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In this work we present for the first time high capacity silicon/carbon—graphite blend slurries designed for
application in 3D-printed lithium ion microbatteries (3D-MLIBs). The correlation between electrochemical
and rheological properties of the corresponding slurries was systematically investigated with the prospect
of production by an automated dispensing process. A variation of the binder content (carboxymethyl
cellulose/styrene—butadiene rubber, CMC/SBR) between 6 wt%, 12 wt%, 18 wt% and 24 wt% in the
anode slurry proved to be crucial for the printing process. Regarding the rheological properties
increasing binder content leads to increased viscosity and yield stress values promising printed structures
with high aspect ratios. Consequently, interdigital 3D-printed micro anode structures with increasing
aspect ratios were printed with increasing binder content. For printed 6-layer structures aspect ratios of
6.5 were achieved with anode slurries containing 24 wt% binder. Electrochemical results from planar
coin cell measurements showed that anodes containing 12 wt% CMC/SBR binder content exhibited
stable cycling at the highest charge capacities of 484 mA h g~* at a current rate of C/4. Furthermore, at
4C the cells showed high capacity retention of 89% compared to cycling at C/4. Based on this study and
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Introduction

The increasing market of small electronic devices in the field of
the internet of things (IOT) such as wearables, smart electronics
and medical implants requires suitable energy storage devices.
Lithium ion batteries (LIB) are currently the batteries of choice
for microelectronics, due to their high gravimetric (W h kg™)
and volumetric energies (W h 17').! However, conventionally
designed LIBs (i.e. pouch, prismatic, cylindrical) are difficult to
miniaturize. On the other hand supercapacitors and thin film
batteries can be miniaturized and are already used in micro-
electronic devices, but at the expense of energy density.>” For
thin film batteries energy and power density can be increased by
achieving 3D-structured cathodes.®” Additive manufactured
microbatteries are a promising technology that can handle the
integration problem into electronic devices and have the
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electrochemical and rheological properties for future work with fully 3D-printed MLIBs.

potential to reach high power at high energy density levels
simultaneously. To achieve this, the principle idea of 3D-
manufactured batteries is to decouple ionic and electronic
transport processes. In the additive manufacturing process
active material is deposited in the z-direction of the current
collector which leads to tall and preferable small 3D-battery
structures. Such high aspect ratio (AR) electrodes are consid-
ered to have the advantage of increased energy per footprint
area whereas the electrode thickness and therefore the ionic
pathway is kept constant. Thus, energy density can be increased
by a steady value of power density where the major rate limiting
factor is the electric resistance of the electrodes.® In conven-
tional planar electrode batteries either power or energy density
can be optimized by adjusting the electrode thickness.” The
basic idea of 3D-printed microbatteries is illustrated in Fig. 1.

There are several different ways to manufacture 3D-battery
structures e.g. by using electrodeposition,’™ inkjet'>** and
dispenser printing techniques.>'**® Additive manufacturing
based on dispenser printing represents a simple and low cost
microbattery production process.'” Furthermore, slurry formu-
lation can be adopted from industrial battery cell production by
adjusting the amount or type of specific components. Fu et al.
presented an interdigitated lithium ion microbattery (IMLIB)
based on lithium iron phosphate/graphene oxide (LFP/GO)
cathodes and lithium-titanate/graphene oxide (LTO/GO)

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Principle idea of energy and power optimization in 3D-printed
batteries. The shown dimensions give the scale of the electrode
thickness rather than an accurate value.

anodes with 10 wt% of PVDF binder. The printed full cell with
a size of 7 x 3 mm? showed limited cycling behavior <20 cycles
with a capacity of 100 mA h g ! at a current rate of 50 mA g~ '.*°
So far, the smallest printed 3D-battery structures using the
dispenser printing approach were published by Sun et al. in
2013.% The cell consisting of an LTO anode and LFP cathode and
had dimensions of approximately 1 x 1 mm?® (5 anode and
cathode fingers) at a height of approx. 190 um. Wei et al
manufactured biphasic electrodes for customized planar
lithium ion batteries with electrode thicknesses up to 1 mm.
Areal energy density could be increased by more than one order
of magnitude at constant areal power densities compared to
electrodes with 0.05 mm thickness.”* With respect to slurry
development for 3D-printed batteries Li et al. showed that the
detailed investigation of electrochemistry and slurry rheology is
crucial for a successful production of additive manufactured
microbatteries.” However, in the field of suspension rheology
and its impact on printability by the dispensing method Pos-
pischil et al. demonstrated that there are more rheological
parameters (e.g. yield stress), which need to be investigated,
especially, when high aspect ratio dispensing is desired.”
Furthermore, in another work the same authors showed that
aspect ratios of dispensed structures are strongly influenced by
the underlying surface properties and process parameters for
a variety of different photovoltaics applications.*®

Based on experiences from photovoltaic applications, we
investigate in this study customized Si/C-graphite blend slur-
ries as anode for 3D-MLIBs unprecedented in scientific reports.
As it was already stated earlier in this manuscript energy density
of 3D-printed batteries can be increased by depositing active
material in the z-direction whereas power density of the cell
remains constant. In addition to this fundamental property of
additive manufactured batteries we have chosen high capacity
Si/C-graphite blend anodes to increase the energy density of the
cell not only from a geometrical but also a material perspective.
The investigation of the corresponding slurries includes
a systematic investigation of the correlation between slurry
rheology and electrochemical battery characteristics.
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Rheological investigations are key to adjust dispenser printing
properties regarding the quality of printed structures. The
amount of binder was considered a crucial factor influencing
the electrochemical and rheological properties. Consequently,
Si/C-graphite blend anode slurries were prepared with varying
amounts of binder and investigated regarding the electro-
chemical rate performance, rheological behavior and the
quality of the printed interdigitated structures.

Experimental
Materials and slurry preparation

For the preparation of Si/C (made from crystalline silicon
nanoparticles APS = 100 nm, 99%, plasma synthesized, Alfa
Aesar)-graphite blend anode slurries carboxymethyl cellulose
(CMC, Merck group) was suspended in deionized water by
magnetic stirring for 6 h. When the dispersion was fully
homogenized the styrene-butadiene rubber (SBR) dispersion
(85 wt% water, Targray group) was added. The ratio between
CMC and SBR was 50/50 (wt%/wt%) and slurries with a binder
content of 6, 12, 18 and 24 wt% were investigated. A binder
content of 6 wt% was chosen since this value is close to planar
industry-orientated Si/C-graphite blend anodes. However,
binder contents of lower than 6 wt% were found to have rela-
tively low viscosities and were thus suggested to be scarcely
relevant for 3D-printing processes. In pretests, slurries with
binder a content of 24 wt% were found to be difficult to process
by laboratory equipment such as magnetic stirrers whereby
a homogenization of the slurry via magnetic stirring could not
necessarily be ensured. After another 30 min of stirring the Si/C,
graphite (APS 7 - 11 pum Alfa Aesar, 99%) and carbon black (Alfa
Aesar, 100% compressed, 99.9%) were added. The amount of
silicon in the blended material was aimed to be 12 wt%. For
a detailed overview of the composition of each slurry see
Table 1. Here solid fractions are listed for dispenser printing
experiment. For rheological measurements values are given
only for slurries with the highest solid content (aimed to be
40 wt%). In the ensuing sections the term “40 wt%” acts as an
abbreviation for these numbers. Corresponding values for
slurries with lower solid content can be found in the section
regarding rheological characterization. For electrochemical
measurements solid contents of 40 wt% were desired but not
specifically measured. All components were mixed (DAC 150/
250, Speedmixer, Germany) at 3500 rpm for 2 min (2 times
with 10 min rest). A three roll mill (80E, Exakt Advanced Tech-
nologies, Germany) with a large roll distance of 10 pm and
a small roll distance of 5 um was used to adjust the particle size
of the components and to homogenize the slurry. The process
time in the three roll mill was minimized (60-90 s) to have as
less water evaporation as possible. For the determination of the
solid fraction three samples were taken from the three roll mill
and weighed before and after drying. For rheology and
dispenser printing the slurries were used immediately. For
anode preparation the slurries were coated on copper foil via
doctor blade technique with a wet film thickness of 50 um and
dried at 313.15 K overnight. After predrying 14 mm coins were
punched out and dried under vacuum at 393.15 K overnight.

RSC Adv, 2020, 10, 22440-22448 | 22441
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Table 1 Composition of Si/C—graphite blend slurries
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Solid fraction [wt%]

Binder content Si/C [wt%] Graphite [wt%] Carbon black [wt%] CMC [wt%] SBR [wt%] Rheology/dispensing
6 wt% 18.8 69.5 5.7 3.0 3.0 42.5/41.7
12 wt% 17.6 65.0 5.4 6.0 6.0 42.6/42.3
18 wt% 16.4 60.6 5.0 9.0 9.0 44.1/43.4
24 wt% 15.2 56.2 4.6 12.0 12.0 43.1/43.8

Physiochemical characterization

BET surface measurements of the Si/C material were performed
on a QuadraSorb Station 3 (Quantachrome Instruments)
instrument. Raman measurements were conducted on an
Alpha500 (WITec, Germany) confocal Raman microscope with
a laser wavelength of 532 nm. X-ray diffraction patterns were
collected using a Miniflex 600 (Rigaku, Japan) with a copper
source (1 = 1.54 A), a stepwidth of 0.02° and speed of 0.1° min~*
operating at 40 kV and 15 mA. For particle size distribution
measurements an LS 13 320 Laser Diffraction Particle Size
Analyzer from Beckman Coulter was used.?** The samples were
mixed thoroughly as aqueous colloid suspensions containing
tensides to prevent the formation of aggregates. The colloid
suspensions were dispersed by an ultrasonic lance before
measurement (5 times for 60 s each).

Rheological characterization

For rheological measurements a commercial rotational
rheometer (Anton Paar, Germany) was used. Two types of
measurements were conducted to determine the shear rate
dependent viscosity and the yield stress for each slurry. A
measurement protocol according to Tepner et al. was used in
this study.**** For both measurements, a plate-plate geometry
was chosen. The upper plate had a surface roughness of 2-4 pm
and was 25 mm in diameter at a measurement gap of 500 pm.
All slurries were investigated regarding their shear viscosity. For
this a successive shear controlled measurement protocol from
0.1 5" to 200 s was chosen with 40 points per decade. Prior to
the measurement, the edge of the rotating plate was cleared of
excess slurry as described in literature.” To investigate the yield
stress of all slurries the procedure was similar with the excep-
tion that the measurement was shear stress controlled in the
range from 1 to 10 000 Pa with 40 points per decade. Finally the
critical yield stress was determined using the tangent intersec-
tion method.”® The mean values of three measurements are
presented. All measurements were done at 25 °C. To avoid pre-
shearing each measurement was done with a new batch of
slurry.

3D-Dispenser printing and subsequent analysis of the
structure

The dispensing experiments for the 3D-microbatteries were
conducted on a commercially available table robot (VR3303,
Vieweg, Germany). The robot allows for a precise relative
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movement between the dispensing nozzle and the substrate in 3
dimensions with an accuracy of 8 um in the x,y-direction and 1
um in the z-direction. Each structure was printed on a copper
substrate. Before processing the copper was cleaned in an 18%
HCl solution. The offset between substrate and nozzle was set to
240 pm and the step size in the z-direction (rise of the nozzle
after each printed layer) was set to 140 pm. Depending on the
rheological parameters of each slurry, it was necessary to eval-
uate the correct pressure in order to ensure a sufficient volume
flow rate for a given speed (v,,) of the table robot.***” Here the
pressure was set to 1.2, 1.6, 2.0 and 3.2 bar for the sample with
6 wt%, 12 wt%, 18 wt% and 24 wt% binder, respectively. The
diameter of the micro nozzle (Vieweg, Germany) was 110 pm.
Fig. 2 shows a simple sketch of a section of an interdigitated
battery structure including dimensioning (defining anode and
cathode does not play an important role in this case). As it was
already discussed high aspect ratios increase the energy density
per footprint area. Thus, high ARs were desired by dispensing 8
layers on top of each other and the development of the AR was
investigated at 2-, 4-, 6- and 8-layered structures.

3D-printed anode structures were dried for 24 h at ambient
conditions. A scanning electron microscope (Auriga 60, Zeiss,
Germany) was used at an acceleration voltage of 7.0 kV to image
the microstructure of the samples. A confocal laser microscope
(Lext Series, Olympus) was employed to measure the mean
average height and the mean average width of the dispensed
structures. The capacity per footprint area was calculated using
the mass of the anode considering the active fraction and the
base area of the structure. Regarding the latter the finger width
was taken from microscopy analysis whereas finger lengths

Fig. 2 Sketch of a section of an interdigitated (battery) structure.

This journal is © The Royal Society of Chemistry 2020
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were not directly measured but rather taken from the path-
length the dispensing robot travelled.

Electrochemical characterization

Half cells were assembled in an argon filled glovebox (E-Line,
GS Glovebox System, Germany, O, < 3 ppm, H,O < 0.5 ppm)
in CR2032 coin cells using Si/C-graphite blend electrodes,
lithium metal as counter electrode, 1 mm glass fibre separator
(EL-Cell, Germany) soaked with 150 pl LP30 (1 M LiPFq in
ethylene carbonate (EC)/dimethyl carbonate (DMC) 50/50 (v%/
v%)) + 10 wt% (fluoroethylene carbonate) FEC (Merck group) as
electrolyte. Rate capability tests were performed on a BCS-805
(BioLogic, France) battery tester in the voltage range between
1.5 Vand 0.01 V in CC setup with a CV step at the lower cut-off
voltage and 10 min rest after each lithiation step. Formation
cycles included two cycles at C/10 and two cycles at C/5. Cells
were cycled at C/4, C/2, 1C, 2C and 4C each for 10 cycles.

Results and discussion
Material composition of Si/C slurries

The Si/C-graphite blend materials were characterized by Raman
spectroscopy, X-ray diffraction and nitrogen physisorption
experiments (BET surface). While bulk silicon shows a Raman
mode at 521 cm™ ", the corresponding mode of the Si/C sample
used in this study has a signal at 515 cm™'. This shift is
commonly known and due to the silicon particle size. Silicon
nanoparticles show a shift to lower wavenumbers compared to
the signal of bulk silicon.*®*** The carbon related D- and G-band
is shown at 1350 cm™ " and 1585 cm™ ', respectively®>* (see
Fig. S11). The ratio between the area of the D- and G-band (4(D)/
A(G)) is calculated as 2.5 £ 0.6 which suggests a relatively high
amount of disordered carbon in the Si/C anode material. In the
XRD spectrum all silicon- and carbon-related peaks could be
assigned to the corresponding reflection planes (see Fig. S27).
The BET surface area of the Si/C particles was determined to be
14.1 m®> ¢!, which is in good accordance with literature
values.?>3

Particle size distribution

Particle size has a major impact on both, the electrochemical
properties and the printing processes. Si/C particles were ball
milled in order to adjust particle size with respect to electro-
chemical and dispenser printing optimization. It is commonly
known that smaller particle sizes promote electrochemical
performance.**** Regarding dispensing processes particles
need to reach sufficiently small sizes to prevent clogging of the
nozzle.” The latter is extremely important for industrial
processes, where the breakdown of machines and significant
downtime is unacceptable in terms of production cost.
However, Si/C particles should not be milled too small to
maintain a homogeneous composite material and prevent fresh
silicon surface formation. The latter would be detrimental for
battery cell performance. Particle size distributions of the Si/C
composite material after ball milling and exemplary of a Si/C-
graphite slurry with 18 wt% binder (only values of slurry with
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18 wt% binder are shown since this slurry will be recommended
for fully printed 3D-MLIBs) are given in the ESIL.¥ D;, and Dg,
values of the Si/C composite are evaluated to 2.1 £ 0.2 pm and
43.5 £ 0.3 um, respectively. Corresponding values for the slurry
are 1.9 + 0.2 pm and 17.4 & 0.3 pm. The Dy, values of the slurry
are significantly smaller compared to the pure composite which
refers to the impact of the three roll mill on the slurry produc-
tion. Since the Si/C composite are suggested to represent the
biggest particles in the slurry, changes in characteristics of the
particle size distribution are mostly attributed to the crushing
of the Si/C particles. It needs to be mentioned that the three roll
mill process is absolute necessary, since only after this addi-
tional treatment the corresponding slurries become extractable
through a 110 um nozzle.

Rheological properties of Si/C slurries

Rheological investigation is a powerful instrument and essen-
tial to characterize slurries with respect to dispenser printing
processes. Viscosity and yield stress values are significant
quantities for prediction of high AR structures and can be
measured to estimate slurry behavior in micro nozzle openings.
In Fig. 3a, the shear rate dependent viscosity for the different
types of slurries is presented, revealing a strong non Newtonian
flow behavior. Especially at low shear rates (10~ " to 10° s~ ), the
viscosity increases with the amount of binder in the sample.
Regarding dispenser printing processes it was shown that
slurries should have significantly increased viscosities
compared to slurries from standard coating processes and are
in the range of 10 to 10* Pa at 1 s~ '.*"* Thus the binder
content should be increased to guarantee a high viscosity after
nozzle exit when thixotropic effects are neglected.” During the
dispensing process the shear rate in the micro nozzle correlates
linearly with the process speed. For industrial dispenser process
speeds the shear rate is surpassing 5000 s, which cannot be
measured with commercial rotational rheometers due to
significant sample spillage at high rotation speeds.**?*® Here all
paste samples show similar viscosities at high shear rates (see
Fig. 3a) but differ significantly during dispensing experiments
in terms of their printed line geometry. Thus the shear rate
dependent viscosity is not the dominant factor when it comes to
high speed dispensing through nozzle openings in the
micrometer range. Pospischil et al. showed that the shape of the
printed structure strongly correlates with the yield stress of the
slurry, which describes the necessary shear stress where the
slurry transitions from elastic- to plastic-deformation.'® There-
fore, yield stress measurements are crucial for dispenser
printing processes and presented in Fig. 3b. At a given shear
stress, the rate of deformation changes from linear towards an
exponential rate of increase. The intersection point defines the
yield stress and is calculated by the tangent intersection
method.”® In Fig. 3¢, measurements of the yield stress for all
corresponding combinations of the solid and the binder
content are shown. The yield stress increases with increasing
solid and binder content. A combination of both is quite
promising to generate tall AR structures. However, increasing
the solid content in the paste is limited because a sufficient

RSC Adv, 2020, 10, 22440-22448 | 22443
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Fig. 3

(a) Shear viscosity for four slurries with different binder contents as a function of the shear rate and (b) corresponding yield stress

measurements. (c) Yield stress values, calculated by the tangent intersection method, are presented in dependence of the binder content and the

solid fraction.?® Legend is the same for (a)-(c).

printability requires a certain content of the binder/solvent
mixture which dictates the shear thinning nature of the paste
and therefore the paste flow within the micro nozzle. To reach
preferably high yield stresses for the dispenser printing exper-
iments, only slurries with 40 wt% solid content were used. For
lower solid contents of the sample with 6 wt% binder the
measurement procedure of the yield stress does not create
sufficient results because the yield stress value is too low. Thus,
it is hardly possible to measure the elastic behavior of the
sample, which fulfills Hooke's Law in a reproducible manner.
Therefore, yield stress values for the 6 wt% binder sample with
a solid content below 40 wt% are not presented.

Dispenser printed 3D-structures

High aspect ratio structures are promising for application in
microbatteries with high energy and power density per footprint
area. To investigate 3D-printed Si/C-graphite anodes with
respect to their ARs, interdigitated structures were dispensed on
copper substrates. Fig. 4 shows electron microscope images of
printed 8-layer structures with slurries containing 12 wt%,
18 wt% and 24 wt% CMC/SBR binder. A structure with 6 wt%
binder is not illustrated since the single fingers overlapped and
could not be resolved (for 2 and 4 layers it was possible to print
apparent interdigitated structures). This can be attributed to

22444 | RSC Adv, 2020, 10, 22440-22448

low values of the corresponding yield stress (see Fig. 3b and c).
Obviously the AR value (apparent as “sharpness” in Fig. 4a—c) of
the structure increases with increasing binder content.

Apart from that, all printed structures show strong adhesion
to the copper substrate which is attributed to the adhesion
properties of the CMC/SBR binder.*” Fig. 5a shows the height
and the width values of printed structures in dependence of the
binder content and the number of layers. All values were
determined at two positions (see Fig. 4c) using a confocal laser
microscope. Regarding the height of the structures it can be
seen, that the values increase with increasing binder content,
which is consistent with the increased viscosity (in the low shear
rate regime) and yield stress. As expected, height values of all
samples containing =12 wt% binder increase linearly with
similar slopes. The sample with 6 wt% binder suggests a steeper
increase of height. However, two data points might be insuffi-
cient to make a reliable comparison. The linear increase of
height values is in good accordance with literature values.**>*¢
Additionally, Fu et al. presented values of ca. 1000 pm (height) at
6 layers which is very close to the data published here.*

In contrary, the width increases with decreasing binder
content. It was suggested, that wider structures are due to
a stronger melting tendency of the slurry. With respect to the
rheological results it can be stated that higher rates of melting

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Representative interdigitated Si/C—graphite blend anode structures containing (a) 12 wt%, (b) 18 wt% and (c) 24 wt% CMC/SBR binder
printed on copper substrate. Values of height and width were measured at two positions of the structure, shown with arrows exemplary in (c).

1400 1400
=— 6 wt% CMC/SBR }
—e— 12 wt% CMC/SBR|

$
4— 18 wt% CMC/SBR| /5 1200
o

|—+— 24 wt% CMC/SBR| $ 3>
— 41000

1200

1000 |-

Height [um]
Width [um]

Layers [N]

Fig. 5

~

—e— 12 wt% CMC/SBR
~4— 18 wt% CMC/SBR
—— 24 wt% CMC/SBR

o
T

6 wt% CMC/SBR | {

o
T
>+

I

e

Aspect ratio
>

N
T
>
L +
o \
ot

Layers [N]

(a) Selected height and width values of interdigitated printed anode structure with respect to printed layers and binder content. Values

were determined by a scanning electron microscope. (b) Resulting AR values.

are related to decreased yield stress values and vice versa.***”

Interestingly samples with 18 wt% and 24 wt% binder show
constant values at all number of layers. In contrast to that,
samples with 6 wt% and 12 wt% binder show slightly increasing
values which suggests melting due to lower yield stress. Similar
behavior of high yield stress slurries is reported in literature.®
Finally the resulting ARs are shown in Fig. 5b. In accordance
with Fig. 5a ARs increase with increasing binder content and
number of layers. It can be seen that the unsteady development
of the AR values of the sample with 24 wt% binder is mainly due
to minor fluctuations of the corresponding width. A printed 6-
layer structure with 24 wt% binder shows the highest AR value
of 6.5. The above presented dispensing results, i.e. height and
width value evolution of the printed structures, are in accor-
dance with rheological investigations, in particular with yield
stress values. Here, it was confirmed that higher binder
contents are necessary to get taller AR structures. Regarding the
electrochemical characterization of the given anode structure
with 18 wt% binder content the capacity per footprint area was
calculated as 0.14 mA h mm™>. For anode structures with
binder content of 6, 12, 24 wt% the capacity per footprint area
was not calculated since the corresponding anodes are not
recommended for application in 3D-printed batteries and were
thus not characterized in more detail.

Electrochemical performance

To investigate the electrochemical performance of the Si/C-
graphite blend anodes for application in 3D-printed MLIBs

This journal is © The Royal Society of Chemistry 2020

cycling tests were performed using a standard coin cell setup.
High capacity values at high current rates are crucial for MLIBs,
thus rate capability tests can deliver the corresponding infor-
mation. Fig. 6a shows capacity values depending on the binder
content and C-rates. All blended anodes show increased charge
capacity over the standard graphite anode whereas the anode
with 12 wt% binder has the highest capacity increase by about
30% at C/2. Anodes with 12 wt% binder show stable cycling at C/
4 with 484 mA h g™ and capacity retention of 99.4% after 65
cycles. This result is in good agreement with recently published
and industry-orientated silicon based anode materials.***° With
increasing C-rate the capacity of the cells decreases which is
a well-known behavior and can be explained by kinetic limita-
tions and pronounced ohmic drop behavior.* Interestingly,
capacity values decrease with increasing binder content
>12 wt%. Possible reasons for that are increased electrical
resistance caused by the relatively huge amount of electrically
insulating binder.*” For a more detailed discussion regarding
internal resistances of the anodes see ESIL.}

Anodes with 6 wt% and 12 wt% binder at a current rate of 4C
show high capacity retentions of 90% and 89% compared to
cycling at C/4 which suggests lower internal resistance
compared to anodes with higher binder content. Cell results are
summarized for better comparison in Fig. 6b. The overall
capacity retention after 65 cycles of all samples is close to 100%,
which indicates minor irreversible capacity losses from fast
charging. The sample with 6 wt% binder has the lowest capacity
at C/4. Since the capacity drop with increasing C-rates is

RSC Adv, 2020, 10, 22440-22448 | 22445
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comparable to the sample with 12 wt% binder the low capacity
does likely not correspond to high internal resistance. A coun-
teractive process might occur which leads to the low capacity
values. A hypothesis could be low percolation of the anode and
weak connectivity of active particles to the current collector.*® It
can be summarized that a Si/C-graphite blend slurry containing
12 wt% of CMC/SBR binder has the best performance regarding
capacity and rate capability behavior. Based on this study
a contrary development of electrochemical and rheological/
printing properties could be found which indicates clearly
that neither slurries with the lowest binder content (6 wt%) nor
the highest (24 wt%) can be successfully applied in 3D-printed
batteries. Thus, based on the given material formulation
a slurry with 18 wt% binder content is recommended for 3D-
printed IMLIBs since it combines high yield stress values
(around 1500 Pa) and aspect ratios of close to 6 within an 8-layer
structure with high capacity values (466 mA h g~* at C/4) and
considerable rate performance (around 427 mA h/g at 2C). To
make lower binder content and higher capacity anodes suitable
for 3D-printed IMLIBs, future study will focus on enhancing the
printability of slurries by use of viscosity-increasing additives.

Conclusion

In this work we presented for the first time tailor-made Si/C
composite blended graphite anode slurries for 3D-printed
lithium ion microbatteries using a scalable dispensing
process. Solvent and binder content were adapted to adjust the
rheological properties regarding dispensing performance. Cor-
responding lithium metal cells with 12 wt% of binder were
characterized by the best capacity and rate performance
behavior using a coin cell setup. Although slurries had a rela-
tively wide particle size distribution they could be successfully
and reproducibly extruded through 110 pm commercially
available micro nozzles without clogging. Rheological investi-
gations, in particular the yield stress measurements, revealed
that higher binder content for the dispensing process is favor-
able. In this regard 3D-printed interdigitated anode structures
with 24 wt% binder showed high aspect ratios up to 6.5, which
suggests them to be highly promising in fully printed 3D-

22446 | RSC Adv, 2020, 10, 22440-22448

IMLIBs. A fundamental trade-off between electrochemical and
dispensing characteristics was found, whereby electrochemi-
cally optimized slurries lead to poor rheological and dispensing
properties and vice versa. Thus, based on this study and the
given material composition Si/C-graphite blend slurries with
18 wt% binder are recommended for application in 3D-IMLIB
because it combines high capacity values (466 mA h g~ ' at C/
4) and considerable rate performance (around 427 mA h g~ *
at 2C) with AR values close to 6 within an 8-layered structure.
However, future work will focus on enabling the printability of
lower binder content anodes with enhanced electrochemical
performance by using viscosity-increasing additives. In
summary, CMC/SBR is not only a suitable system for silicon
based anodes from an electrochemical point of view but also
because of the promoting ad- and cohesion properties in the
dispenser printing process.
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