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in the energy and power can be made by 
increasing the amount of the active mate-
rials in the electrodes via thick or com-
pacted electrodes, and is typically referred 
to as high mass loading. Despite this,  
increasing the mass loading of electrodes 
has substantial limitations. First, the trans-
port of lithium ions and electrons through 
the entire electrode is hindered due to the 
creation of long paths for Li+ ion trans-
port.[7] Second, a high amount of active 
materials used in a thick electrode causes a 
reduction in the mechanical stability of the 
electrode due to increased internal stress 
generation during cycling.[1,5] Thus, careful 
design through innovative and facile fab-
rication techniques for LIB electrodes 
is required to meet the future energy 
demands.[7,8]

Conventionally, battery electrodes are 
fabricated by the tape casting method,[9–11] 
where a mixture of active materials, con-
ducting materials, and binders are cast 
onto a current collector yielding a planer 
laminated composite structure. In this 
method, the key factors for increasing 

both areal capacity (mAh cm−2) and active material utiliza-
tion are electrode thickness, mass, and porosity. Particularly, 
forming a thick electrode is a straightforward approach to maxi-
mize use of active materials and minimize inactive material 
amounts to enhance battery energy density.[12–14] As mentioned, 
however, increasing the thickness of a battery electrode by 
using high active material loading faces significant challenges 
including: a compromise between energy density and power; 
large limitations in ionic transport due to long diffusion path-
ways (LDP); and poor mechanical stability. One work reported 
a 600 µm thick hybrid NMC-811 cathode mixed with solid-state 
electrolyte material was reported, where the total thickness was 
the sum of cathode and solid electrolyte thickness and only 
30% solid loading of the NMC-811 active material was in the 
total hybrid structure of the electrode.[12] In another work, an 
ultrathick electrode (500 µm) was developed via a freeze-drying 
method, where a gum binder was mixed with single walled 
carbon nanotubes to improve contact between the active mate-
rials (NMC-811, LiNi0.8Mn0.1Co0.1O2), and a high mass loading 
of 511 mg cm−2 and areal capacity of 79.3 mAh cm−2 could be 
achieved. However, the cells showed huge degradation from 
the first cycle and the cells failed in 15 cycles. Furthermore, at 
a low mass loading the areal capacity decreased significantly, 
indicating that a higher total capacity was made by increasing 

Thickening electrodes is one effective approach to increase active mate-
rial content for higher energy and low-cost lithium-ion batteries, but limits 
in charge transport and huge mechanical stress generation result in poor 
performance and eventual cell failure. This paper reports a new electrode fab-
rication process, referred to as µ-casting, enabling ultrathick electrodes that 
address the trade-off between specific capacity and areal/volumetric capacity. 
The proposed µ-casting is based on a patterned blade, enabling facile fabrica-
tion of 3D electrode structures. The study reveals the governing properties 
of µ-casted ultrathick electrodes and how this simultaneously improves 
battery energy/power performance. The process facilitates a short diffusion 
path structure that minimizes intercalation-induced stress, improving energy 
density and cell stability. This work also investigates the issues with struc-
tural integrity, porosity, and paste rheology, and also analyzes mechanical 
properties due to external force. The µ-casting enables an ultrathick elec-
trode (≈280 µm) that more effectively utilizes NMC-811 (LiNi0.8Mn0.1Co0.1O2) 
cathode and mesocarbon microbeads anode active materials compared to 
conventional thick electrodes, allowing high-mass loading (35.7 mg cm−2), 
40% higher specific capacity, and 30% higher areal capacity after 200 cycles, 
high C-rate performance, and longer cycle life.
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1. Introduction

For modern portable electronic devices and electric vehicles, it 
is necessary to increase the performance of lithium-ion batteries 
(LIBs) to achieve high energy and power density.[1–4] Though 
numerous new materials have been introduced, the perfor-
mance depends not only on battery material but also on the 
structure of the electrodes, where the optimization of the bat-
tery architecture is critical.[4–6] In LIB performance studies, one 
of the most common metrics is the gravimetric capacity or the 
specific capacity (mAh g−1) of the electrode materials. However, 
only having a high specific capacity is not sufficient to meet the 
battery performance needs since the total energy and power 
are also limited by area and volume. Eventually, an increase 
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the electrode mass at a fixed area.[11] Therefore, it is neces-
sary to form a thick electrode having a high amount of active 
material while maintaining good cyclability. A prospective 
approach to utilize higher active material amounts is by imple-
menting 3D geometries, which can facilitate the formation of 
a short diffusion path (SDP). An SDP geometry is defined by 
the presence of short, relatively straight, and nonwinding dif-
fusion paths, which promotes fast ion transport and enhanced 
electrochemical reaction sites through a higher interfacial area 
between the anode and cathode.[1,7,8,14–17] Three-dimensionally 
structured SDP electrode designs have opened a new horizon 
for achieving improved LIB performance by enhancing ion 
transport and several approaches have been observed to make 
SDP electrodes at the microscale, which is related to the pore 
structure that is in turn affected by active particle shapes and 
orientation, and the macroscale, which relates to the homoge-
neity of local porosity.[3,7,8,14–16]

Recently, large improvements in the formation of 3D elec-
trode architectures have been made by advanced manufacturing 
techniques such as aerosol jet printing and extrusion-based 3D 
printing techniques, which have garnered popularity due to 
flexible processing that can easily produce complex geometric 
designs with a wide selection of materials.[18–24] The aerosol jet 
printing technique has permitted the controlled formation of 
complex architecture electrodes based on silver metal.[20] How-
ever, the interdigitation between the complex shaped electrodes 
cannot be well achieved due to the technique’s sensitivity to its 
manufacturing parameters, such as jet pressure and subsequent 
aerosol flow. On the other hand, electrodes formed through the 
extrusion-based printing have shown to offer marked improve-
ment in battery performance,[25–27] where a novel hybrid 3D 
structured with SDP electrode was developed and was able to 
overcome the limitations of conventional laminated composite 
LDP electrodes. A high interfacial area could be formed by 
utilizing the 3D structured electrode, and allowed facile ion 
diffusion via a high contacting area and shortened ion diffusion 
path to achieve higher power (2.3 mW cm−2) and energy den-
sity (64.6 J cm−2) as compared to the conventional laminated 
electrode structure.[15,16] Different thick electrodes (600  µm) 
have been developed using higher amounts of nonconductive 
and nonactive materials to withstand the architecture, which 
can enhance the areal capacity by sacrificing 70–90% of their 
specific capacity due to poor contact between the active mate-
rials and long Li+ ion diffusion path.[9,15,18,29–38] While many 
additive manufacturing techniques have been applied in the 
fabrication of 3D battery structures, the majority of these works 
are focused on developing microbatteries and few works con-
sider the impact of the processing on active particle percola-
tion and the resulting pore structure. Furthermore, traditional 
3D printing-based battery manufacturing technologies face 
efficiency challenges related to their time-consuming, compli-
cated, and costly fabrication process.[13]

Herein, a new process is proposed for the fabrication of SDP 
3D structured LIB electrodes, which is called a 3D microcasting 
(µ-casting) process (US10804524B2).[27] In this approach, a 
3D patterned doctor blade is introduced to prepare ultrathick 
3D structured electrodes through tape casting, foregoing the 
complicated and time-consuming processes of conventional 
advanced manufacturing techniques to create a 3D geometry. In 

this process, a conventional doctor-blade is first used to make a 
planer base, and then the proposed µ-casting is conducted with 
a patterned 3D doctor blade to form a 3D patterned geometry 
from the planar base. The proposed µ-casted structured elec-
trodes presents four vital battery performance advantages: 1) 
boosted active materials utilization by the formation of SDPs, 
which reduced distances between anode particles and cathode 
particles to achieve higher power performance by enhanced 
transport of electrons and ions; 2) enablement of ultrathick 
electrodes, which could achieve up to five times higher mass 
loading than conventionally fabricated electrodes, permitting 
both high specific and areal capacity without compromise; 3) 
sufficient structural integrity between the 3D structured anode 
and cathode to fabricate a interdigitated design between LIB 
components; and 4) low-cost manufacturing setup and exceed-
ingly facile processing compared to the current technologies for 
making 3D electrode structures. In this work, ultrathick NMC-
811 (LiNi0.8Mn0.1Co0.1O2) cathodes and mesocarbon micro-
beads (MCMB) anodes (≈280  µm thick and 35.73  mg cm−2)  
could be successfully fabricated and were compared with the 
conventional laminated structured battery electrodes (5–12 mg; 
3.25–7.8  mg cm−2 for anode and cathode). Conventionally a 
higher specific capacity is achieved by manufacturing thin 
electrodes.[37,39] The impact of the casting paste properties 
(paste viscosity and shear stress) with the resulting electrode’s 
structural integrity was studied by considering the ratios of the 
paste constituent materials, where the paste properties were 
then optimized. The paste properties were also used to control 
the porosity and to establish mechanical structural integrity and 
strength utilizing the SDP structure. The interdigitated array of 
the 3D anode and cathode was then investigated in terms of 
feature shape postdrying and the resulting interface between 
the cathode, anode, and separator. The mechanical strength 
of the electrode assembly was measured by applying external 
load to understand the strength of the µ-casted electrode. More-
over, the mechanical degradation can happen due to long term 
cycling of the electrodes by stress generation and so it was also 
evaluated after long term cycling, where µ-casted electrodes 
showed less defect formation than the conventional laminated 
electrodes. To understand the stress generation in individual 
particles and its correlation to the electrode level behavior, a 
modeling study was conducted by coupling the analyses of the 
microscale stress and macroscale stress from the Li+ ion par-
ticle level to the µ-casted electrode level. The simulation results 
support the mechanical degradation results, where the stress 
generation in the µ-casted electrode was mitigated compared to 
the conventional laminated structured electrode.

2. Results and Discussion

The SDP structure design facilitates the ionic movement in the 
electrodes, allowing for more active material utilization in the 
developed µ-casting process enables ultrathick electrodes. For 
this, a patterned doctor blade (Figure 1a) is manufactured via 
electrical discharge machining (EDM). The overall procedure 
for the µ-casting process is illustrated in Figure  1b and dig-
ital images of the µ-casting doctor blade, µ-casted anode, and 
µ-casted cathode are attached in Figure S6 of the Supporting 
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Information. More details are described inthe Experimental 
Section.

Figure  1c shows schematic diagrams for a conventional 
casted structure with LDP and the proposed 3D design with 
SDP. The ion diffusion path determines the performance of the 
battery (such as specific capacity, areal capacity, etc.). A longer 
diffusion path creates a long travel path for lithium ions, which 
hinders the transfer of Li+ ions and lowers the battery perfor-
mance. Conventional electrodes are intentionally fabricated as 
thin layers (60 µm) to lower the ion diffusion path. Because the 
thick conventional simple flat structure creates a long travel dis-
tance for Li+ ions between the anode and cathode, a high Li+ 
concentration gradient is developed that consequently yields 
poor utilization of active materials. On the other hand, the SDP 
design enables shorter Li+ ion diffusion pathways in ultrathick 
electrodes, permitting the maximum amount of the active 
materials to be utilized for both the anode and cathode. More-
over, thick conventional laminated electrodes have an increased 
presence of LDP and random paths which impedes ion transfer, 
limiting electrodes to very thin structures (3.25–7.8 mg cm−2) to 
avoid performance losses as a result of poor ion transport.[37] 
Before going into the µ-casting process, the impact of the 
electrode thickness was investigated based on the electrodes 
with LDP designed conventional laminated structures using 

8 CR2032 coin cells for each case (Figure S10, Supporting 
Information). Both types of cells were cycled for 20 cycles at 
0.1 C and then 80 cycles at 0.5 C. As expected, the thick elec-
trodes (140 µm) showed lower specific capacity than those from 
the thin electrode (60 µm). After 20 cycles at 0.1 C, the overall 
average capacity is 175 mAh g−1 for the thin electrodes and 
155 mAh g−1 for thick electrodes, which align with the reported 
values.[14] As the C-rate increased to 0.5 C, the capacity became 
lower for both thin (155 mAh g−1) and thick (132 mAh g−1)  
electrodes and the thin electrode showed better performance 
(Figure S10, Supporting Information).

2.1. Paste Characteristics and Porosity

The electrode performance depends on its porosity, where an 
optimal porosity that yields the best electrochemical perfor-
mance exists. In particular, calendaring is an important process 
in the battery manufacturing process and contributes signifi-
cantly to the control of the electrode porosity. The electrodes 
become compacted during calendaring, which enhances the 
mechanical stability, controls the porosity of the electrode.[40] 
However, the porosity of an electrode evolves regardless of 
the calendaring process, where electrode drying postcasting 

Figure 1.  a) Schematic diagram of a patterned 3D doctor blade for µ-casting. b) µ-casting fabrication process to form ultrathick electrodes by using 
a conventional doctor-blade followed by 3D doctor blade (i), followed by drying and heating (ii), followed by cutting according to CR 2032 coin cell 
anode and cathode size (iii) and finally the coin cell-assembly of the battery (iv); and c) efficient utilization of the active materials by SDP structured 
thick electrodes compared to LDP structure thick electrodes due to shorter ion movement pathway.

Adv. Energy Mater. 2022, 12, 2201353
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initiates the porosity growth and is dictated by the composition 
(material and solvent ratios) and paste properties of the elec-
trode casting paste. To control porosity in the 3D structures via 
the µ-casting process, the paste composition and properties 
were considered with respect to the features to be retained after 
drying, including the impact of the solution solid loading (SL, 
volumetric ratio of solids in a solution). These qualities are all 
connected by two key physical properties of the casting paste: 
viscosity and shear stress, where those paste properties are 
important for the final porosity of the electrode and in obtaining 
a controlled 3D shape with good structural integrity.[11,24]

To establish the desired structure, it is very important to 
optimize the paste properties. By using higher solid loading, 
the paste viscosity and the shear stress were increased, which 
can maintain the integrity of the structured electrodes. In our 
previous work related to a similarly structured 3D electrode, a 
30% SL showed the best performance than lower and higher 
SL%[14,33] and was initially considered for the µ-casting pro-
cess but when used to fabricate electrodes using the µ-casting 
process, the structure could not be retained and collapsed. 
The SL was then increased to 40%, where the structure could 
then be maintained without collapse. Increasing the SL per-
centage more than 40% SL decreases the porosity of the elec-
trode, which could result in low cycling performance,[14,33] 
and thus higher SL were not considered. To understand why 
a 30% SL could not maintain the structural integrity of the 
3D µ-casting electrode whereas a 40% SL could, a rheological 
measurement (Figure 2a) of the paste was done to observe 
the standoff stress of different SL and it indicated that both 
pastes exhibited a shear-thinning behavior as the stress was 
decreased by increasing the shear rate. Among them, the 40% 
SL paste showed higher standoff shear stress and higher vis-
cosity at higher shear rate than the 30% SL. As a result, the 
40% SL paste had better structural strength to avoid collapsing 
and had the ability to maintain the µ-casted 3D architecture 
after the heating and drying process (patterned structure can 
be seen in Figure 2b), whereas the 30% SL could not maintain 

the 3D structure and collapsed during the heating process (no 
structure can be seen in Figure 2c). Furthermore, a trapezoidal 
shape was observed including curved corners on the structure 
shown in Figure 2b, which occurred when the solvent was evap-
orated during the heating process and the 3D architecture col-
lapsed to a slight extent. It is notable that the structure could 
not be formed when a lower solid loading was used, shown 
in Figure 2c. Another main limitation of the thick electrode is 
delamination of the electrode from the current collector due 
to poor adhesion between the components. While prior works 
which pattern the current collector demonstrated the ability to 
improve adhesion, another more straightforward way is to opti-
mize the rheology of the casting paste and the paste binder.[41,42] 
It should be stated that increasing the binder amount cannot 
improve the adhesion between the electrode and the current 
collector; instead, the higher density paste can create better 
bonding between the current collector and electrode.[41] The 
density of the 40% SL paste is 33.33% higher than the density 
of the 30% SL paste which allows the 40% SL paste to have 
better bonding between the current collector and the electrode.

The porosity of the anode and the cathode is a very impor-
tant parameter for thick electrodes, where the best performance 
in terms of energy density was observed in our previous work 
at around 38% porosity for the cathode and 48% porosity for 
the anode.[33,43] A comparison of the porosities for the anode 
and cathode was made by considering 30% and 40% SL pastes. 
Our investigation showed that the 30% solid loading created 
a porosity of 0.6 and 40% SL created 0.497 porosity in the 
µ-casted anode electrode. For the conventional design of anode, 
the porosity was 0.492 for 40% SL. For the cathode the porosity 
of the µ-casted was 0.391 and the porosity of the conventional 
was 0.402. The porosity at 40% SL yielded the optimal value as 
found from our previous work, and, thus, a paste with 40% SL 
was then investigated for both the conventional tape casting 
process and µ-casting process.

2.2. Electrode Structures and Surface Morphology 
with Different Mass

The key to achieve higher areal capacity is to increase the 
mass loading, but the challenge is to not sacrifice the specific 
capacity caused by the ionic and electronic transport delay.[15,23] 
Here, a systematic study was conducted focusing on finding 
the relationship between the mass loading and capacity for 
3D µ-casted electrodes and conventional laminated electrodes. 
The typical mass loading for coin cell formats ranges between 
5 and 12 mg.[23] However, ultrathick 3D geometry with higher 
mass (25–55 mg) electrodes were compared to the conventional 
planar casted electrodes in this study. For the investigation, 
three different masses of the electrodes were grouped—Class 
A (25  to 35  mg), Class B (35 to 45  mg), and Class C (45 to 
55 mg). After drying, the microstructures of the 3D structured 
ultrathick electrodes of all three Classes and the conventional 
structured electrodes were compared via a scanning electron 
microscopy (SEM) study.
Figure 3a–c shows the 3D structured electrodes for Class A, 

Class B, and Class C. The formed structure had a trapezoidal 
shape (marked in Figure  3a–c) including different heights for 

Figure 2.  a) Paste viscosity and shear properties for the 30% and 40% 
solid loading (SL), b) the structure of the µ-casted electrode with 40% SL 
paste, and c) the structure of the µ-casted electrode with 30% SL paste.

Adv. Energy Mater. 2022, 12, 2201353
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different classes (Class A = 140 µm, Class B = 210 µm, and Class 
C = 280  µm). The base height, the distance from the current 
collector to the surface of the base, was 70 µm, which was same 
for all three classes. However, the teeth heights, defined as the 
height from the surface of the base to the top surface of the 3D 
structure, were different in the different samples. These teeth 
heights were varied to change the mass loading and observe 
the SDP impact of higher mass electrodes on the battery per-
formances. To achieve a higher teeth thickness compared to the 
base thickness, an initial casting was done at a base thickness 
of 20 µm and teeth thickness of 400  µm (for Class C sample, 
shown in Figure S5, Supporting Information). During drying 
process, the structure slightly collapsed and increased the base 

thickness (70 µm) and decreased the teeth thickness (210 µm). 
Therefore, after drying process the trapezoidal shaped structure 
was generated. In addition, the surface roughness of the elec-
trode can be a critical part of the electrode performance as it 
can develop uneven current density and unwanted reactions. 
So, a more thorough look into the surface morphology of the 
electrodes can be seen in Figure 3d–g. The surface roughness 
of the base part (Figure  3d), the top part (Figure  3e), and the 
inclined edge (Figure  3f) of the patterned µ-casted electrode 
were similar throughout the entire electrode. Compared to the 
conventional structure shown in Figure 3g, the surface rough-
ness was similar to the µ-casted electrode. To confirm the 
roughness, an atomic force microscopy (AFM) analysis was 

Figure 3.  SEM images for µ-casted electrode of a) Class A, b) Class B, c) Class C (the trapezoidal box indicates the structure of the teeth, the dotted 
yellow line indicates the base line of the shape and H is the height of the structure). d) The µ-casted base layer, e) top layer of the µ-casted electrode, 
f) inclined edge of µ-casted electrode, and g) conventional laminated structure. h) The cross-sectional view of the attachment and placement between 
the µ-casted anode and cathode with the separator. i) AFM analysis for the µ-casted electrode, j) the conventional electrode, and a comparison between 
the average roughness (Ra), root mean square roughness (Rq), and peak-to-peak height (Rt).

Adv. Energy Mater. 2022, 12, 2201353
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conducted for both the µ-casted electrode (Figure  3i) and the 
conventional electrode (Figure 3j). From Figure 3k the average 
roughness (Ra) and root mean square roughness (Rq) was cal-
culated as 0.12  and 0.15  µm for both electrodes, whereas the 
peak-to-peak height (Rt) for the conventional and the µ-casted 
electrode was 0.997 and 1.10 µm, respectively. Thus, there was 
no large difference in the surface roughness from the µ-casted 
electrode. Finally, the attachment, alignment and placement 
of the µ-casted electrodes and the separator were analyzed in 
Figure 3h, where the relatively smooth bending of the separator 
proved that the contact between the electrodes, current collec-
tors, and the separator was sufficient.

2.3. Electrochemical Performance

First, to study the effect of SDP designed electrode structure in 
Class A (25 to 35 mg) samples on battery performance, the spe-
cific capacity and the areal capacity were investigated at a low 
C-rate of 0.1 C (Figure 4a). The specific capacity of the conven-
tional planar electrodes (148 mAh g−1) is relatively lower than 
the literature value (157 mAh g−1), which is attributed to the 
high mass of the electrodes that were 2–3 times higher than the 
literature value,[23,25] where a higher electrode mass decreases 
the specific capacity. On the other hand, by using a 3D struc-
tured electrode, the capacity was comparable to the literature 
value despite its high mass.[23] It is also shown that the 3D archi-
tecture of the electrodes could achieve a greater specific capacity 
after cycling at 0.1 C for 200 cycles. In addition to the increased 
specific capacity, it was also found that the areal capacity for the 
3D structured ultrathick electrode showed better performance 
than the conventional electrode structure. The previously 
reported discharge areal capacity for the conventional laminated 
NMC-811 electrode was 2.0 mAh cm−2 at 0.1 C after 20 cycles.[26] 
By increasing the mass of the electrode, the areal capacity for 
the conventional electrode also increased to 2.75 mAh cm−2 
after 20 cycles at 0.1 C and maintained 2.9 mAh cm−2 at the 
200th cycle. The impact of the higher C-rate was also compared 
with conventional and 3D electrodes (Figure 4b). Both the spe-
cific and areal capacity of the electrodes decreased due to the 
higher applied current, but the 3D electrodes showed 20–40% 
higher capacity over the conventional electrodes. Surprisingly, 
the SDP electrodes showed a higher areal capacity than the 
literature value[26] even after increasing the current five times 
higher. As shown in Figure 4c, the battery performance of both 
electrodes for C-rate performance was performed at 0.1 C, 0.2 
C, 0.5 C, 1.0 C, and 0.1 C for 15 cycles each. All samples showed 
stable performance along with slight decreases in capacity. As 
expected, the capacity was reduced at high C-rates due to high 
ohmic resistance (detailed explanation is given in Section 2.5). 
The areal capacity of the 3D electrode battery (1.81 mAh cm−2) 
was about 1.72 times that of the conventional electrode sample 
(1.05 mAh cm−2) at 1 C. After returning to the low C-rate of 
0.1 C, both cells showed stable performances, where the 3D 
electrodes (2.98 mAh cm−2) showed 16% more areal capacity 
than the conventional electrodes (2.57 mAh cm−2).

Next, as shown in Figure  4d–f,g–i, the conventional lami-
nated electrode and the 3D electrode were compared by ana-
lyzing the specific capacity and areal capacity for Class B (35 to 

45 mg) samples and Class C (45  to 55 mg), respectively. From 
Figure  4a,d,g, the higher mass of the electrodes reduced the 
specific capacity and enhanced the areal capacity. For instance, 
after the 20th cycle at 0.1 C (Figure  4a) the average specific 
capacity of Class A samples was 157.13 mAh g−1 for the 3D 
µ-casted electrodes and 144.90 mAh g−1 for the conventional 
electrodes, where for Class B samples (Figure  4d) the specific 
capacity was 155.67 mAh g−1 for the µ-casted electrodes and 
136.33 mAh g−1 for the conventional electrodes. The higher 
mass loading reduced the specific capacity of the conventional 
electrode samples significantly, whereas the specific capacity 
of the µ-casted electrodes was not as pronouncedly decreased. 
Though the specific capacity was reduced with increased elec-
trode mass, the areal capacity of the electrodes increased signif-
icantly at both 0.1 C and 0.5 C. The µ-casted Class C electrodes 
achieved a nearly doubled areal capacity over the conventional 
electrodes (Figure  4g,h), where the lower mass Class A elec-
trodes showed an increase of 10% in areal capacity. Even after 
the 100th cycle, it was observed that the areal capacity of the 
Class B (3.01 mAh cm−2) conventional electrodes increased by 
14.6% from the Class A samples (2.57 mAh cm−2), and for the 
µ-casted 3D electrodes the areal capacity increased by 23.6% 
after 100 cycles (3.77 mAh cm−2 for Class A and 3.05 mAh cm−2  
for Class B). The enhanced capacity performance at different 
C-rates (0.1 C, 0.2 C, 0.5 C, 1.0 C, and 0.1 C for 15 cycles each) 
was also observed in Figure  4f. From Figure  4g,h, where a 
slight decrease in specific capacity occurred due to the very 
high mass (45–55  mg) of the Class C electrodes. At 0.1 C, a 
4.69 mAh cm−2 areal capacity was achieved by the Class C elec-
trode and at 0.5 C the areal capacity was 3.07 mAh cm−2. From 
C-rate testing (Figure 4c,f,i), the difference between the capacity 
of the µ-casted 3D electrodes and the conventional laminated 
electrodes was more prominent with increasing C-rate and the 
difference was also expanded by increasing the electrode mass 
the of the µ-casted electrodes. In the high mass and thick con-
ventional structured electrodes, the diffusion of ions is hin-
dered because of the long diffusion path of the active material 
particles, caused by high-tortuosity and the far distance of the 
active particles from the interface of the electrodes. However, 
the 3D interdigitated electrodes with high mass can facili-
tate ionic diffusion because the structure, itself, allows for a 
reduced distance between the active particles and the interface 
of the electrodes, as shown in a later section. The capacity fade 
percentages were also higher in the conventional electrodes 
than the µ-casted 3D electrodes at 0.1 C and 0.5 C (Figure S2,  
Supporting Information). Increasing the mass of the elec-
trodes also enhanced the specific capacity fade at high C-rate 
(Figure S2b, Supporting Information). More detailed results 
with the average, highest, and lowest values can be observed in 
Figure S4 of the Supporting Information.

By comparing the results for Class A and Class C (low mass 
and high mass, Figure  4a,g), it was observed that the specific 
capacity of the µ-casted electrode decreased ≈9% where the con-
ventional laminated electrode decreased by 31%. In terms of the 
areal capacity there was a huge increase of 41% for the µ-casted 
electrode; on the other hand, the areal capacity of the conven-
tional electrode only increased by ≈25% compared in Class A 
and Class C. Increasing the current rate to 1 C (Figure  4c,i) 
showed very promising performance in the µ-casted electrodes, 
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where an 11.1% areal capacity increase was achieved compared 
to the conventional electrodes areal capacity that only increased 
by 1.5%. As expected, the reduction in specific capacity was 
higher at a high C-rate for both cases, where the µ-casted 3D 
structure still outperformed the conventional structure as the 
specific capacity reduced by 40% for µ-casted 3D structures and 
by 65% in the conventional electrodes. Increasing the current 
further to 3 C indicated that the Class C µ-casted electrodes 

could achieve significantly better rate capability over the Class 
C conventional electrodes, which suffered huge degradation 
in the relative capacity (Figure 4j). For the µ-casted sample the 
capacity retention was 93.59% after 200 cycles at 3 C where the 
conventional electrodes showed only 0.028% of capacity reten-
tion at 3 C after 200 cycles. Figure 4k,l shows the relative dis-
charge time at different 1st, 25th, and 50th cycles for Class C 
samples where it can be clearly seen that faster degradation 

Figure 4.  Specific capacity (SC) and areal capacity (AC) at 0.1 C, 0.5 C, and C-rate (0.1 C, 0.2 C, 0.5 C, 1 C, and 0.1 C) of a–c) the Class A samples:  
d–f) Class B samples, and g–i) Class C samples. Here dotted blue lines indicate AC and solid black lines indicate SC. j) Relative capacity comparison 
of the µ-casted and conventional batteries at 3 C for 200 cycles, and k) the voltage versus relative time for discharging in the 1st, 25th, and 50th cycles 
have been compared for µ-casted of Class C, and l) for the conventional casted of Class C.
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happened in the conventional thick electrode than the ultrathick 
µ-casted electrode. Furthermore, a comparison between recent 
works considering structured/interdigitated batteries[3,7,8,14,15] 
and the µ-casted battery was made in terms of areal capacity 
(Figure S7, Supporting Information). One of the main chal-
lenges of the thick electrode is to achieve good capacity reten-
tion and the LIBs could sustain less than 30 cycles in literature 
works.[3] Some of them mentioned about renewing the cathode 
after 20 cycles.[11,12] However, the µ-casted battery showed very 
high capacity retention after 20 cycles and also it could sus-
tain more than 200 cycles. Another electrochemical energy 
density performance comparison has also been conducted in 
between the µ-casted and the conventional electrode (Figure S8,  
Supporting Information). Both the gravimetric and volumetric 
energy density were measured at different thickness of the 
electrode assembly (anode, cathode, separator, and current 
collectors). Higher gravimetric and volumetric energy density 
could be observed for the µ-casted structured batteries. In the 
µ-casted batteries, the trend of the gravimetric and volumetric 
energy density is increasing at higher thickness which refers to 
the SDP structural benefit for facile transportation of ions.

2.4. 3D Structures Reducing the Distance between Anode and 
Cathode Particles

The primary reason for the improvement found in the µ-casting 
process was the reduction in the ion diffusion path a result of 
the SDP interdigitated structure. The interparticle distance 
was compared between the 3D structured electrode and the 
conventional electrode. For this comparison, a small area of 
the electrodes with uniformly arranged particles were consid-
ered, with the 3D structure including two teeth and two bases 
(Figure 5a). Here Li+ ions can transfer from one electrode to the 
other during charging and discharging, where the arrows show 
the diffusion path distance for transferring the Li+ ion during 
charging and discharging. A shorter distance compared to con-
ventional structures permits facile ion transference between 
the electrodes in the 3D structured ultrathick batteries. Con-
versely, a higher ion diffusion distance is unavoidable for the 

conventional electrodes, especially for the ions coming from 
the particles residing furthest from the electrode interface. 
To develop a clear understanding of the particle–particle dis-
tance from anode side to cathode, an analytical study was per-
formed to compare the µ-casted and conventional electrode, in 
which perfectly spherical shaped active material particles with 
the same particle size and homogenous arrangement were 
considered for each structure, as shown in Figure S9 of the Sup-
porting Information. The horizontal lengths of two teeth and 
two bases were near 260  µm (Class C) according to the SEM 
images (Figure 3a–c). For this evaluation, the geometries were 
considered with a particle size of 13  µm (according to Sigma-
Aldrich) and the teeth thickness and gap size were maintained 
according to the SEM images shown in previous section. The 
average particle-to-particle distance measured form the cathode 
particles to the anode particles were evaluated, where for one 
cathode particle, the distance between that cathode particle and 
all the anode particles were measured first. It can be observed 
that in the µ-casted electrodes, most particles have a shorter 
distance to one another than in the conventional laminated 
structured electrodes. Specifically, 46% of the particles of the 
ultrathick 3D electrodes are in a distance within 0–26 µm from 
one another whereas only 20% of the particles of the conven-
tional structured electrode are held in that range. Furthermore, 
most of the particles for the conventional electrode have a dis-
tance greater than 78 µm while only 5% of the particles of the 
µ-casted electrode are in that particle–particle distance range. 
On average, the Li+ ions travel a shorter distance in the µ-casted 
batteries compared to the conventional case, which can be a 
reason for the performance improvement.

2.5. Impedance and Cyclic Voltammetry Analysis

Another important benefit of the µ-casted SDP electrode is its 
ability to facilitate Li+ ion insertion and deinsertion between 
anode and cathode, which can be gauged by the electrode’s 
impedance. An electrochemical impedance spectroscopy (EIS) 
analysis was conducted, where both the conventional laminated 
structured electrode and the µ-casted 3D structured electrode 

Figure 5.  a) Particle distance among the particle in ultrathick electrode (arrows indicate the Li+ ion movement), and b) bar chart showing the average 
distance between anode particle (AP) and cathode particle (CP) for SDP and LDP in µ-casted and conventional electrodes respectively, where Dp refers 
to the size of one particle which is ≈13 µm.
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were used from Class A samples. The Nyquist plots for the two 
samples were plotted in Figure 6a,b. The original data were 
fitted by using a circuit diagram model shown in Figure 6b.[27] 
Here, the high-frequency intercept at the Z′ axis indicates the 
ohmic resistance, Re, which is defined as the resistance of bulk 
electrolyte, and the semicircle in the middle-frequency range 
refers to the charge transfer resistance, Rct and, Cdl (non-far-
adaic-branch consisting of the double layer capacitance), and 

Rdl are the double layer capacitance and resistance.[27] An inter-
face with a surface layer was also considered by adding another 
Rsl (surface layer resistance) and Csl (surface layer capaci-
tance) component[27,28] Further, the Warburg impedance, Zw, 
is referred to the synergetic effect of the diffusion of lithium 
ions on the electrode/electrolyte interfaces at semi-infinite 
length, which corresponds to the straight sloping line at low 
frequency.[29] In addition, finite space Warburg-type element 

Figure 6.  a) Circuit diagram for the Nyquist plot in EIS analysis. Comparison of the b) impedance with the conventional laminated structure and the 
3D electrode structure, and c) voltage polarization in the 3D and conventional electrodes of NMC-811 by cyclic voltammograms 0.01 to 4.2 V, and scan 
rate impact on the samples. GITT test to observe the diffusivity at different voltage in the µ-casted electrodes and conventional electrodes d) where 
diffusivity is in logarithmic scale. e) The voltage profile of the electrodes where current was applied for 10 min and rested for 10 min for both charging 
and discharging and f) zoom-in voltage profile to show how the ∆Es and ∆Et were measured to calculated diffusivity.
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ZFSW was used to describe the diffusion in a medium where the 
interface precludes the flow of the species and is represented by 
hyperbolic cotangent function.[27] Typically two semicircles can 
be observed in the Nyquist plot, the low-frequency semicircle 
indicates the charge transfer resistance Rct

[38] and the high fre-
quency second semicircle relates to the kinetics of the electro-
chemical reaction, which can be impacted by surface coating, 
phase transition, bandgap structure, and particle size[37] and 
the long tail named Warburg tail is attributed to the diffusion 
of the ions.[27] Though the first semicircle (represented by Rct, 
semicircle in Figure  6b) could be observed at low frequency, 
the second semicircle at high frequency could not be observed. 
This may be attributed to the dominant effect of the high diffu-
sion of the ions, as two slopes (in the tail) are observed where 
the slope-1 is a converted semicircle at high frequency. Higher 
diffusion can also be indicated by the steepness of slope of the 
Warburg tail and the diffusion becomes challenging when it 
reaches near to 45° angle with the real impedance (Z′) axis.[27] 
Both cells had a similar ohmic resistance (0.1 Ω), but the semi-
circle of the µ-casted 3D structure was smaller than that of the 
conventional laminated structure, where the Rct of µ-casted 3D 
structure (65.24 Ω) was lower than that of the conventional 
laminated structure (88.41 Ω). As a result of low charge transfer 
resistance, more Li+ ions can easily transfer in between the 
µ-casted anode and cathode than in the conventional laminated 
structured anode and cathode,[29,30] further providing a reason 
to why the µ-casted 3D structured electrode greatly enhanced 
the transport of lithium ions. From the EIS results, the War-
burg tail (slope-2) of the conventional electrode is closer to 45° 
angle than µ-casted electrode and also the Warburg impedance 
(Zw) of the µ-casted electrode was less than the impedance 
measured from the conventional laminated electrodes, which 
is directly related to the facile diffusion of the ions occurred 
due to the SDP structures. Observed values for the capacitance, 
resistance, and Warburg impedance are shown in Table S1 of 
the Supporting Information. To have better understanding 
about the diffusion, a galvanostatic intermittent titration tech-
nique (GITT) test was also conducted to observe the diffusivity 
(Figure 6d). The diffusion coefficients of the µ-casted and con-
ventional batteries were measured using Equation (S1) of the 
Supporting Information.[45] More details of the experiment and 
diffusivity calculation can be found in the Experimental Section 
and in the Supporting Information. It was observed that the dif-
fusion coefficient of the µ-casted battery was higher than the 
conventional battery.

The cyclic voltammetry (CV) curves (Figure  6c) for the 
µ-casted electrode and conventional electrode indicated that 
both samples had the same polarization value of around 2.3 V 
because the same cathode (NMC-811) and anode (MCMB) mate-
rials were used. Furthermore, the redox process was diffusion 
controlled, as opposed to adsorption controlled, as indicated by 
the peak current, which was proportional to the square root of 
the scan rate for both µ-casted and conventional electrodes at 
scan rates of 1 and 5 mV s−1.[31] The results shown in Figure 6c 
are after the formation cycle, where the peaks generated corre-
spond to the formation of an intermetallic components layer.[32] 
Both the 3D structure and the conventional structure yielded a 
similar peak (2.3 V) in the curve, as they had the same mate-
rial composition and ratios as well as similar mass. The area 

under the CV curve for the µ-casted 3D structured electrode is 
larger than the conventional electrodes, which is caused by the 
shorter diffusion path in the ultrathick 3D electrodes.[32] The 
most prominent peaks (anodic and cathodic) were found in the 
CV test correspond to the literature, where pronounced peaks 
were located at those points.[31]

2.6. Mechanical Integrity

In the conventional thick cathode electrode, the components of 
the electrode are closely packed, which simultaneously creates a 
highly tortuous structure with low porosity and greatly inhibits 
battery performance as the cell is operated over a long period of 
time. To improve electrolyte permeability and the ion transfer 
rate, SDP designed porous structures are needed, where 3D 
architecture geometries have great utility in not only creating 
SDP electrode structures but also maintaining the structure 
over numerous cycles.[12] In this section, the impact of cycling 
on the electrode’s tortuosity and defect formation was ana-
lyzed. Due to the continuous volume change that occurs with 
Li+ ion (de)intercalation over long cycling and as well as a Li+ 
ion concentration gradient that results in stress generation,[15] 
defect formation, and subsequent mechanical properties dete-
rioration occur, which were investigated by observing both 
conventional and µ-casted electrode surfaces after cycling for 
200 cycles as shown in Figure 7. This investigation was done 
at different locations on the electrode to observe both defects 
occurring locally as well as the defects formed on the total elec-
trode surface. More images at different regions of the cycled 
electrodes are shown in Figure S3 of the Supporting Informa-
tion to observe the overall generation of cracks and holes in the 
electrodes. The experimental observation of the cycled µ-casted 
cells did not show significant stress generation at the electrode 
level, which is shown later in the simulation-based study sec-
tion. The 3D structured µ-casted electrode had less cracks, 
tortuous pores, and defects on the surface compared to the con-
ventional laminated structure. Some void formation and tor-
tuous pores generated on the surface of the µ-casted electrode 
surface were observed (Figure 7a), where the voids and cracks 
were deep and similar to the size of the one active material par-
ticle (13 µm) (Figure 7b). On the other hand, the degradation of 
the structure and surface property was more significant in the 
conventional structures than in the 3D structures (Figure  7c). 
Severe cracks, tortuous pores, and large fractures were found in 
the conventional electrode surface after 200 cycles (Figure 7c,d). 
In all electrodes, volume change occurs due to ion intercalation 
and deintercalation during cycling, which generates stress on 
the electrodes. With the 3D architecture, a shorter diffusion 
path can be achieved, which causes less changes in the con-
centration gradient and, therefore, volume change in the bat-
tery. Due to a lower change in the concentration gradient in the 
µ-casted electrode, it is possible to reduce the stress level on the 
ultrathick electrodes, whereas for the conventional structures it 
is not possible to reduce the stress development due to higher 
change in concentration gradient. This is the reason why the 3D 
architecture showed less defect formation during cycling com-
pared to the conventional structure (as shown in Section  2.7). 
Furthermore, the delamination of the electrodes from the 
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current collector was not observed in either the µ-casted or 
conventional electrodes after 200 cycles, suggesting low stress 
generation as the delamination of the electrode from the 

current collector is directly related to the electrode level stress 
generation during long term cycling. Thus, the performance 
could be improved and maintained over numerous cycles and 

Figure 7.  SEM images for deformation and defect analysis after 200th cycles of a,b) the 3D structured µ-casted electrode where some tortuous pores 
generated after cycling, and c,d) the conventional laminated electrode where large tortuous pores have been generated along with some large cracks 
formed. Mechanical properties analysis of the Class C µ-casted and conventional electrode assembly. The schematic diagram of the mechanical test 
setup where e) the biaxial compressive force was applied, f) the applied force decreases the total thickness, g) damaged anode after 4 kN applied force 
in µ-casted anode, and i) conventional anode, and cathode after applying 4 kN force in h) µ-casted cathode and j) conventional cathode.
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could be attributed to the improvement in the mechanical sta-
bility imparted from the 3D structured µ-casted electrodes.

Another important consideration should be made about the 
mechanical stability of the µ-casted electrode. External loads can 
be developed during cell fabrication and also during mechani-
cally extensive operations, where during the fabrication of 
cells the electrode may experience a load near 0.05 kN and in 
some extensive operation the value could be around 1.7 kN.[44] 
The mechanical properties of the assembly of anode, separator 
and cathode was analyzed where different compressive force 
was applied on the top and bottom of the assembly (Figure 7e). 
In this work, the applied load was considered from 0  to 2 kN 
to observe the impact of the force on the overall thickness of 
the assembly for Class C electrode sample. The thickness was 
decreasing when the force was increasing (Figure  7f). The 
result also compared with the conventional electrodes, which 
showed similar decreasing of thickness trend as the µ-casted 
showed however the µ-casted sample utilized the benefit of 
interdigitated structure and showed better mechanical stability 
than the conventional sample. Moreover, there was no delami-
nation, breaking or detachment of the electrode from the sepa-
rator up to 2 kN, however after applying 4 kN load, the anode 
(MCMB) was broken, delaminated, and also detached from the 
separator (Figure  7g,i) where the cathode (NMC-811) was not 
damaged even after 4 kN load (Figure 7h,j) for both the µ-casted 
sample and the conventional sample.

2.7. Stress Analysis Model

Any generated stresses may incur damage at both the particle 
level, which may take the form of particle pulverization and 
detachment, and the electrode level, which could consider 
electrode cracking and fracturing as well as hole formation. To 
investigate the stress generated in the 3D µ-casted electrodes 
and the conventional electrodes, a modeling study was con-
ducted. The model was based on the porous electrode theory 
and the stress analysis was developed by considering electro-
chemical–mechanical interaction at the macroscale or electrode 
level and the microscale or particle level. First, the computa-
tional stress model has been validated with the experimental 
data by comparing the voltage profile in Figure 8a. It was 
observed that the experimental and simulation results align 
perfectly in terms of both the µ-casted and conventional elec-
trodes. For the validation of the stress model, experimental 
results of the Class A electrodes were used.

The stress analysis was done after validating the model con-
sidering the stress generation at particle level and electrode 
level. At the particle level, the eigenstress can be alleviated 
by the µ-casted 3D structure (Figure  8b–g), where the largest 
eigenstress distributes on the electrode/electrolyte surface of 
the structure. This is because the Li+ ion concentration change 
in these locations is highest, and the concentration change 
decides the eigenstress. At the macroscale, the stress in the 
conventional structure is negative, which indicates compres-
sion. In µ-casted 3D structure, the stretching occurs at the sides 
of teeth. The irregular change of particle stress is related to the 
geometry. Higher teeth could lead to a larger nonhomogeneity 
in Li+ ion concentration since the diffusion path in teeth will 

become longer. Wider teeth could alleviate the concentration 
nonhomogeneity because it could increase the surface area in 
electrode, which is beneficial to charge transfer. Nonhomoge-
neity of Li+ ion concentration is proportional to concentration 
change, as well as stress. In the geometry below, when the teeth 
height increase, the average width of the teeth also increases, 
which have a controversial effect with teeth height. Therefore, 
its impact is more complex, and the particle stress’s change is 
not monotonous. Particle stress increased with the thickness 
increase in the conventional structure. It seems that in thicker 
samples, the average state of charge (SOC) at the end of dis-
charge is higher, so that the SOC change is larger than in thin 
samples. Although the particle stress increases, a larger volume 
could also disperse the pressure. Therefore, the macroscale 
stress decreases as the thickness increases. The maximum ten-
sile stress is distributed at the thinnest part of the structure and 
the thickness of the thinnest part of the µ-casted structures are 
same for all the classes. However, the curvature increases at 
the thinnest part as the teeth height increases, which results 
in a stress accumulation. Comparing the conventional struc-
ture and µ-casted 3D structure, although the maximum stress 
level is larger in µ-casted 3D structure with Class A, the average 
value of the stress magnitude is always larger in conventional 
structure. This is due to the larger change in the concentration 
gradient in the conventional electrode compared to the µ-casted 
electrode as the µ-casted 3D architecture allows a shorter dif-
fusion path for the lithium ions. It is also observed that the 
higher massive µ-casted electrodes of Class C generate lower 
stress than the electrodes of Class A (Figure 8b–g). Due to the 
enhanced particle level stress generated in the conventional 
laminated structured electrode, more defects and deformations 
were found by experimental observation in Figure 7. The elec-
trode level stress is small enough to not be of concern when 
considering the electrode level mechanical damage, such as 
delamination of electrode from the current collectors.

3. Conclusions

In this study, ultrathick electrodes were fabricated using a new 
µ-casting method, where a newly manufactured 3D doctor-blade 
is introduced, enabling efficient active materials usage and an 
SDP-designed 3D structure. The µ-casted electrodes achieved 
enhanced battery performance with both high areal and spe-
cific capacity by utilizing the advantages of high aspect ratio 3D 
structures to break through the performance tradeoffs posed by 
the conventional laminated structure. Moreover, these µ-casted 
electrodes can be applied to large scale battery formats, which 
resolves the challenges of time-consuming and costly process in 
traditional 3D battery manufacturing technologies. A significant 
enhancement in capacity of the battery has been achieved by 
this µ-casted SDP 3D structured electrodes. Though the mass of 
the electrodes is more than 2.5 times higher than the usual elec-
trode mass for coin cells, the 3D structured NMC-811 battery 
shows very good performance in terms of both specific capacity 
and areal capacity (159.4 mAh g−1 and 3.51 mAh cm−2) with a 
good cycle life. For the high mass 3D electrodes (5–6 times 
the mass of conventional electrodes), the specific capacity was 
reduced only by 11% and the areal capacity improved by 32.5%. 
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These results indicate that compared to the conventional elec-
trodes, the µ-casted SDP electrodes were more efficient and 
had much higher lithium ions transport, which presents a new 
possibility for preparing an ultrathick electrode with excellent 
electrochemical performance. This work introduces a simple 
and convenient route for the fabrication of 3D ultrathick elec-
trodes using the traditional separator materials and assembly 
issues, which can be used for a scaled-up 3D battery manufac-
turing process via the tape casting method. By improving the 
automation and industrial technique this process can be faster 
and the production rate could be similar to the production rate 

for the currently used method in the battery industries. It was 
also observed that the µ-casted structures provide a high inter-
face area and short diffusion path for the ion movement, which 
is of critical importance as ions transfer between the electrode 
and the electrolyte interfaces. Another aspect of the µ-casted 
structures is that there is no fundamental barrier for implemen-
tation into a stacked cell, which is a popular method to prepare 
commercial batteries. Based on these results, it is believed that 
this casting 3D electrode technique will find its widespread 
applications in the low-cost, large-scale, and roll-to-roll compat-
ible manufacturing of next generation 3D batteries.

Figure 8.  a) Validation of the stress model by considering the voltage profile. Maximum tensile stress distribution modeling results comparing the 
conventional laminated structure and the 3D µ-casted structure with b–d) particle level and e–g) macrolevel analysis of Class A (b,e), Class B (c,f), 
and Class C (d,g), where the negative sign indicates compression.
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4. Experimental Section
Materials and Paste Preparation: In this work, a LiNi0.8Co0.10Mn0.10O2 

(NMC-811) paste was used to fabricate the cathode and MCMB was 
used to fabricate the anode. The cathode pastes were prepared by 
combining 85.5 wt% NMC-811 powder (Linyi Gelon LIB Co. Ltd., 13 µm) 
with conductive agent 6.5 wt% carbon black (CB, Alfa Aesar) and 8 wt% 
polyvinylidene fluoride (PvdF, Sigma-Aldrich) binder, and then dissolved 
in N-methyl-2-pyrrolidone solvent (NMP, Sigma-Aldrich). The anode 
pastes were prepared by mixing 85 wt% MCMB powder (MTI corp., 
17.65 µm) with 5 wt% CB (Alfa Aesar) and 10 wt% PvdF and dispersed in 
NMP. The pastes were mixed by using a Speed Mixer (Flack Teck Inc.) at 
3500 rpm for 20 min at room temperature.

Porosity and Thickness Measurement: The pastes were prepared with 
solvent (NMP) and the solvents were evaporated during the drying 
process. To measure the porosity, first the mass and the volume of the 
electrodes were measured by using weight balance and digital calipers. 
Digital calipers were also used to measure the thickness of the assembly. 
If the thickness of the assembly was greater than the calculated assembly 
thickness, it would be a misalignment between the electrodes (Figure 
S11, Supporting Information).

The density of the materials used in paste making are known from 
the materials specification sheets provided by the vendors. The volume 
was calculated by using the measured mass, density, and composition 
of the paste and the actual volume was measured using the calipers. 
The porosity was then calculated from the measured volume and the 
calculated volume.

Electrode Fabrication and Cell Assembly and Test: A newly designed 
doctor blade (Figure  1a) was developed and used for manufacturing 
ultrathick µ-casted 3D electrodes to obtain high-capacity lithium-ion 
battery. The new 3D doctor blade material was stainless steel and 
manufactured by using an EDM (SODICK, model- LN2W) wire system. 
The EDM can cut according to the design CAD file, where the wire 
moves to create high friction. This frictional force can cut the stainless-
steel metal into the desired designed shape. In the 3D doctor blade, the 
teeth length was 0.2  mm, and the base length was 0.6  mm. From the 
experiment, it was observed that after evaporating the solvents from the 
paste the structure shrank by three times. In order to maintain equal gap 
and teeth size the doctor blade teeth and base length was in a ratio of 1:3. 
Aluminum foil (12.5 µm thick) was used as the substrate for casting and 
as a current collector for the cathode (Figure  1b). The electrode paste 
was casted by the conventional doctor blade, followed by the 3D doctor 
blade to create the thick µ-casted 3D structured design. For casting 
the anode materials, copper foil (10 µm thick) was used as the casting 
substrate and as the current collector. After casting, the electrodes were 
dried by heating at 120 °C for 6.5 h over a hotplate, where traditionally 
made electrodes were usually dried for overnight.[12] This type of µ-casted 
3D structured electrode made via extrusion-based 3D printing typically 
takes ≈2.5 h to make 100 cm2 areal electrode.[14,15] whereas by utilizing 
the 3D doctor blade it takes only 30 min to fabricate 100 cm2 areal 3D 
electrode (Figure S1, Supporting Information). Afterward, the electrodes 
were cut to fit within a CR 2032 coin cell casing (Wellcos Corp.), where 
the diameters of the cathode and anode electrodes were 14 and 16 mm, 
respectively. The cathodes were prepared with 16.24 to 35.72 mg cm−2 for 
Class A to Class C samples.

The coin cell assembly was done inside a moisture and oxygen-
controlled argon-filled glove box (MBRAUN). A 25  µm commercial 
PP/PE/PP (polypropylene/polyethylene/polypropylene) membrane 
(Celgard) was used as the separator and 0.5  mL of the electrolyte 
1 m LiFP6 (lithium hexafurophosphate) in EC:DMC (ethylene 
carbonate:dimethyl carbonate) 1:1 (Sigma-Aldrich) was used. The 
cell components, electrodes, and separator were sequentially placed 
inside the coin cell as shown in Figure  1b. To ensure the alignment 
of the structures, the thickness of the anode, separator, and cathode 
was individually measured before careful assembly and the thickness 
of the final assembly was checked. If the alignment was not correct, 
then the thickness of the assembly would be higher than the sum of 
the thickness of each component. By checking the total thickness 

of anode, separator, and cathode when assembled together, the 
alignment issue was solved. The paste characteristics were measured 
by a viscometer (Brookfield model HB) equipped with CAP-52Z cone 
spindle. The electrochemical behavior of the assembled batteries was 
measured by using a battery testing station (NEWARE) at a voltage 
range between 3 and 4.2 V according to the recommended values from 
the raw materials vendor. The specific capacity and areal capacity were 
measured at different current densities to observe the performance 
under different current loads. Potentiostatic battery impedance was also 
measured at a frequency range of 10 mHz to 5  MHz at a sinusoidal 
amplitude of 10  mV via EIS using a potentiostat (IVIUM STAT, Ivium 
Tech) and cyclic voltammetry was done at different scan rates at a 
voltage window of 0 to 4.2 V. All the fabricated structures were examined 
via SEM (Hitachi S4700). The surface roughness was measured 
through AFM by a NanoMagnetics Instruments ezAFM atomic force 
microscope. GITT test was done using NEWARE battery tester at a 
voltage range of 4.2  V for charging and 3  V for discharging where all 
the charging steps were for 10 min and a resting time for each step 
was 10 min. For GITT measurement, all the cells were from Class A to 
compare the diffusion coefficient. The charging and discharging current 
were 0.1 C for GITT. The diffusion coefficient was calculated according 
to Equation (S1) of the Supporting Information.[45] The mechanical 
properties were evaluated by using a hydraulic press (Strongway). First 
the anode, cathode, and separators were assembled together, and then 
different loads (0  to 4  kN) were applied from top and bottom of the 
assembly (Figure 7e). The thickness of the assembly was measured by 
a digital caliper. The initial thickness (at load = 0  kN) was measured 
before applying any load.

Modeling for Stress Analysis: The stress generation in the electrodes 
was evaluated by using a 3D electrochemical–mechanical model, which 
is based on the theory of porous electrode. For the modeling, first a 
sketch of the electrode is designed as geometry and meshed according 
to finite element method. The relevant equations of electrochemical 
behavior were reported in the previous papers.[20,33,36] In order to 
evaluate the stress generation in the electrodes, a model using the 
electrochemical–mechanical interaction at macro- and microscales was 
developed. The microscale stress model considered the stress generated 
inside the particle induced by Li+ ion concentration changes and the 
macroscale stress model considered the stress generated across the 
entire electrode structure caused by the volume change of individual 
particles.

The radial stress, σr, and tangential stress, σt, of individual particle 
can be expressed as[34]
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where r0 is the radius of the particle, E is effective Young’s modulus 
(considering porosity), ν is Poisson ratio, and Ω is the partial molar 
volume expansion of active material.

The boundary condition at particle surface (r  = r0 ) is set as

σ ν ( )=
+

−

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− −1
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The tangential stress–strain relations and strain–displacement 
relations can be expressed as

ε σ ν σ σ= − + + Ω1( ( ))
3t t r t s,E

C avg 	 (4)

u

r
tε = 	 (5)
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Therefore, the particle surface displacement can be calculated as

= Ω −
3

( )0
s, 0u

r
C Csurf avg 	 (6)

The microscale chemically induced eigenstrain ech  is equal to the 
particles’ volumetric strain in spherical particles, which is

=
+

−

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According to the Mori–Tanaka effective-field theory, the macroscale 
eigenstrain ech  can be computed as[35]

ε ε= + − + −− −( ) ( )m s s m s s
1

m
1

se e e e C C bch ch ch ch
	 (8)

where εs is solid phase volume fraction, and mech  is the chemically 
induced strain in the electrolyte, which is assumed to be 0 here. Cs and 
Cm are the stiffness matrices for the solid and liquid phase, while bs is a 
function of both stiffness matrix. The governing equation of macroscale 
mechanical deformation is

σ∆ =· 0 	 (9)

C e e e u ueff ch
T:( ); 1/ 2( )σ = − = ∆ + ∆ 	 (10)

where σ is the macroscale stress, e is the total macroscale strain tensor, 
and u is the total displacement, and Ceff is the effective elasticity tensor 
can be calculated as

ε= + −( )m s s m sC C C C Aeff 	 (11)

ε ε= − + −[(1 ) ]s D s s D
1A A I A 	 (12)

= + −− −[( ( ]D m
1

s m
1A I SC C C
	 (13)

where S is Eshelby’s tensor, which is a function of the aspect ratio of the 
particle and the Poison’s ratio of the matrix phase.
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