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• The new 3D battery has high areal/spe-
cific capacity, which overcomes the
trade-off between the two in conven-
tional batteries.

• Superior battery performance is
achieved via a new hybrid structure
that has advantages of the conventional
and 3D structure.

• Conventional li-ion battery paste is op-
timized for extrusion-based 3D printing
without the need of complex solvent
processes.
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New hybrid 3D structure electrodes with a high aspect ratio are fabricated through extrusion-based additive
manufacturing to achieve high mass loading. This new 3D printed battery exhibits both high areal and specific
capacity, thus overcoming the trade-off between the two of the conventional laminated batteries. This excellent
battery performance is achieved by introducing a hybrid 3D structure that utilizes the benefits of the existing
laminated structure and three-dimensional interdigitated structure. In addition, conventional battery paste com-
ponents are used optimally to fit the 3D printing process, which eliminates the need for a complicated solvent
preparation process required for a typical 3D printing process for battery applications. Using the CR2032 coin
cell, the general assembly problem that occurs at the 3D structured electrodes is solved, which means that the
proposed hybrid 3D structure can easily be added to the existing lamination structure. This innovative design
and fabrication process demonstrates the high areal energy and power density, which is a critical requirement
for energy storage systems in transportation and stationary applications.
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1. Introduction

Despite remarkable advancements in lithium ion batteries (LIBs),
during the past several decades, a higher energy and power density is
still required for portable devices, transportation, and stationary appli-
cations [1–3]. In order to satisfy these demands, besides developing
new materials, it is necessary to enhance battery performance via opti-
mizing battery electrode structures because they significantly affect the
transport of species and their reactions [4,5]. In general, gravimetric ca-
pacity (mAh · g−1) is one of themost utilizedmetrics in LIB studies as it
describes the capacity that a material can deliver. However, in practice,
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Fig. 1. Extrusion Freeform Fabrication machine overview.
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the actual amount of materials in an electrode determines the energy
and power of a LIB. Accordingly, highmass loading is another important
requirement for various applications. One simple strategy for achieving
high mass loading is the addition of more materials, which means in-
creasing the thickness of electrodes. Unfortunately, this approach limits
the transport of ions and electrons, resulting in poor power perfor-
mance and bad utilization of materials [4]. A better option is to make
electrodes smartly, so that a more facile transport of the species will
be possible [6,7]. Conventional modern batteries, which are based on
laminated composite electrodes, are fabricated via a paste casting pro-
cess that involves mixing the constituent materials and coating them
onto a current collector. In a composite electrode structure, the elec-
trode thickness, porosity, and mass loading are the key factors for in-
creasing areal capacity (mAh · cm−2) and maximizing usage of
materials. After a certain thickness, however, the electrode shows
poor power performance [4].

Three-dimensional (3D) batteries have been considered to be a new
solution for improving battery performance [3,6,7]. Battery electrodes
with 3D nanoarchitectures have been successfully synthesized for al-
most two decades [8–16]. Some of the nanomanufacturing methods
(e.g., lithography tools) are expensive and time-consuming. However,
additive manufacturing has several advantages, as compared to other
manufacturing tools; because it can provide an inexpensive and flexible
manufacturing process that includes more complex geometry designs
and a wider selection of materials [17,18]. Therefore, the additive
manufacturing technique appears to be a very promising method for
fabricating 3D battery structures [7,19–22]. However, the preparation
of the proper composition and rheology of paste is demanding because
of several requirements, including preventing clogging of the nozzles,
promoting a bond between each filament, and keeping the controlled
feature geometry after deposition [23–25]. For LIB applications, in par-
ticular, the use of paste chemical components is a critical factor in bat-
tery performance, since more binders inside the paste would decrease
ionic and electronic conductivity. In this respect, conventional tape cast-
ing pastes have the advantage that they donotmix unnecessary compo-
nents in pastes, which has been commercially used for LIB fabrication
for decades.

Currently, 3D structures are being thoroughly studied for LIB appli-
cations, but most of these studies are focused on microbatteries [7,
19–22]. Further, a strategy of adopting the advantages of the conven-
tional laminated structure and the 3Ddigital structure has not been con-
sidered. In this paper, a novel hybrid 3D structured electrode was
developed to overcome the limitations of conventional laminated com-
posite electrodes via an extrusion-based additive manufacturing tech-
nique. The principal goal of this work was to utilize the out-of-plane
dimension of the 3D structured electrode, so that power and energy
density could be further enhanced with short ion transport distances
and an increased surface area as compared to the conventional laminat-
ed structure. The rheology of the conventional tape casting paste with
different solids loadings (SL) was tested for the reliability of printing
onto a controlled hybrid 3D feature of an electrode, without adding un-
necessary chemical components.

2. Materials and methods

2.1. Materials and paste preparation

In this work, a LiMn2O4 (LMO) paste was used to fabricate a hybrid
3D structure electrode. Two different solids loading pastes were pre-
pared by first mixing 85.5 wt% LMO powder (MTI, 13 μm) with
6.5 wt% carbon black (CB, Alfa Aesar) and 8 wt% Polyvinylidene fluoride
(PvdF, Sigma-Aldrich), and that was then dispersed in N-Methyl-2-pyr-
rolidone solvent (NMP, Sigma-Aldrich) for 30% SL and 15% SL paste, re-
spectively. The paste was mixed with a SpeedMixer (FlackTeck Inc.) at
2000 RMP for 20 min at room temperature. The paste rheology was
measured by a viscometer (Brookfield model HB) equipped with a
CAP-52Z cone spindle at 25 °C. The viscosity (η) was recorded as a func-
tion of RMP (0.5–5) which corresponded to the shear rate
(10–1000 s−1) logarithmically, and the shear stress was calculated
based on measured viscosity and shear rate.
2.2. Electrode fabrication and cell assembly and test

An Extrusion Freeform Fabrication (EFF) systemwas used (Fig. 1) to
deposit the paste in a 3D structure. An aluminum foil piece
(5 cm × 5 cm) was fixed on a substrate heated to 120 °C prior to print-
ing, which was used as a current collector after assembly. The deposi-
tion system was a home-built extrusion-based additive manufacturing
system,which consisted of amotion subsystem, a real-time control sub-
system, and extrusion devices, which were controlled by Labview 2012
software. The system contained three linear axes, Daedal 404 XR (Par-
ker Hannifin, Rohnert Park, CA) driven by three steppermotors (Empire
Magnetics, Rohnert Park, CA) andwas able to print up to three different
materials. In this research, a single extruder was used to extrude the
LMO paste.

The paste was loaded into a 50 cm3 plastic syringe (EXELint) with a
200 μmnozzle (EFD Inc.), and extrudedwith 100N extrusion force onto
a substrate that moved along the XY-axes. The hybrid 3D structure
consisted of two parts: a base part and a digital structure part (Fig. 2).
First, a base layerwas printed to cover the current collector as a conven-
tional laminated structure and the thickness of this base layer was opti-
mized to yield the highest specific capacity (without 3D structure).
Next, a digital structure, with a different number of layers, was printed
on the top of the base layer to increase the specific surface area. All
the fabricated structures were examined via scanning electron micros-
copy (SEM, Hitachi S4700).

A CR2032 coin cell (Wellcos Corp.) was used to assemble a battery
(Fig. 3) in an argon-filled glove box (Mbraun). LMOwas used as a cath-
ode, Li foil as an anode, and commercial PP/PE/PP membrane (Celgard)
as a separator; the battery was filled with liquid electrolyte 1 M LiFP6
EC:DMC 1:1 (Sigma-Aldrich).

The electrochemical behavior of the assembled batteries was mea-
sured from 3 V to 4.2 V by using a battery testing station (IVIUMnSTAT,
Ivium Tech). The specific capacity and areal capacity were measured
under a 0.1 C-rate, and then the cycling performances were conducted
with 0.1C, 0.2C, 0.5C, and 1C per three cycles. Battery impedance was
also measured via an electrochemical impedance spectroscopy (EIS) at
3.5 V open circle voltage.



Fig. 2. (a) Microscope image of printed hybrid 3D structure and (b) Demonstration of hybrid 3D structure.
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3. Results and discussion

3.1. Paste characteristics

For 3D printing process, the paste properties, such as viscosity and
shear stress, are important for obtaining a controlled shape after depo-
sition. In contrast, the conventional tape casting pastes do not require
high viscosity to free-stand after casting [9–13]. To find the optimal
paste for the processing, two batches of paste with 15% and 30% SL
were first investigated for conventional tape casting process and EFF
process. The rheology test results (Fig. 4) indicated that both of the
pastes exhibited a shear-thinning behavior, which guaranteed that
they could be extruded and controlled by the extrusion process. Also,
the viscosity (101–102 Pa · s) and standoff shear stress (1.3 × 104 Pa)
of the 30% SL paste were approximately 10 times larger than the viscos-
ity (100–101 Pa · s) and the standoff shear stress (2 × 103 Pa) of the 15%
SL paste. Therefore, the 30% SL paste was able to provide greater
strength for the printed filaments without any collapse. Though it will
be discussed in detail in Section 3.3.1, 30% SL was chosen for the 3D
printing process in this work because SL itself has less impact on battery
performance.

3.2. Electrode structures

After printing, the size of the printed cathode had a foot area of
10 × 10 mm2. The thickness of the printed cathode and the width of
the 3D structures were measured to investigate the possibility of col-
lapse of the deposited layer (Fig. 5a). The height of one layer was ap-
proximately 190 μm and the width of two combined nearby filaments
was 600 μm.As the layer numbers increases, the height increases linear-
ly, but thewidth remains almost constant. Then, after drying, themicro-
structures of the hybrid 3D structure and the conventional structure
were studied using SEM. All the structures in Figs. 5b–f, including the
Fig. 3. A CR2032 coin cell assembly with hybrid 3D structure cathode, lithium foil,
separator, and electrolyte.
hybrid structure (b), the laminated structure (c), the enlarged base
layer (d) and the enlarged digital layer (e), and the enlarged laminated
structure, show that the spinel LMO particles are uniformly mixed with
the carbon black and the PvdF. This clearly shows that there is no signif-
icant difference in the particle-level structure inside the cells from the
two different fabrication methods.

3.3. Electrochemical performance

3.3.1. Battery capacities
First, to study the effect of SL on battery performance, and to find the

optimal thickness of the base layer, only the conventional laminated
structures were cast with 15% SL paste and 30% SL paste with different
thickness from ~100 μm to ~400 μm. As shown in Fig. 6, the battery per-
formance of both electrodes generally exhibited similar behavior:
(1) the specific capacity decreased after its maximum value (110 ±
5mAh · g−1) at 160 μm, and (2) the areal capacity continued to increase
to the maximum value (3.5 ± 0.08 mAh · cm−2) at 370 μm. This indi-
cated that the SL of the paste did not significantly affect battery perfor-
mance. Thus, a 30% SL solution was used for the hybrid 3D structures
because the 30% SL paste significantly increased standoff stress, which,
as discussed in the rheology results, provided sufficient strength to
maintain the controlled shape after deposition.

Next, as shown in Fig 7, the conventional laminated structure and
the hybrid 3D structure were compared by specific capacity, areal ca-
pacity, and volume capacity. In the case of specific capacity (Fig. 7a),
the conventional laminated structure (LS) exhibited a maximum value
(110±5mAh · g−1) at 160 μm, and then decreased as the thickness in-
creased further. However, the hybrid 3D structure (HS) showed a higher
value (117 ± 6 mAh · g−1) than that of LS, even though it is much
thicker (370 μm vs. 160 μm). As the case of LS, the specific capacity of
Fig. 4. Paste viscosity and shear stress as a function of shear rate.



Fig. 5. (a) Height and width of the printed filaments as a function of layer numbers, (b–f): SEM image of (b) the hybrid 3D structure, (c) the laminated structure, (d) the 3D printed base
layer (zoomed-in), (e) the 3D printed digital structure (zoomed-in), and (f) the laminated structure (zoomed-in).
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HSwas decreased from itsmaximumvalue as the thickness of electrode
increased, which was attributed to the transport delay in the transpor-
tation of lithium ions, in particular, the particles near the current
Fig. 6.Comparison of specific capacity and areal capacity as a function of cathode thickness
for conventional laminated structure with different solid loading.
collector are not effectively utilized at higher thickness. On the other
hand, as the thickness increased, the areal capacity of the LS continuous-
ly increased up to the maximum value (3.5 ± 0.08 mAh · cm−2 at
370 μm), which is much smaller than the maximum of HS, 4.5 ±
0.3 mAh · cm−2 at 270 μm as shown in Fig. 7b.

In Fig. 7a and b, an asterisk indicates the value of the printed base
layer (190 μm thickness). Its specific capacity is the range of values sim-
ilar to the LS, but its areal capacity is higher than value of the LS at the
same thickness. The printed base of 190 μm showed an areal capacity
similar to that of 270 μm LS.

For very thick (490 μm), the areal capacity of the HS is almost the
same as for the maximum value, while the LS value continues to in-
crease with thickness. This is the result of competition between the in-
creased mass loading and reduced specific capacity as the thickness
increases. As shown in Fig. 7c, the volumetric capacities decreases as
the electrode thickness increases after reaching the maximum value,
similar to the case of specific capacity (Fig. 7a). The HS has a maximum
volume capacity (180 mAh · cm−3) of up to 80% greater than the con-
ventional structure (100 mAh · cm−3) in the thickness (270 μm) pro-
viding the maximum value in both cases.



Fig. 7. Comparison of conventional laminated structure and printed hybrid 3D structure as a function of cathode thickness (a) Specific capacity, (b) areal capacity, and (c) Volumetric
capacity.
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In conclusion,first, the specific capacities of bothHS and convention-
al LS are within a reasonable range of the specific capacities of LMOma-
terial (90–120 mAh · g−1) [8,26], and the areal capacities and
volumetric capacities of the LS are similar to those of LMO half-cells
[27,28]. Also, as the electrode thickness increases, the areal capacities
and volumetric capacities increase. By contrast, the areal capacity of
HS is much higher than the values in literature. This means the new hy-
brid 3D structure (HS) can achieve high areal capacity without
compromising specific capacity.

3.3.2. Voltage profile and cycling performance
Fig. 8 shows the first and second voltage profile during charge/dis-

charge of the two best cells out of conventional laminated structure
(LS) and 3D hybrid structures (HS) of different thickness, as discussed
Fig. 8. 1st (solid line) and 2nd (dash line) cycles (a) specific charg
in Section 3.3.1. Those thicknesses are 160 μm and 270 μm for LS and
HS, respectively. As shown in Fig. 8a, the specific capacity of HS in this
cell is higher than that of LS in the first cycle, but similar in the second.
However, as shown in Fig. 8b, the HS shows a much higher areal capac-
ity even in the second cycle, which is consistent with the conclusion of
the previous section.

In order to study their cycle performance, each cell was cycled 3
times with 0.1C, 0.2C, 0.5C, and 1C, and then finally 8 cycles further
with 0.1C again as shown in Fig. 9a. Except for the first three cycles of
HS, all have stable performancewith a slight decrease in capacity. As ex-
pected, capacity is reduced at high C-rates due to a high ohmic resis-
tance. However, the HS still shows higher areal capacity than the LS
even at high C-rates. For instance, it shows about 1.5 times the areal ca-
pacity at the HS (0.83mAh · cm−2) than at the LS (0.59mAh · cm−2) at
e/discharge capacity and (b) areal charge/discharge capacity.



Fig. 9. (a) Cycling performance with 0.1C, 0.2C, 0.5C, 1C and 0.1C of 30% SL conventional structure (160 μm) and printed hybrid 3D structure (270 μm), and (b) coulombic efficiency.
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1C. After returning to the low 0.1C, both cells show stable performance,
while still theHS (3.38mAh · cm−2) shows 2.6 times the specific capac-
ity of the LS (1.30 mAh · cm−2). Compared with the last value of the
first 0.1C cycle group, the HS showed about a 6.9% capacity decrease
during the second 0.1C cycle group, which is a reflection of cumulative
deterioration caused by side reactions such as Mn dissolution; this is
slightly higher than the fading in the LS (4.9%), which may be related
to higher surface area. Thereafter, the HS exhibits the similar capacity
fade rate to the LS, which is 0.5% fade per cycle.

A higher surface area can lead to more side reactions, such as more
interface layer formation [29] or dissolution of active materials [30].
That is why we observed a larger capacity fade in the first three cycles
of the HS compared to the LS. However, a high surface area does not
necessarilymean a higher capacity fade rate for two reasons: (1) protec-
tive layers are formed to slow the side reactions after initial formation,
even if it is not completely stable until the of its life; (2) the benefit of
a short diffusion path and facile diffusion of the 3D structure can reduce
ion accumulation inside active materials, and correspondingly reduced
stress level, which causes less mechanical failures, such as cracks, that
directly accelerate chemical side resections due to the increase inter-
face. As an evidence, we observed fast capacity reduction for the first
three cycles in the 3D structures, but after 12 cycles, they show a fade
rate of 0.5% per cycle, similar to the conventional laminated structures.
The coulombic efficiency of both HS and LS is stabilized after a small
drop between different C-rates and shows similar values as shown in
Fig. 9b.
3.3.3. Power and energy density
In Fig. 10, the areal energy and power densities of conventional lam-

inated structures with/without optimized thickness, printed hybrid 3D
structures, and other recently reported reference values for 3D struc-
tured LIBs are plotted [8,10,14,21,31–39]. As marked with a green
Fig. 10. Comparison of the energy and power densities of our conventional laminated
structure and a printed hybrid 3D structure, with reference data.
square (Fig. 10), the energy density and power density of our conven-
tional laminated structure increased as the electrode thickness in-
creased, and the optimal thickness showed a power density similar to
that of the cell, which was a half cell with a synthesized LMO nanotube
cathode [8]. The hybrid 3D structure LMO batteries, printed on the base
layer, showed a 64.6 J · cm−2 energy density with a 2.3 mW · cm−2

power density. These values are quite outstanding in the aspect of
both energy and power density, as compared to other materials sys-
tems. In particular, this is very promising when we consider that the
theoretical capacity of our LMO is not high enough, as compared to
the materials in references LiCoO2 [10,37,38], NiSn-LiMn2O4 [39], and
LiFePO4 [21].
3.3.4. Impedance analysis
In order to further study the electrochemical behavior of the printed

hybrid 3D structure, an electrochemical impedance spectroscopy test
was conducted with an optimized conventional structure and a printed
hybrid 3D structure.

The Nyquist plots for the two samples were plotted (Fig. 11). The
original data were fitted by a circuit diagram model of R(CR)(CRW)W
[40]. The high-frequency intercept at the Z′ axis corresponded to the
ohmic resistance, Re, which represented the resistance of the electrolyte,
and the semicircle in the middle-frequency range indicated the charge
transfer resistance, Rct [41]. The Warburg impedance, Zw, related to a
combined effect of the diffusion of lithium ions on the electrode/electro-
lyte interfaces, which corresponded to the straight sloping line at the
low-frequency end [42]. It can be seen that both cells had a similar
(8 Ω) ohmic resistance, but the semicircle of the printed hybrid 3D
structurewas smaller than that of the conventional laminated structure.
From the fitted impedance parameters, the charge transfer resistance,
Rct, of the printed hybrid 3D structure (Rct ≈ 19.6 Ω) was smaller than
that of the conventional laminated structure (Rct ≈ 62.6 Ω), indicating
Fig. 11. Comparison of impedance with the conventional laminated structure and printed
hybrid 3D structure.
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that inserting and de-inserting lithium ions for the printed hybrid 3D
structure were easier than for the conventional laminated structure
[42–44]. This means that the hybrid 3D structured electrode greatly en-
hanced the transport of lithium ions.
4. Conclusions

In this study, a novel hybrid 3D structure electrode is, for the first
time, proposed that can achieve high battery performance, such as
high areal energy and power density. The proposed structure utilizes
the advantages of digital structure (i.e. high aspect ratio) to break
through the limitation posed by the conventional laminated structure,
which can be applied to large scale battery formats. An extrusion-
based additive manufacturing method is used to fabricate this hybrid
3D structure by using the conventional solution,which resolves the typ-
ical challenges in preparing solutions for the extrusion process. The re-
sults indicate that significantly enhanced areal energy and power
densities can be achieved with the hybrid 3D structure. The hybrid 3D
structure LiMn2O4 battery shows superior performances
(117.0 mAh · g−1 and 4.5 mAh · cm−2), in terms of specific capacity
and areal capacity. More importantly, compared to the conventional
structure, the hybrid 3D structure was more efficient and had much
higher lithium ions utilization, which presents a new possibility for pre-
paring an electrode with excellent electrochemical performance
(64.6 J · cm−2 energy density with 2.3 mW · cm−2 power density).
This work resolved fabrication, solution preparation, and assembly is-
sues for a scaled up 3D battery via the extrusion-based additive
manufacturing method. It demonstrated that the proposed 3D struc-
tures provide a high specific surface area and quick responses, which
are the key challenges in the area of materials science involving two in-
terfaces (e.g., solid and liquid) and their kinetic reactions. The results
can be further applied to other areas related to reactions at interfaces,
including other energy storage systems, energy conversion systems,
and sensors.
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