#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

A universal strategy towards 3D printable
et 1 s crem 2 200 1ANOMaterial inks for superior cellular high-loading
16086 - battery electrodes

i '.) Check for updates ‘

Xiaocong Tian, ©2° Teng Wang,® Hui Ma,? Kang Tang,®® Shuen Hou,?
Hongyun Jin@®* and Guozhong Cao®¢

Direct ink writing has emerged as one of the simplest 3D printing technologies for a wide range of
applications including energy storage devices. Inks with high printability and desired functionality are the
most important elements to achieve efficient 3D printing. Many printable inks have been reported;
however, few were developed with high versality. In this paper, a versatile fabrication approach for
various desirable 3D printable nanomaterial inks is presented for superior battery electrodes. By
controlling the dispersing solvents, the inks' rheological properties are well tailored for 3D printing
processes without sacrificing the weight ratio of electrode components. At high mass loading, 3D
printed cellular LiFePO,4 cathodes and LisTisO;, anodes deliver high specific capacities of 168 (0.5C) and
171 mA h g~! (1C), respectively, which are both close to their corresponding theoretical capacities.

Meanwhile, high-rate capabilities and superior long-term cycling stabilities are also demonstrated for the
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Introduction

With the growing consumption of energy and increasing
demand for sustainable energy systems, the energy storage
technology is playing a more and more critical role in modern
lives." Due to their high energy density, moderate power
density, no memory effect and long life span, advanced
rechargeable batteries have attracted extensive attention in
industrial fields ranging from portable electronics to electric
vehicles (EVs).*” Lithium batteries are one of the best
rechargeable battery technologies and have thus witnessed
significant success for various commercial applications. To
achieve satisfactory electrochemical performances and lowering
of costs of lithium-ion batteries, the electrode configuration as
well as the corresponding manufacturing technique is of great
importance.*** To date, although various manufacturing tech-
niques have been reported, direct customized configuration
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design with advanced battery electrode production capability
has been regarded as a significant challenge and is thus ex-
pected to be achieved for future applications.***¢

3D printing has recently been recognized as an emerging
manufacturing technique to fabricate considerable battery and
supercapacitor electrodes with customized configuration
designs, structural optimization, rapid prototyping and prom-
ising electrochemical performance.””** To date, various 3D
printing approaches have been employed to design and fabri-
cate functional materials, among which direct ink writing (DIW)
is a cost-efficient and versatile one with a strong capability to
directly achieve the 3D construction via the facile ink extru-
sion.”*?® Hu et al. used DIW to obtain a 3D printed LiMn;_,-
Fe,PO, nanocrystal cathode which delivered a much better
electrochemical performance than the traditional battery elec-
trode.”” Yao et al. constructed a porous carbon aerogel scaffold
via a DIW strategy to realize the ultrahigh loading of the pseu-
docapacitive component for supercapacitor applications.*®
These pioneering research studies indicate that the DIW
approach is a powerful platform for fabricating electrochemical
energy storage electrodes.

Using the powerful DIW printing technique, the delivered
electrochemical performance can be well tuned via the control
of composition and microstructure of the printed materials.***
Among the various constructed 3D structures, cellular materials
are regarded as a unique but one of the most representative
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configurations inspired by nature and possess great advantages
for diverse application fields especially for advanced electro-
chemical energy storage.**** Previous studies have demon-
strated that the inherent ink preparation is core for the printing
process and printed electrodes. On the one hand, to achieve
continuous ink extrusion as well as ink solid-like stacking, the
difficulty lies in tuning of the ink's rheological properties.** On
the other hand, the ink formulation directly affects the elec-
trochemical performance of printed electrodes. To date,
although some pioneering work has been reported to obtain
printable inks for electrochemical energy storage applications,
the key to access 3D printable nanomaterial inks was not re-
ported and a universal route with high controllability in elec-
trode formulation is still lacking, which largely hinders the
further utilization of 3D printed electrochemical energy storage
devices or components.*”**

Here, we report a universal approach towards various desir-
able 3D printable nanomaterial inks for superior cellular battery
electrodes with high mass loading. The volume (dispersing
solvent) to solid mass (including active material, conducting
agent and binder) ratio (VMT) is found to be a general element
to access the printability of ink. By tuning VMT in a specific
range, all obtained inks with different compositions deliver the
desired rheological properties without sacrificing the control-
lability of each electrode component. To demonstrate the
universality of our route, commercial LiFePO, (LFP) and
Li,Ti50;, (LTO) powders are utilized directly and set as typical
examples in this work, while carbon nanotubes (CNTs) and
reduced graphene oxide (rGO) are employed as conductive
agents. All prepared inks show desired viscosities and stable
solid-like fluid properties, resulting in successful extrusion
processes. 3D printed cellular battery cathodes and anodes
possess high mass-loading characteristics and exhibit superior
specific capacities (close to the theoretical capacities), rate
capabilities and cycling stabilities at the same time. When a 3D
printed cathode and anode are assembled into a full-cell,
excellent electrochemical performance is still observed, which
is due to the continuous 3D electron transport, large electrode-
electrolyte contact and shortened ion diffusion distance. This
universal ink preparation route offers great advantages in
battery additive manufacturing and holds tremendous promise
in leading the battery into a new application realm.

Results and discussion

Fig. 1a—c illustrate the typical fabrication process of various Li-
ion battery electrodes by DIW-based 3D printing. Generally,
moderate viscosity, good fluidity and high controllability are
desired characteristics for printable inks. In this work, such
inks were simply prepared with a mortar by the full grinding of
active materials, conductive agents, and binder in a weight ratio
of 7:2:1 (Fig. 1d). It is found that the key to achieve 3D
printable rheological properties without changing the solid
components of inks is the control of dispersing solvent content.
Using the obtained printable electrode inks, cellular electrodes
were extruded on a glass substrate (Fig. 1e and f) at a constant
speed through a 330 pm nozzle. The designed cellular structure
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Fig. 1 (a—c) Schematic of the DIW-based 3D printing process of
cellular battery electrodes. (d—f) Optical images of (d) printable ink, and
(e) 1-layer-printed and (f) n-layer-printed cellular battery electrode
architectures.

contains open-periodic pores, which indicates the further
enhanced kinetics of electron and ion transport during the
charge-discharge process.** The nominal area of the printed
battery electrodes was approximately 0.49 cm?”, while the actual
area was 0.28 cm”.

To reveal a key element to access the printable electrode
inks, different contents (1 mL, 3 mL and 5 mL) of N-methyl-2-
pyrrolidone (NMP) solvents were added to disperse the same
electrode solids (for example, the LFP-rGO cathode which
includes an active material, conductive agent, and binder) with
a total amount of 1 g. As shown in Fig. 2a and b, the flowing
states of obtained inks with different solvents were significantly
different. The addition of 1 mL solvent did not enable the
mixture to become a homogeneous ink and obvious agglomer-
ation was observed, implying that a smooth extrusion was
improbable in the following step. As the dispersing solvent
amount increases to 3 mL and 5 mL, homogeneous inks were
formed, while an obvious backflow phenomenon was found for
the 5 mL solvent-contained bottle when it was placed upside
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Fig. 2 (a and b) Photographs of nanomaterial inks with different
solvent contents in bottles placed (a) upright and (b) upside down after
5 min. (c) Photograph of 3D printed cellular battery electrodes with
different printing layers. (d) Comparison between a 4-layer-printed
battery electrode and a coin. (e) Viscosity—shear rate relationship and
(f) modulus—shear strain relationship of various 3D printable nano-
material inks.
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down for 5 min. Such backflowing indicates the low viscosity
and ease of levelling after the extrusion. It worth noting that the
ink with 3 mL of solvent showed a high viscosity state without
backflowing. Using the 3 mL/1 g one, different layers of battery
electrodes were printed through the DIW technique as shown in
Fig. 2c and the area of the as-printed electrode was less than
half the area of a coin (Fig. 2d).

In order to quantitatively understand the importance of VMT
in electrode inks, the rheological properties of four different
kinds of inks (LFP-rGO, LFP-CNTs, LTO-rGO, and LTO-CNTs)
were studied. Fig. 2e displays the apparent viscosity-shear rate
relationship of these inks measured at room temperature for 10
minutes. The apparent viscosities of the four types of ink
decreased with the increase of shear rates, which illustrated
their shear thinning properties and showed that the prepared
inks were non-Newtonian fluids. When the shear rate was 0.1
s~', the maximum apparent viscosities of both LFP-based and
LTO-based battery inks exceeded or almost reached 10’ Pa s,
which was beneficial for the DIW-based printing process. It also
revealed that inks prepared through our VMT tuning has
excellent controllability and universality in delivered

300 pm
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rheological properties. Fig. 2f presents the modulus values of
battery electrode inks changing with shear strain, showing that
the storage moduli of both LFP-based and LTO-based battery
inks were higher than the loss moduli and they kept almost
unchanged when the shear strain was low. With the continuous
increase of shear strain, the loss moduli exceeded the corre-
sponding storage moduli, reflecting a solid-like behavior for all
obtained inks. The above results fully demonstrated that, with
the precise control of VMTs in electrode inks, 3D printable
rheological properties were available for various ink formula-
tions. This was a good illustration that our proposed approach
was a universal route for 3D printed battery electrode
applications.

After clarifying the 3D printable rheological properties of
inks, X-ray diffractometer (XRD) and scanning electron
microscopy (SEM) studies were performed to uncover the
structural information of the as-printed battery electrodes as
shown in Fig. S1 and S3.7 All characteristic peaks observed in
the XRD patterns of both LFP-based and LTO-based battery
electrodes can be completely indexed to pure LFP and LTO
phases (Fig. S1f), respectively, illustrating that chemical

!
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Fig. 3 (a—c) Low-magnification SEM images of the as-printed cellular battery electrodes. (d—f) SEM images of (d and e) LFP-rGO and (f) LFP—
CNT electrodes at high magnification. (g—i) SEM images of (g and h) LTO-rGO and (i) LTO-CNT electrodes at high magnification.
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components were not destroyed during the 3D printing
processes. As seen from low-magnification SEM images, the 3D
printed battery electrode presented a periodic cellular structure
connected with horizontal and vertical printing lines (Fig. 3a
and b). Additionally, cylindrical shapes of each line were
observed as shown in Fig. 3c and all diameters of these lines
were approximately 350 um, which were consistent with the
nozzle inner diameter, further implying the solid-like extrusion
properties and desired controllability of inks. It was acknowl-
edged that the cellular structure with open macropores was
favourable for the initial infiltration and penetration of elec-
trolyte ions during the charge-discharge processes, thus
offering more accessible sites and further leading to improved
electrochemical performance.

At high magnifications, the morphologies and microstruc-
tures of the as-printed LFP-based and LTO-based battery elec-
trodes were studied as shown in Fig. 3d-i. It was clearly seen
that nanostructured LFP particles (~300 nm in diameter) were
finely dispersed and embedded with rGO nanosheets. In the
resultant 3D LFP-rGO framework, irregular macroscopic and
microscopic pores formed as shown in Fig. 3d and e, which may
be due to the freeze-drying treatment during the electrode
fabrication. For LFP-CNT battery electrodes, a similar good
dispersity phenomenon was found (Fig. 3f), where LFP nano-
particles well bundled with CNTs, implying the desired elec-
trical transport for the whole printed structure. It is worth
noting that the above structural results were also applicable for
the as-printed LTO-rGO and LTO-CNT battery electrodes as
shown in Fig. 3g-i, illustrating the high versatility and promise
of our approach.

To evaluate the electrochemical performance of various 3D
printed battery electrodes, we first assembled LFP-based and

View Article Online
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LTO-based Li-ion coin-type half-cells, for which rGO and CNTs
were added as two forms of conductive agent, respectively. At
a rate of 0.5C, the 3-layer-printed LFP-rGO cathode with
a 16.3 mg cm™ > mass loading (calculated from the actual area)
delivered discharge capacities up to 168 mA h g, which was
very close to its theoretical capacity of ~170 mA h g~ . The
characteristic voltage plateau upon lithiation and delithiation
was also observed with the cathodic and anodic peaks in cyclic
voltammetry (CV) curves (Fig. S2 and S37). As the rate increased
to 1C, 1.5C, 2C and 3C, its discharge capacities still remained at
151, 138, 134 and 125 mA h g, respectively (Fig. 4a). Impor-
tantly, the discharge capacities at high rates were achieved
under high mass loading conditions, implying a reasonable
cellular structural design during the fast ion transport for 3D
printed LFP-rGO cathodes. In the presence of nanostructured
carbon agents, both forms of LFP-based cathodes showed small
voltage polarization as depicted in Fig. 4b, while the rGO-added
one showed a higher capacity which may be due to the forma-
tion of a homogeneous conductive carbon network.

The rate performance of the as-printed LFP-rGO cathodes
was further measured at various rates ranging from 0.5C to 3C
(Fig. 4c). Among the various cathodes, the 1-layer-printed one
possessed the highest reversible discharge capacities at various
rates, indicating ultrafast lithium storage. When the rate
returned to 0.5C, exceeded specific capacities were obtained for
most cathodes even with 4-printing-layers, implying ultrafast
lithium storage performance. With digital control of the elec-
trode printing layer and thickness, the areal mass loading of
LFP printed from 1 to 4 layers was 6.2, 11.5, 16.3 and 25.6 mg
cm™?, respectively. Accordingly, the specific areal capacities
enlarged linearly as displayed in Fig. 4d, indicating an advan-
tageous electrochemical behavior of thick electrodes compared
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Fig. 4 Electrochemical performance of Li-ion half-cells assembled wit

h 3D-printed LFP-based cathodes. (a and b) GCD profiles of 3-layer-

printed LFP-rGO electrodes at different rates (a) and LFP-rGO and LFP—CNT electrodes at 0.5C (b). (c and d) Rate capability obtained from 0.5C

to 3C (c) and areal capacity evolution profiles (d) of LFP—rGO electrodes
layer-printed LFP—rGO electrodes over 500 cycles at a rate of 3C.
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Fig. 5 Electrochemical performance of Li-ion half-cells assembled with 3D-printed LTO-based anodes. GCD profiles of (a) 3-layer-printed
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capacity evolution profiles of LTO-rGO electrodes with different printing layers. (e) Long-term cycling performance of 3-layer-printed LTO-

rGO electrodes over 500 cycles at a rate of 3C.

with conventionally manufactured ones. After almost 500 long-
term charge and discharge cycles at 3C, 116 mA h g~ was still
obtained as shown in Fig. 4e, corresponding to an ultrahigh
capacity retention of 99% for thick 3-layer-printed cathodes.

The electrochemical performance of LTO-based anodes is
shown in Fig. 5. At a rate of 0.5C, the specific discharge capacity
of the 3-layer-printed LTO-rGO anode with high mass loading
was 180 mA h g ' (Fig. 5a), even exceeding its theoretical
capacity of ~175 mA h g™, which may be due to the introduc-
tion of rGO components.*>** Ultrasmall voltage polarization
values were found for rGO-added and CNT-added anodes
(Fig. 5b). Similar to LFP-based cathodes, the characteristic
voltage plateau upon lithiation and delithiation was also
observed with cathodic and anodic peaks in CV curves (Fig. S4
and S51). Remarkably, excellent rate capabilities were observed
for all LTO-rGO anodes with different printing layers (Fig. 5c).
Even 1-layer-printed anodes did not show a noticeable capacity
decline when rates increased from 0.5C to 3C. At rates of 1, 1.5,
2 and 3C, the specific capacities of 3-layer-printed anodes still
remained at 171, 166, 162 and 155 mA h g™, respectively. As
depicted in Fig. 5d, the linearly enlarged areal capacities further
demonstrated the 3D printed cellular design which was bene-
ficial for the electron and ion transport during lithiation and
delithiation processes. The long-term cycling stability of the
LTO-rGO anodes is displayed in Fig. 5e, which shows that an
outstanding capacity retention of 99.9% was achieved for
almost 500 charge and discharge cycles.

Compared with conventional manufacturing electrodes, the
microstructure of the 3D printed electrodes can be well tuned.
Our cellular electrodes present a typical form which offers huge
advantages including 3D electron transport, large electrode—
electrolyte contact and shortened ion diffusion distance as

16090 | J. Mater. Chem. A, 2021, 9, 16086-16092

schematically shown in Fig. 6a. These features enabled desired
electron and ion transport even for thick electrodes. Our
universal route is the key to access printable inks, and thus
provides an excellent platform for future practical applications
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Fig. 6 Schematics and electrochemical performance of all-3D-prin-
ted Li-ion full-cells. (@ and b) Schematics of benefits of 3D-printed
electrodes (a) and the assembled all-3D-printed Li-ion coin-type full-
cell structure (b). (c and d) The GCD profiles (c) and rate performance
(d) of all-3D-printed Li-ion full-cells at different rates. (e) The CV curve
of all-3D-printed Li-ion full-cells at 0.1 mV s~ (f) Long-term cycling
performance of all-3D-printed Li-ion full-cells.
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of 3D printed electrodes. Our 3D printed electrode architectures
are also applicable to other energy storage systems such as Li-S
batteries, Li-Se batteries, and Li-O, batteries.**

A coin-type full-cell was assembled with a 3D printed LFP-
rGO cathode and LTO-rGO anode, both of which had 2 printing
layers (Fig. 6b). Remarkably, this all-3D printed full-cell still
exhibited a characteristic voltage plateau and superior
discharge capacities at various rates as shown in Fig. 6c, con-
firming the outstanding applicability of our 3D printed thick
electrode structures. The rate performance was further
measured at various rates ranging from 0.5C to 3C (Fig. 6d).
Highly reversible capacities of 155, 140, 119, 107 and
91 mA h g~ " were achieved at 0.5, 1, 1.5, 2 and 3C, respectively.
When the rate returned to 0.5C, a remarkable capacity of
151.8 mA h g~' and a corresponding high retention of 98.3%
were obtained. The phenomenon of lithiation and delithiation
was also observed in the CV curve of all-3D-printed Li-ion full-
cells at 0.1 mV s ' (Fig. 6e). During long-term cycling
processes, the full-cell delivered an outstanding capacity
retention of 98% for almost 500 cycles (Fig. 6f). The electro-
chemical performance clearly illustrated the great advancement
in 3D printing for electrochemical energy storage, in which
printable inks are the most important element towards wide
and practical applications.

Conclusions

In conclusion, a simple and universal ink fabrication strategy is
proposed by precisely controlling the dispersing solvent
amounts in a specific range. Using this general strategy, the
rheological properties of the various obtained nanomaterial
electrode inks can be well tailored for printing processes.
Meanwhile, the high controllability of each ink component is
still maintained, providing excellent optimization space for the
delivered electrochemical performance. Moreover, this print-
able ink fabrication enables an ideal platform for designing
favourable electrode configurations. At high mass loading, 3D
printed cellular LiFePO, cathodes and Li,TisO;, anodes deliver
high specific capacities of 168 (0.5C) and 171 mA h g~* (1C),
respectively, which are both close to their corresponding theo-
retical capacities. Their rate capabilities and cycling stabilities
are also remarkable. Moreover, an all-3D-printed full Li-ion
battery still exhibits outstanding electrochemical perfor-
mance, illustrating the great potential of our ink fabrication
strategy for future practical energy storage applications.

Experimental
Preparation of 3D printable electrode inks

The electrode solid (active material, conductive agent, and binder
with a mass ratio of 7:2:1) was firstly put into a mortar for
grinding for 5 minutes. Then, NMP solvent was added with
grinding for 10 minutes and further mixing using a speed mixer
(SpeedMixer DAC 150.1). The solvent (volume, in mL) to electrode
material (mass, in g) ratios (SER) were tuned to 1:1, 3:1 and
5:1, respectively, to obtain various inks with different solid
concentrations. In this work, two kinds of active material, LFP

This journal is © The Royal Society of Chemistry 2021
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and LTO, were employed, while CNTs and rGO acted as the
conductive agents and polyvinylidene fluoride (PVDF) acted as the
binder. Thus, four typical 3D printed electrode inks, namely LFP-
rGO, LFP-CNTs, LTO-rGO, and LTO-CNTs, were finally obtained.

3D printing of cellular electrodes and battery assembly

Electrode inks were loaded into syringes with a 5 mL volume
and nozzles with a diameter of 330 pm. With a constant pres-
sure of 0.1-0.2 MPa driven by pneumatic force, the ink is
extruded onto a glass substrate at a constant speed using a 3-
axes extrusion system. The configuration and thickness of the
printed electrodes were controlled according to computer-aided
routines. Finally, the printed electrode materials were
immersed in deionized water for 12 h, and then immediately
freeze-dried for 5 h.

For the Li-ion half-cell battery, the cells (CR2032) were
assembled with the 3D printed cellular electrodes, Li metal
anode, separator, and electrolyte (1 M LiPF). For the Li-ion full-
cell battery, the same-type coin-type cells were assembled with
a 3D printed cellular LFP-based or LTO-based electrode with
different printing layers, separator, and electrolyte (1 M LiPF).
The half-cell and full-cell were assembled in an Ar-filled
glovebox.

Structural characterization and electrochemical
measurements

The rheological properties of the electrode inks were deter-
mined using an Anton Paar 302 rheometer with a flat rotor
(25 mm diameter). SEM images were collected on a JEOL-7100F
field-emission scanning electron microscope. The crystal
structure of the samples was characterized using a powder XRD
between 10° and 70° with a scan rate of 5° min ™.

The electrochemical performance of the LFP-based and LTO-
based coin-type Li-ion half-cells was measured from 2.5 to 4.3 V
and 1.0 to 2.5 V, respectively, at different current densities using
a battery testing system (LAND CF-2001A). For electrochemical
measurement of the coin-type Li-ion full-cell, the galvanostatic
charge-discharge (GCD) window of 1.0 to 2.5 V was used at
different rates. Corresponding cyclic voltammetry (CV) data
were recorded using a CHI 760D electrochemical workstation.
Electrochemical impedance spectroscopy (EIS) was performed
from 10~ to 10° Hz. All measurements were performed at room
temperature.
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