is highly desirable to construct an effective conductive
network with the least amount of carbon additives.

To sum up, the transport of ions and electrons is
influenced by many factors including geometrical
parameters, microstructural parameters, and active
material properties. To eventually obtain 3D grid
porous thick electrodes with excellent electrochemical
performance, it requires a comprehensive understanding
of the relationship between these influencing factors
and electrochemical performance.

3 Numerical simulations

3.1 Model description

The geometry of 3D grid porous electrodes is shown in
Fig. S2 in the ESM. The major geometrical parameters
include: electrode thickness /4, electrode width w, line
spacing s, line width sy, and pore size s,. Among these
parameters, line spacing equals to the sum of line
width and pore size: s = s + s, To study the
relationship between various electrode parameters and
electrochemical performance of 3D grid porous
electrodes, a numerical model based on COMSOL
Multiphysics was set up. Since 3D grid porous
electrodes have a periodic structure, it can be simplified
with a two-dimensional (2D) half-cell model with
Li-foil as counter electrode (Fig. S3 in the ESM). The
reasonablility of the simplification of the model is
described in more details in the ESM. In this study, we
selected an anode material LTO as the active material
and the process of discharge was simulated with a
discharge cut-off voltage of 1.0 V.

Firstly, we start with the case using the parameters
shown in Table S1 in the ESM. These parameters were
determined based on commercial Li-ion battery
configuration. The electrode thickness 4 was 0.3 mm

and the value was approximately 10 times of
conventional thin electrodes. The line width s; was
0.25 mm and macro-pore size s, was 0.1 mm. The
volume fraction of active material ¢,y sub-material
osub (conductive agents and binders), and & (excluding
the space between active material lines) was 40%, 15%,
and 45%, respectively, and @at + @sp + &€ = 1. The
particle diameter of active material d was 10 ym and o
was 100 S'm .

3.2 Results and discussion

Figure 2 shows the comparison of 0.3 mm thick planar
electrodes without vertical path and 0.3 mm thick 3D
grid porous electrodes with vertical path. For planar
electrodes, simulation results show that Li-ions can
only transport vertically inside the tortuous electrode
and reach the reaction sites from the top to the bottom
(Fig. 2(a)). While for 3D grid porous electrodes,
Li-ions may optionally go down through the vertically
aligned pores, transversely get into the electrode, and
then transport inside the electrode to reach the reaction
sites (Fig. 2(e)). For the top part of the 3D grid
electrodes, Li-ions mainly transport vertically inside
the electrodes since the top part is close to the Li-foil.
While for the bottom part, Li-ions mainly transport
vertically through the macro-pores, and then
transversely get into the electrode to reach the reaction
sites. Figures 2(b)-2(d) and 2(f)-2(h) show the Li-ion
concentration contour of planar electrodes and 3D grid
porous electrodes at the end of discharge with the rate
of 1.0, 2.0, and 5.0 C. It clearly shows that 3D grid
porous electrodes enable more active materials
involved in the electrochemical reactions than planar
electrodes. This leads to increased specific capacities at
various discharge rates (Fig. S4 in the ESM). The
specific capacities at 1.0, 2.0, and 5.0 C increase from
99.6, 49.9, and 9.1 to 150.8, 98.9, and 25.8 mAh-g ',
respectively. These results verify the effectiveness of
3D grid porous electrodes in improving the reaction
kinetics and electrochemical performance.
Furthermore, the effects of electrode porosity &,
active material particle d, electrode thickness #,
electrode electronic conductivity o., line width s;, and
pore size s, on the electrochemical performance were
systematically evaluated. Firstly, increasing porosity
has positive effects on improving the specific capacities
at high discharge rates (Fig. 3(a) and Fig. S5 in the
ESM). As for the 0.3 mm thick grid porous electrodes,
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Fig. 2 Comparison of planar thick electrodes without vertical path and 3D grid porous thick electrodes with vertical path.
(a) Electrolyte current density and direction for 0.3 mm planar thick electrodes; (b—d) Li-ion concentration at the end of
discharge at 1.0, 2.0, and 5.0 C for 0.3 mm planar thick electrodes, respectively. (¢) Electrolyte current density and direction for
0.3 mm 3D grid porous electrodes, respectively; (f~h) Li-ion concentration at the end of, respectively discharge at 1.0, 2.0, and

5.0 C for 0.3 mm 3D grid porous electrodes, respectively.

the specific capacity at 5.0 C increases from 25.8 to
97.1 mAh-g~' when the porosity increases from 45% to
65%. To be noted, the actual porosity of 3D electrodes
fabricated by low temperature direct writing was
between 60% and 70%; thereby, the porosity of 65%
was selected.

Secondly, reducing the active material particle
diameter is also helpful for improving the specific
capacity due to enhanced Li-ion transport in the solid
phase (Fig. 3(b) and Fig. S6 in the ESM). As for the
0.3 mm thick grid porous electrodes, the specific
capacity at 5.0 C increases from 25.8 to 49.2 mAh~g71
when the particle diameter decreases from 10 to 2 pm.
However, when the particle diameter reduces to less
than 2 pm, further reduction seems to have little impact
on the electrochemical performance. By simultaneously
increasing porosity to 65% and reducing particle
diameter to 2 um, an impressive specific capacity of
over 130 mAh g '@5.0 C can be achieved for 0.3 mm
thick grid porous electrodes (Fig. 3(c)). As for the
electrode electronic conductivity, it has little effect on
the electrochemical performance when it is over
10 S'm™" (Fig. 3(c) and Fig. S7 in the ESM). However,
poor electronic conductivity shall result in remarkable
deterioration of performance if it is below 1.0 S‘m™".

Although the synergistic effect of simultaneously
increasing porosity to 65% and reducing active
material particle diameter to 2 pm achieved excellent
results for 0.3 mm thick 3D grid porous electrodes, it is
not enough to overcome the charge delivery limitations
at high charge/discharge rates with the further increase
of electrode thickness to 0.6 mm or above (Fig. 3(d)
and Fig. S8 in the ESM). For example, the specific
capacity at 5.0 C decreases from over 130 mAh-g' to less
than 50 mAh-g ' when the electrode thickness increases
from 0.3 to 0.6 mm.

Reducing line width is also beneficial for the
improvement of electrochemical performance due to the
reduction of Li-ion transport distance inside the electrode,
but the improvement is not evident at high charge/
discharge rates (Fig. 3(e) and Fig. S9 in the ESM). In
addition, reducing pore size is found to have slight
adverse effect on the high charge/discharge rate perfor-
mance, possibly due to reduced electrolytes resulted from
smaller pore size (Fig. 3(f) and Fig. S10 in the ESM).

To sum up, the electrochemical performance of 3D
grid porous electrodes is influenced by many factors
including electrode porosity, active material particle
diameter, electronic conductivity, electrode thickness,
line width, and pore size. These factors play different
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Fig. 3 Effects of various electrode parameters on the electrochemical performance: (a) specific capacity variation with
discharge rate for 0.3 mm thick 3D grid porous electrodes with different porosities (d: 10 um), (b) specific capacity variation
with discharge rate for 0.3 mm thick 3D grid porous electrodes with different active material particle diameters (¢: 45%), (c)
specific capacity variation with discharge rate for 0.3 mm thick 3D grid porous electrodes with different electronic
conductivities (¢: 65%, d: 2 pm), (d) specific capacity variation with discharge rate for 3D grid porous electrodes with different
thicknesses (e: 65%, d: 2 pm), (e) specific capacity variation with discharge rate for 0.9 mm thick 3D grid porous electrodes with
different line widths (e: 65%, d: 2 pm), and (f) specific capacity variation with discharge rate for 0.3 mm thick 3D grid porous

electrodes with different pore sizes (&: 65%, d: 2 pm).

roles and impact the electrochemical performance at
different levels. To eventually obtain 3D grid porous
thick electrodes with excellent electrochemical
performance, it is very important to determine the
design guidelines based on the comprehensive
understanding of the relationship between various
influencing factors and electrochemical performance.

4 Experimental

To verify the results obtained with numerical simulation,
we fabricated 3D grid porous LTO electrodes via a low
temperature direct writing-based 3D printing process.
Then we experimentally investigated the influence of
various factors on electrochemical performance.
Through the combination of simulation results and
experimental results, a comprehensive understanding
of the strength and weakness of 3D grid porous
electrodes was obtained. Then basic guidelines for
designing 3D grid porous electrodes with excellent
electrochemical performance were proposed.

4.1 Ink preparation

To successfully maintain the shape during the printing
process, ink properties, especially rheological properties
are very important. Meanwhile, it is essential that the
printed electrodes have excellent electronic conductivity
so that efficient transport of electrons can be realized.
In this study, we used highly conductive Ketjen black
(KB; median diameter Dso: 30 nm, purchased from
MTI Co., Ltd., Shenzhen, China) and multi-walled
CNTs (MWCNTs; diameter: 8—15 nm, length: ~50 pm,
purchased from XFNano Co., Ltd., Nanjing, China) to
construct a hybrid conductive network in the electrodes
to improve the electronic conductivity (Fig. S11 in the
ESM). In this hybrid conductive network, KB particles
form short-range conductive pathways and one-
dimensional (1D) MWCNTs form long-range conductive
pathways.

Firstly, MWCNT was dispersed into a mixed solvent
composed of deionized water and 1,4-dioxane by
ultrasonic dispersing with MWCNT concentration of
2.5 wt% to obtain a well-dispersed MWCNT solution.
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The ratio of deionized water to 1,4-dioxane was 3:1.
Then the mixed powder of LTO (purchased from MTI
Co., Ltd., Shenzhen, China) and KB was balled milled
for 12 h. 1.5 wt% binder, carboxymethyl cellulose
(CMC; purchased from MTI Co., Ltd., Shenzhen,
China), was added to MWCNT solution and magnetically
stirred for 24 h. Then LTO/KB mixed powder was
dispersed into the CMC/MWCNTs solution with a
vacuum mixer to obtain a homogeneous ink. After that,
the ink was filtered with a screen mesh to remove large
clusters. The total solid content of LTO powder, KB,
and MWCNTs was 40 wt%. The ink composition is
shown in Table S2 in the ESM and the content of
LTO:KB:MWCNTs was 6.17 g : 0.25 g : 0.25 g. To obtain
an ink with the optimal electronic conductivity, we
prepared inks with different ratios of KB and MWCNTs.
Then the variation of electronic conductivity with
conductive agent content was measured with a four-
point probe machine (HPS2661, Helpass Technology, Co.,
Changzhou, China). Based on the electronic conductivity,
the optimal ink composition was determined.

4.2 Fabrication

The prepared LTO ink was loaded into a syringe and
extruded through a nozzle with the diameter of ~210 pm
in a low temperature chamber (—20 °C) and frozen to
form 3D grid porous electrodes. Then the electrodes
were freeze-dried to remove solvents using a vacuum
freeze-drying machine (FreeZone 4.5, Labconco Co.,
Ltd., USA). With this technology, highly porous
electrodes with the porosity of up to 60%—70% can be
obtained. The printed 3D grid porous electrodes were
assembled into coin cell (CR2450) with Li-foil as the
counter electrode. In this process, 0.5 mm thick foam
copper and Celgard 2400 separators (purchased from
MTI Co., Ltd., Shenzhen, China) were used to
assemble the coin cells.

4.3 Characterization

The electrode electronic conductivity was measured
with a four-point probe machine. The rheological
properties of LTO ink were measured on a commercial
rheometer (MCR 702, Anton Paar GmbH, Graz,
Austria). The size distribution of LTO active material
was measured with a laser particle sizer (ZEN3690,
Malvern Panalytical, Malvern, UK). The microstructures
were characterized by the optical microscope (VHX-
5000, Keygence, Osaka, Japan) and the scanning

electron microscope (SEM; Supra55 Sapphire, Carl
Zeiss, Oberkochen, Germany). The compressive
mechanical properties of printed 3D grid porous
electrodes were measured on a material testing machine
(ElectroPuls E1000, Instron, Boston, USA). The
porosity, pore size, and distribution were measured by
mercury porosimetry (AutoPore 1V9510, Micromeritics,
Norcross, GA, USA). Electrochemical performance
including the charge/discharge, rate capacities, and
cycling performance was measured by an LAND test
system (CT2001, LANHE, Wuhan, China).

4.4 Results and discussion

The variation of electronic conductivity with conductive
agent content is shown in Fig. S12 in the ESM. The
intrinsic electronic conductivity of LTO is very low
(~10""" S'm™"). While carbon conductive agents have
very high electronic conductivity. The compressed disk
of pure KB, MWCNTs, and acetylene black had an
electronic conductivity of 651, 417, and 168 S'm ',
respectively. By percolating LTO with different ratios
of conductive agents, the electronic conductivity was
improved to 0.1-36 S'm"'. Results show that LTO/KB/
MWCNT composite electrode containing hybrid
conductive network has much higher electronic
conductivity than LTO/KB electrode. This indicates
that more effective transport of electrons can be
obtained through this hybrid conductive network. In
this study, a total content of 7.5 wt% with the ratio of
KB:MWCNTs = 1:1 was selected due to its excellent
electronic conductivity (22.73 S'm') and relatively
low mass ratio.

In addition to electronic conductivity, ink rheological
properties are also very important. Apparent viscosity
Napp decreases with the increase of shear rate exhibiting
notable shear-thinning characteristics that is essential
for 3D printing (Fig. 4(c)). #app values of printable inks
are in the same range as our previous study [54]. The
storage modulus G’ is larger than the loss modulus G”
when the shear stress is below the intersection point of
two curves, indicating that the prepared ink exhibits
solid-like characteristics at low shear stress (Fig. 4(c)).
Meanwhile, when the shear stress is beyond the
intersection point, G” is larger than G, indicating that
the ink exhibits liquid-like characteristics at high shear
stress. This feature enables the ink flow through the
syringe nozzle like liquid when external pressure is
applied and maintain its shape like solid when external
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Fig. 4 Morphologies, ink rheological properties, microstructures, and compressive strength of 3D printed grid porous
electrodes: (a) schematic of the printing process; (b) top view, magnified top view, and side view of the electrodes; (c) variation
of apparent viscosity with shear rate; (d) storage modulus G’ and loss modulus G"’; (e) variation of electrode height with number
of layers; (f, g) SEM microstructures; and (h) compressive behavior of printed electrodes with 18 layers.

pressure is removed once it is deposited onto the
building plate. In this study, 1.5 wt% CMC concentration
was selected. Based on the electronic conductivity and
rheological properties, the final ink composition with
the total solid content of ~40 wt% is listed in Table S2
in the ESM.

Once the ink was prepared, the next step was to
optimize the printing process. The major printing
parameters include: extrusion speed v;, scanning speed
vs, and layer thickness A;. The process was optimized
with L9(3%x3) orthogonal experiments. Processing
parameters and fabrication results are listed in Table S3
and Fig. S13 in the ESM, respectively. 3D grid porous
electrodes with the dimensions of 14 mm x 14 mm
were fabricated. The top view, magnified top view, and
side view of the electrodes are shown in Fig. 4(b). With
the nozzle diameter of 210 um, the line width of printed
electrodes is about 294 um. The actual height of printed
electrodes was measured and plotted in Fig. 4(e). Results

show that the actual height is about 85% of the
theoretical height. Although some height reduction was
observed, the printed electrodes were able to successfully
maintain its shape during the printing process.

The particle size distribution of LTO powder is
shown in Fig. S14 in the ESM. The average particle
size was 409.5 nm with two peaks of 409 nm and
5.208 um. Most of the particles were below 1 um. The
SEM images of 3D printed grid porous electrodes are
shown in Figs. 4(f) and 4(g). MWCNT chains and KB
particles are observed in the electrodes and form
combined short-range and long-range hybrid conductive
network. The compressive properties of electrodes
with 18 layers show that 3D printed electrodes have
excellent mechanical properties (Fig. 4(h)). They did
not crush when the height reduced over 25% and the
compression force was over 200 N. The excellent
mechanical properties are beneficial to the long-term
use of these 3D grid porous electrodes.
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Porosity, pore size, and distribution were characterized
by mercury porosimetry. The mercury intrusion pressure
ranged from 3.64x10° MPa to 378 MPa corresponding
to the pore size of 345 pm to 3.45 nm. The cumulative
pore volume versus pressure and incremental pore
volume versus pressure are shown in Fig. 5(a). The
pore size distribution is shown in Fig. 5(b). Three
peaks of pore size with the size range of 50200 nm,
2—10 um, and 100-200 pum are observed indicating that
hierarchically porous structures were obtained in the
electrodes. The measured porosity was 71.85%. To be
noted, the porosity, pore size, and pore size distribution
do not include the vertically aligned macro-pores
formed by the space between the active material lines.

3D grid porous LTO electrodes with 4 layers, 8
layers, and 12 layers were fabricated. The corresponding
thickness is ~350, ~760, and ~1085 pum and the areal
mass loading is 12.89, 26.36, and 39.44 mg-cmﬁz,
respectively. The charge/discharge curves at rates from
0.2 to 5.0 C were measured with the cut-off voltage of
2.5 and 1.0 V as shown in Figs. 6(a)-6(c). It can be seen
that at low discharge rates of 0.2, 0.5, and 1.0 C, the
discharge capacities are able to reach ~150 mAh-g ' or
above even for electrodes with the thickness of over
1 mm. When the discharge rate increases to 5.0 C,
4-layer electrode exhibits an impressive specific
capacity of ~120 mAh-g'. With the increase of
electrode thickness, the discharge specific capacity at
5.0 C decreases sharply to less than 20 mAh-g . These
experimental results are consistent with simulation
results. This indicated that electrode thickness has huge
impacts on the electrochemical performance at high
discharge rates over 2.0 C. However, it is worth noting
that even for electrodes with the thickness of 1085 pm,
the specific capacity at 1.0 C is able to maintain above
an impressive value of 145 mAh-g”'. The specific
capacities at rates of below 1.0 C of all thick electrodes
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are comparable to conventional coated thin electrodes
[53]. However, at high discharge rates of over 2.0 C,
the specific capacities of 8-layer electrode and 12-layer
electrode are lower than coated ones.

The variation of areal capacity with discharge rates
is shown in Fig. 6(c). In general, the areal capacity
increases with the increase of electrode thickness. For
the 4-layer electrode, the areal capacity is ~2 mAh-cm
and decreases slightly with the increase of discharge
rate. When the thickness is 1085 pm, the areal capacity
increases to 6.37 mAh-cm “@0.2 C and 5.88 mAh-cm °@
1.0 C. These values are higher than the values of
4.8 mAh-cm *@0.2 C and 3.6 mAh-cm ‘@2.0 C
reported in our previous study due to increased
electrode thickness and higher areal mass loading [53].
In addition, Sotomayor et al. [55] reported a power
extrusion moulding method to fabricate additive-free
thick LTO electrodes with the thickness of 500 pum and
areal capacity of 15.2 mAh-cm 2, but this value can
only be achieved at a very low discharge rate of 1/24 C.
For the 8-layer and 12-layer electrodes, the areal
capacity decreases remarkably when the discharge rate
is over 2.0 C. From the Ragone plot that characterizes
the relationship between areal power density and areal
energy density (Fig. 6(f)), it can be seen that the energy
density decreases only slightly when the discharge
rates are below 1.0 C indicating that the trade-off between
energy density and power density can be largely
alleviated with 3D grid porous electrodes. When the
electrode thickness is 1085 um, the power density and
energy density at 1.0 C are 8.04 mW-cm ° and
28.95 J-cm 2, respectively. These values are much higher
than previously reported values (Fig. 6(f)) [25,39].
Howerver, when the discharge rate is over 2.0 C, the
thick electrodes show serious decay of both energy
density and power density. These results indicate that
this type of 3D grid porous thick electrodes is suitable
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Fig. 5 Pore size and distribution of 3D printed grid porous electrodes: (a) cumulative and incremental pore volume versus

pressure and (b) pore size distribution.
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for those occasions that require high energy density but
do not operate at high rates.

To evaluate the effects of line width on the electro-
chemical performance, 8-layer electrodes (electrode
thickness: 760 um) with the line width of 294, 266, and
220 um were fabricated via 27, 30, and 32 G syringe
needle, respectively (Figs. S15(a)-S15(c) in the ESM).
The charge/discharge curves of electrodes with the line
width of 294 pm are shown in Fig. S15(d) and the
charge/discharge curves of electrodes with the line
width of 266 and 220 um are shown in Fig. S15(d) and
Fig. S15(e) in the ESM. The comparison of rate
performance is shown in Fig. S15(f) in the ESM. It can
be seen that when the line width decreases to 220 um,

the specific capacity at 5.0 C increases from less than
20 to ~35 mAh-g". The limited improvement suggests
that reducing line width does not have significant
effects on improving the electrochemical performance
at high discharge rates for electrodes with the thickness
of over 600 um. This is consistent with simulation
results.

To evaluate the effects of pore size on the electro-
chemical performance of 3D grid porous electrodes,
4-layer electrodes (electrode thickness: ~350 um) with
the pore size of 675, 460, and 269 um were fabricated
by varying the line spacing (0.1, 0.08, and 0.06 mm,
respectively) (Figs. S16(a)-S16(c) in the ESM). The
charge/discharge curves of electrodes are shown in
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Figs. S16(d) and S16(e) in the ESM, respectively. The
comparison of rate performance is shown in Fig. S16(f)
in the ESM. It can be seen that when the discharge rate
is below 1.0 C, the reduction of pore size has
negligible effects on specific capacities. However, the
specific capacity at 5.0 C declines with the reduction
of pore size and this is in accordance with simulation
results. Smaller pore size means reduced volume
fraction of electrolyte and increased volume fraction of
active materials, thereby resulting in the decline of
specific capacity at high rates. Meanwhile, more
evident reduction than simulation results is observed.
The possible reason is that the 2D simulation model
cannot completely reflect the effects of pore size on
electrochemical performance for a 3D grid porous
structure. However, it is worth noting that the specific
capacity at 2.0 C remains above 120 mAh~g71 even
when the pore size reduces to 269 pm.

The cycling performance of the 4-layer electrode,
8-layer electrode, and 12-layer electrode was also
measured with 100 cycles at 1.0 C (Figs. S17-S19 in
the ESM). Results show that all electrodes exhibit
nearly 100% coulombic efficiency. After 100 cycles,
the specific capacity of 4-layer electrode is able to
maintain ~145 mAh-g' and no capacity fading is
observed (Fig. S17 in the ESM). While for the 8-layer
and 12-layer electrodes, the specific capacity decreases
to ~131 and ~120 mAh-g ', respectively, with the
capacity retention rate of 84.8% and 82.6% after 100
cycles. These results indicate that the cycling
performance might deteriorate with the increase of
electrode thickness. The influence of electrode thickness

on cycling performance still requires further investigation.

In addition, mechanical integrity is crucial for the
long-term use of 3D grid porous thick electrodes. As a
result, the cells were disassembled after 100 cycles and
the thick electrodes are shown in Fig. S20 in the ESM.
Results show that these thick electrodes are able to
maintain its initial shape and no breaking-off was
observed after 100 cycles.

To be noted, the introduction of vertically aligned
pores and increased porosity play a ‘“double-edge
sword” dual role. On the one hand, it has the potential
to overcome the charge delivery limitations of thick
electrodes and make it possible for the electrode
thickness increase up to over 1 mm. On the other hand,
it will undermine the volumetric density of active
materials and damage energy density. This “double-
edge sword” effect requires further investigation.

5 Conclusions

3D grid porous LTO electrodes with vertically aligned
pores were investigated in this study. Firstly, the
structure and charge delivery mechanism were
discussed. Then numerical simulations were performed
to systematically evaluate the effects of electrode
porosity, active material particle diameter, electronic
conductivity, electrode thickness, line width, and pore
size on electrochemical performance. Afterward,
4-layer, 8-layer, and 12-layer electrodes with the
thicknesses of ~350, ~760, and ~1085 um, respectively,
were fabricated via low temperature direct writing.
Simulation and experimental results show that by
introducing vertically aligned pores and increasing
porosity, it is able to overcome the charge delivery
limitations below 1.0 C. Even for 1085 pm thick
electrodes, the specific capacity at 1.0 C can reach over
140 mAh-gfl. The results indicate that the trade-off
between energy density and power density at charge/
discharge rates of below 1.0 C can be largely alleviated
with the introduction of 3D grid porous electrodes.
However, when the discharge rate is over 2.0 C, these
thick electrodes exhibit relatively serious decay of both
energy density and power density. To conclude, this
type of 3D grid porous thick electrodes is suitable for
those occasions that require high energy density at
charge/discharge rates of below 1.0 C, but not
appropriate for those applications that operate at high
discharge rates of over 2.0 C.
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