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Abstract: Interest in printed batteries is growing due to their applications in our daily lives, e.g., for
portable and wearable electronics, biomedicals, and internet of things (IoT). The main advantages
offered by printing technologies are flexibility, customizability, easy production, large area, and
high scalability. Among the printing techniques, gravure is the most appealing for the industrial
manufacture of functional layers thanks to its characteristics of high quality and high speed. To date,
despite its advantages, such technology has been little investigated, especially in the field of energy
since it is difficult to obtain functionality and adequate mass loading using diluted inks. In this
review, the recent results for printed lithium-ion batteries are reported and discussed. A methodology
for controlling the ink formulation and process based on the capillary number was proposed to obtain
high printing quality and layer functionality. Specific concerns were found to play a fundamental
role for each specific material and its performance when used as a film. Considering all such issues,
gravure can provide high performance layers. A multilayer approach enables the desired layer mass
loading to be achieved with advantages in terms of bulk homogeneity. Such results can boost the
future industrial employment of gravure printing in the field of printed batteries.

Keywords: printing batteries; gravure printing; lithium-ion batteries; capillary number; lithium iron
phosphate; lithium manganese oxide; graphite; alloying materials; ink formulation; energy storage

1. Introduction

The invention of printing was very important for the spread of information, with
economic and social consequences. Since then, the printing industry has had large devel-
opment from the point of view of products and technology. In recent years, traditional
printing techniques used in the graphic arts industry have been extensively explored as a
new method for low-cost electronics manufacturing thanks to their additive nature, low
thermal budget, atmospheric conditions processing, high throughput, use of flexible sub-
strates, roll-to-roll (R2R) compatibility, and potential industrial scalability [1,2]. Unlike con-
ventional one-dimensional coating techniques, traditional printing allows two-dimensional
(2D) pattering at high resolution and reproducibility [3].

More recently, an increasing demand for miniaturized, cost-effective, and reliable
batteries for feeding small portable and wearable electronics, biomedical devices, and
the emerging internet of things (IoT), together with the development of smart and multi-
functional materials, have increased the interest in printing technologies as low-cost and
easy-to-scale-up methods for battery manufacturing. The commonly used coating produc-
tion methods limit the flexibility and customizability of devices, impeding their integration
with complex geometry [4]. Moreover, the main drawback of coating techniques is the
inhomogeneity of the produced layer, which has consequences on their performance in de-
vices, especially in the case of batteries, such as preferential accumulation, the possibility of
dendrite formation, and the consequent short-circuits, or the decrease of the available active
material and the short cycle life. The 2D printing technologies are particularly appealing
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for the manufacture of such layered devices since they allow layers of controlled thick-
ness on different substrates to be obtained. Thanks to their recent advances, 3D printing
technologies have also been increasingly investigated for battery manufacturing [4,5].

Printed batteries, having a volume below 10 mm?® and a capacity in the range of
5-10 mAh cm~2, have at least one component that is realized by printing technologies,
composed of an anode and a cathode, both deposited on current collectors, which are
generally not printed, and a separator containing the electrolyte between the electrodes,
able to ensure the ion transport [6,7]. Their main advantages are lightweight, flexibility,
customizability, possibility to be produced in a large area and the possibility to be inter-
connected. Printed batteries can be thinner than 1 mm and lighter than 1 g, mechanically
flexible and stretchable, foldable, and/or rollable making them also appropriate for smart
dust applications [6,8,9]. The geometry and the architecture of these devices are able to in-
fluence their performance, especially improving the ion transport; for this reason, different
printed designs have been explored, such as the interdigitate or batteries stack. In general,
the printed components are the electrodes or the electrolyte [7].

Printing such components requires complex formulation of specific multicomponent
inks, involving materials of different nature and size [7]. In fact, functional ink formulation
is one of the main challenges for printing batteries since the inks have to be tailored for
each printing technique in order to obtain high-energy-density devices with crack-free
mechanical flexibility.

Screen printing is the most used and investigated printing technology thanks to
the use of concentrated ink formulation (slurry), which easily allow thick layers to be
obtained. The already commercially available printed batteries are mainly non-rechargeable,
while the printed batteries suitable for portable electronics are rechargeable lithium-ion
types [4,6]. Recently, research has been devoted to rechargeable batteries, especially lithium-
ion batteries (LiBs), which cover 75% of the market [4].

Among traditional printing techniques, gravure is considered the most efficient, com-
bining very high printing speed (up to 600 m min~!) with high resolution (features down
to linewidths and spacing below 2 pm) and high overlay printing registration accuracy
(below 20 pm) [10-12]. Moreover, gravure printing allows the process to be scaled up to a
level higher than other printing technologies [12]. However, gravure is still a challenging
technique for printed batteries, essentially due to the high ink requirements, namely low
viscosity, causing relatively thin layer formation and low mass loading, making layer
functionality also difficult to obtain [13,14].

In this review, the most recent progress in using gravure for printed battery manu-
facturing is presented. First, the gravure printing process is introduced, illustrating the
underlying physics and the features necessary to obtain high printing quality. Then, a
methodology, based on the Capillary number (Ca), able to control the process, and the
ink formulation, is presented. Following this, the main experimental results are reported,
divided into cathode and anode sections based on the involved active material. Finally, a
discussion of the experimental work is provided, including general results that are also
useful for the gravure printing of different functional layers. Introducing new routes for
addressing the main challenges that, to date, have limited the development of gravure
printing in this field, this work may pave the way for gravure printing manufacture of
different functional layers and possible industrial scale-up, offering many advantages in
terms of sustainability, low costs, versatility, and high quality, which can be finally exploited.
Future prospects are also outlined.

2. Gravure Printing Process
2.1. Overview of Gravure Printing

Gravure is an industrial mature printing technology that represents the second most
commonly used process in Europe and the Far East and the third in the USA [15-17]. At
present, it is the highest throughput printing technique, showing the highest resolution for
printing consumer packaging, long-run magazines, newspapers, catalogs, wallpapers, and
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postage stamps [15,16,18]. R2R web-fed presses are usually more effective and widely used
than sheet-fed gravure ones, due to the large printing runs [16].

Thanks to its appealing characteristics, gravure was investigated during the last
decade as a potential route for high throughput functional thin film deposition in sev-
eral application fields, such as organic electronics (for preparing OTFTs, OLEDs, OPVs),
smart packaging, RFID tags, multi-touch sensors, supercapacitors, and energy harvesting
devices [2,10,18-23].

The simple basic operating principle of the gravure printing process is illustrated in
Figure 1 for a single-printing unit. In its most common roll-based configuration, gravure is
characterized by direct fluid (ink) transfer from micro-engraved cells of image-carrying
motor-driven roll (gravure cylinder) onto a flexible substrate by the pressure of a counter
rubber-covered roll (impression cylinder) [24].

gravure

doctor cylinder

blade

substrate

printing
direction

impression
cylinder

Figure 1. Operating roll-based gravure printing principle, showing inking (1), doctoring (2), transfer
(3), spreading (4), and drying (5) sub-processes. Adapted with permission from Ref. [25].

Gravure cylinders are usually made of steel and their surface is plated with copper
to hold the desired image/pattern, which is etched or engraved in the form of individual
cells separated by cell walls [16]. Such cells are typically engraved onto the surface of
the printing cylinder using electronic data files by electromechanical engraving using a
diamond stylus or a laser procedure [15,26]. By the first method, pyramidal shaped cells
are commonly produced, while laser-engraved cells are of semicircular shape [15]. Aspect
ratio (AR), defined as depth per width/diameter of the cell, is a fundamental parameter
for the interaction processes between ink, cell, and substrate; the typical optimal range
is 0.1 < AR < 0.5 [26]. Gravure cell sizes (width and depth) are typically in the range
of 10-100 um, that are engraved on rolls having a diameter exceeding 200 mm [27,28].
Gravure can vary the ink tones by varying the size of each cell. After the copper is etched
or engraved, the cylinder is plated with chrome to obtain durability [16].

As shown in Figure 1, the conventional gravure printing process consists of a sequence
of sub-processes as follows. (1) Inking: microcells are filled with ink through the partial
immersion of the printing cylinder. (2) Doctoring: a doctor blade removes the excess ink
from the non-patterned areas leaving ink only in the cells. (3) Transfer: ink is transferred
from the surface of the patterned cylinder to the substrate in the form of individual droplets
by physical contact. (4) Spreading: a continuous ink film is formed by single droplet
coalescence. (5) Drying: the final arrangement of the printed layer is obtained by remov-
ing solvents from the film. Each one of such sub-processes has its own ideal operating
regime, that concurs to determine the final quality of the printed layer [29]. Industrially,
multiple printing units are arranged in series in a press for obtaining multicolor prints,
making gravure a wet-on-dry method. Solvents are usually recovered resulting in a highly
sustainable process. Register is the ability to print one color directly on the top of the



Batteries 2023, 9, 535

40f18

previous color and is maintained by photo-electric electronic motor control systems in the
web direction [30].

The final printing quality depends on the interplay of many parameters, that can be
categorized as listed in Table 1 [24,31]. Indeed, the various interrelated parameters have a
different impact in controlling the printed layer characteristics, as discussed as follows.

Table 1. Summary of the main parameters involved in gravure printing.

Gravure Cylinder Process Ink Substrate
cell geometry printing force viscosity surface energy
cell density printing speed surface tension roughness
surface energy web tension solvent evaporation rate porosity
diameter solid content

2.2. Operating Rules for High Quality Gravure Printing Films

To avoid time consuming trial-and-error testing, it is desirable to have a gravure
printing model able to predict the optimal conditions for printing high quality layers [31].
Although the operating gravure printing principle is mechanically simple, theoretical
modelling is extremely challenging, since the full flow domain is three-dimensional, time-
dependent, including the free surface, and moving the contact lines [32,33]. A further
challenge is represented by the different length scales involved in the gravure process,
that vary from the microns of the typical features up to the centimeters of the cylinder
diameter [34]. Moreover, several factors including capillarity, gravity, inertia, viscoelasticity,
and solvent evaporation can strongly affect the gravure printing process, making fluid
mechanics very complex, and involving several coupled nonlinear phenomena [27,31,34].
As a consequence, rather than consider the gravure printing process in its full complexity,
simplified model problems have been proposed to isolate specific phenomena to under-
stand the fundamental aspects of gravure [27,28,32,34-38]. However, the real complex
interplay among all the involved phenomena, parameters and different gravure printing
sub-processes suggests a process design guided by general considerations [39]. To this
aim, dimensional analysis is a useful approach for simplifying the study of the complex
multi-physical system behavior. The forces acting on the ink are gravity, inertia, surface
tension, and viscous forces [40]. The following dimensionless number can be used for
representing the relative magnitudes of such forces:

gravity _ Apgl? 1)
 surface tension
o L
Re — zr%ertzal _pu o)
viscous 1
Ca— viscous _ nu 3)

~ surface tension vy

where Ap is the density difference between the two phases, g is the gravitational acceleration,
L is a problem characteristic length scale, <y is the ink surface tension, U is a problem
characteristic speed and 7 is the ink viscosity. At a printing speed below 1 m s~! and at
the real scale of the problem (L scales down to the microscale), gravity and inertial forces
are negligible compared to surface tension and viscous forces, which are therefore the
most important forces at the microscopic level [38,40]. Essentially, surface tension forces
are the driving forces for ink flow, while viscous ones impede it. Their balance governs
printed pattern morphology and fidelity [41]. Such balance is described by the Capillary
number (Ca), giving the strength of viscous over surface tension forces, which represent the
relevant dimensionless number for ink flow at a particular printing speed (U) [24,28,29].
Most of gravure printing sub-processes (inking, doctoring, transfer) are controlled by Ca,
exhibiting different dependencies on it [29]. Exemplifying, low capillary numbers limit the
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lubrication residue, but the pattern fidelity can be degraded by the ink drag-out from the
cells (due to ink wicking up the doctor blade); high capillary numbers prevent drag-out,
but ineffective doctoring can leave ink in the non-engraved areas [24,42,43]. In practice,
the optimal compromise is reached by adjusting the ink parameters and the printing
speed to achieve a Ca =~ 1 [41]. However, since the final print quality depends on the
efficiency of all sub-processes and on the complex interplay of all involved parameters,
especially in the case of viscoelastic inks, deviations could be considered to optimize the
printing [23,24,29,43]. However, when the cylinder and substrate parameters are fixed (see
Table 1) and a Newtonian ink is used, the main parameters are well described by Ca, so
that Ca ~ 1 can be effectively used as a practical rule to guide the ink formulation and the
choice of printing speed. In such conditions, macroscopic defects, such as missing dots,
incomplete coverage, and streaks, are generally avoided, achieving high quality print.

Nevertheless, when applied to functional printing, such a fluid-dynamic criterion of
graphic print quality is also not sufficient to guarantee a high functional quality, which
is influenced by additional specific parameters, as discussed below in the case of printed
batteries.

2.3. Ink Formulation for Gravure Printed Batteries

Printing requires materials to be deposited in liquid form (inks) [44]. Inks are typi-
cally multicomponent mixtures consisting of functional elements, binders, solvents, and
additives. The other components serve to facilitate functional element printability on the
substrate: binders provide uniform film-forming and adhesion of the functional particles to
each other and to the substrate; solvents uniformly dissolve or disperse all ink components,
providing ink requirements for the specific printing systems; additives can be used to
adjust some specific properties of the ink [45]. Ink composition determines the ink physical
properties such as viscosity, surface tension, wetting characteristics, density, and drying
rate that are considered fundamental for obtaining high quality print [46]. Viscosity is the
measure of ink internal flow resistance and gives its rheological description with respect to
stress, deformation, and time [46]. Newtonian inks exhibit a viscosity constant over a wide
range of shear rates and stress for a specific temperature. Conversely, non-Newtonian inks
show deviations having a more complex response [45]. Typically, gravure printing inks are
highly diluted to obtain a low viscosity in the range of 1-100 mPa s [24], as the inks have
to flow in and out of engraved cells at a high speed [15]. Solvents also determine the ink
surface tension [45,47] affecting the ink wettability [48], which is a fundamental parameter
in a surface-energy-dependent process as gravure printing. In particular, as a rule of thumb,
since the ink flows towards the surfaces with higher surface energy, to achieve an adequate
wettability (thus favoring inking and transfer sub-processes)

Vi < Ye <Ys 4)

where 7;, 7., s are the ink surface tension, the surface energy of the chromed printing
cylinder (42 mN m~ 1), and the surface energy of the substrate, respectively [49,50]. In
industry, it is generally accepted that -;, has to be 10 mN m~! lower than 1, to achieve
good ink wetting [46]. A proper wetting is crucial for functional printing, where film
continuity and homogeneity are key criteria [51]. Finally, another important parameter
is the solvent evaporation rate, which governs the drying process leading to the solid
film final morphology and microstructure [24,48]. Such a sub-process is controlled by the
solvent boiling temperature and the way it is removed. The combination of such parameters
has to guarantee that the critical freezing time T is larger than the characteristic leveling
time 7] of the wet printed layer for obtaining complete droplet merging and perfect film
leveling on the substrate [52]. For all these reasons, the selection of solvents is crucial for
ink formulation.

A functional ink suitable to realize the electrodes has to contain specific components in
an appropriate ratio: active material, electrical conductor, and binder. In ink processing, the
sequence of adding various components and the mixing method affect the ink homogeneity
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and rheology. The most used mixing method consists of mixing the active material and
the conductive carbon in powder form to obtain a good conductive network; following
that, binder solution is added to the mixed powders; finally, solvent addition allows one to
achieve the ink requirements suitable for gravure printing. Active materials are usually
available in the form of aggregates. A material dispersion process is required to attempt
disaggregation into primary particles. Depending on viscosity and desired particle size,
different dispersion technologies can be used; ball-milling and agitation are the most
common in the case of low viscosity ink [46].

3. Main Results

In this section, the main results of gravure printing as a manufacturing method for
lithium-ion batteries are presented [53-57]. Mainly, gravure printing has been investigated
for the production of electrodes, thus the results are divided in two sub-sections related to
cathodes and anodes.

The first experimental attempts were focused on demonstrating the possibility to em-
ploy gravure printing in electrode manufacturing. Once such a possibility was successfully
proved, the printing quality was investigated. The experiments were aimed to verify if a
good printing quality could guarantee the layer functionality, providing a methodology,
based on Ca, able to control the process and ink formulation, where the latter represents
one of the main challenges.

From the experimental point of view, electrode printing has some common features.
Inks suitable for gravure printing have low viscosity (1-100 mPa s), thus large amounts of
solvent are required. To enhance the sustainability of the process, water was selected as the
main solvent; consequently, a water-soluble binder as the carboxymethyl cellulose (CMC)
was used. The preparation method, involving water-based inks and a low quantity of solid
materials (<20 wt%), makes the process safe and sustainable. Water-based ink has a surface
tension (72 mN m~!) higher than that of the printing cylinder (42 mN m~!). To enable the
printing process, 2-propanol (23 mN m~!) was used as co-solvent lowering the surface
tension of the inks. Ball-milling was investigated as an ink mixing technique. All layers
were printed using a commercial lab-scale IGT G1-5 gravure printer (IGT, Alemere, The
Netherlands) equipped with a cylinder having a line density of 40 lines cm ™!, stylus angle
of 120°, cell depth of 72 um, and screen angle of 53°. No final calendaring was performed.
A multilayer approach was often adopted to achieve the desired mass loading for practical
applications (1.5 mg cm~2), with overlapping of several layers of ink. Between each layer a
blowof nitrogen was used for fast drying, while the final layer was treated at 100 °C for one
hour to completely remove the solvents. This led to the production of functional composite
layers, generating a unicum layer of adequate mass loading able to work as the electrode.
The correlation between the layer microstructure and its performance was investigated. The
introduction of ball-milling and the optimization of ink preparation allowed improvement
of the layer quality in terms of homogeneity and material distribution.

3.1. Gravure Printing Cathodes
3.1.1. LFP-Based Gravure Printed Cathodes

The first attempt to realize a gravure printed cathode was made using lithium iron
phosphate (LFP) as active material [53]. The used solvent was a mixture of water and
2-propanol (80/20 wt/wt%). The cathodes were obtained through a multilayer deposition,
overlapping inks at decreasing concentration; all other printing parameters (cylinder, speed,
pressure, drying temperature) were kept constant to simplify the overall production process.
In this way, composite cathodic materials were successfully gravure printed onto aluminum
foils. It was noted that the performances of the printed cathodes could be improved by
increasing the layer homogeneity.

LFP-based cathodes were also used for investigating the methodology for ink formula-
tion mainly based on the Ca. In this case the inks, that met the gravure requirements (solid
content of 15 wt%), were gravure printed on aluminum foil with overlapping of ten layers
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of the same ink to reach an adequate mass loading for cathodic practical use (see Table 2).
Since the rheological behavior of the tested inks was considered Newtonian (see Figure 2),
the viscosity values used to calculate the Ca were those obtained at shear rate 100 s~. To
improve ink mixing, a short ball-milling time (3 min) was used. Ball-milled ink showed a
viscosity lower than non-ball-milled ink, probably due to the decrease in the large particle
size, which improves particle flow and packing. The prepared inks were gravure printed
using the parameters reported in Table 2.

Table 2. LFP-based ink characteristics, printing parameters, and printed layers characteristics.

Ink Printing Electrode
dry solid ball viscosity surffme printing  printing number mass thickness apparfent
content millin [mPa s] tension speed force Ca of laver loading [um] density
[wt%] & [IMNm!]  [ms] IN] Y' Imgcm 2] H [g cm ™3]
15 No 74 30 0.6 700 1.5 10 1.8 20+1 0.9
15 Yes 43 30 0.6 700 0.9 10 14 15+1 0.9
1000
—=—BM
¢ no BM

n

©

o
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> 100k,
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Figure 2. Viscosity versus shear rate for non-ball-milled (no BM) and ball-milled (BM) LFP-based
inks with permission from Ref. [56].

The reported images of printed samples obtained by scanning electronic microscopy
(SEM) (see Figure 3) showed high quality, absence of visible defects, very good coverage,
and high uniformity in the material distribution. The ball-milling provoked a slight decrease
in particle size as was evident on the top surface of the printed layers.

Both samples were characterized from the electrochemical point of view as reported
in Figure 4. The specific capacity of the printed cathode obtained by ball-milled ink is very
close to the theoretical value (170 mAh g~!), while the printed cathode obtained by non-
ball-milled ink displayed a slightly lower specific capacity, especially at high rates. Probably,
this is due to the short ball-milling time capability of slightly decreasing the active material
particle size, increasing its surface/volume ratio, and improving the interconnections
among components at a fixed percentage.
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Figure 3. Top surface of gravure printed cathodes by non-ball-milled (A,A’) and ball-milled (B,B’)
LFP-based ink with permission from Ref. [56].
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Figure 4. Discharge specific capacity versus cycle number for gravure printed cathodes by non-ball-
milled (no BM) and ball-milled (BM) LFP-based ink at constant C/10 rate (A) and variable rate (B)
with permission from Ref. [56].

3.1.2. LMO-Based Gravure Printed Cathodes

A study on cathodes using lithium manganese oxide (LMO) as the active material
was conducted as a further example of how to face the ink formulation challenge. In this
case, changing the solvent mixture was necessary to make the ink suitable for gravure
printing; in particular, a mixture of water and 2-propanol (90/10 wt/wt%) was used to
prevent agglomeration phenomena that increased the ink viscosity and worsened the
printing quality.

Inks containing a solid content of 18 wt% fulfilled the gravure requirements and were
gravure printed on aluminum foils, with overlapping of seven layers to achieve an adequate
mass loading (see Table 3). Also in this case, the inks could be considered Newtonian,
while ball-milling did not affect the viscosity (see Figure 5). In Figure 6 the SEM images of
gravure printed cathodes prepared with or without ball-milling are reported.
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Table 3. LMO-based ink characteristics, printing parameters, and printed layer characteristics.

Ink Printing Electrode
dry solid ball viscosity surf.ace printing  printing number mass thickness appar.ent
content millin [mPa s] tension speed force Ca of laver loading [um] density
[wt%] & [InNm~'] [ms!] [N] ' Imgem—2] M [gcm—3]
18 No 78 42 0.6 700 1.1 7 0.7 19+4 0.4
18 Yes 86 42 0.6 700 1.2 7 2.0 24+2 0.8
—=—BM
~—® noBM
0
c
= 100 —
2
‘®
Q
o
2
>
10 T

T 1
1 10 100 1000
shearrate / s™

Figure 5. Viscosity versus shear rate for non-ball-milled (no BM) and ball-milled (BM) LMO-
based inks.

Figure 6. Top surface of gravure printed layers by non-ball-milled (A,A’) and ball-milled (B,B’)
LMO-based inks.

Ball-milling was introduced in the ink preparation to improve mixing using a short
treatment time (5 min) to prevent particle size reduction. The ball-milled sample appears
slightly denser than the non-ball-milled one, as confirmed by its higher mass loading. All
printed samples showed high quality, namely very good coverage and high uniformity
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in the material distribution. The printed cathodes showed a specific capacity of about
100 mAh g~ for non-ball-milled ink and 110 mAh g~ for the ball-milled one. The slightly
higher capacity of the cathode with ball-milled ink confirmed an improvement in the
material layer distribution, without affecting the specific capacity of the active material,
which was not disaggregated due to short ball-milling. However, the specific capacity was
lower than the theoretical value (148 mAh g~!). Probably, the specific features have to
be taken into account to improve the performance of such a cathodic layer, thus needing
further investigation.

3.1.3. CAM-Based Gravure Printing Anodes

The first attempt to gravure print the anodic layer was carried out using a high
performance conversion/alloying material (CAM). The CAMs are an emerging class of
materials able to combine conversion and alloying mechanisms in one single material
to overcome the challenges of these two mechanisms and, thus, benefitting from their
advantages. In this case, the carbon coated ZnjgFe( ;O was used as active material for the
anode fabrication. The used CAM has a high capacity (theoretically 966 mAh g~!) and long
cycle life. The high specific capacity of the material could eventually compensate for the
low mass loading; nevertheless, the multilayer approach allowed mass loading useful for
practical applications to be obtained.

To increase the homogeneity of the layers and to decrease the size of the starting
powder aggregates, different mixing methods were tried, such as sonication, ball milling
and the combination of both. Sonication showed a very low disaggregation effect, while
ball-milled ink yielded a more homogeneous printed layer with much smaller aggregates.
The combination of both mixing methods worsened the size homogeneity in the layer,
probably due to partial re-aggregation phenomena. In Figure 7 the top surface images of
printed samples using different mixing techniques are displayed.

Figure 7. SEM images of gravure printed CAM-based electrodes prepared using (a,a’) sonication,
(b,b") ball milling, and (c,c”) both techniques, with permission from Ref. [54].

In this case, the best compromise between the highest mass loading of a single layer
and the printing quality was obtained for ball-milled ink having 14 wt% of solid content,
viscosity of 100 mPa s. and a mixture of water and 2-propanol (80/20 wt/wt%) as solvent.
Such ink was printed on corona pretreated Cu foil with the conditions reported in Table 4.
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To reach an adequate mass loading, a multilayer approach was adopted, with overlapping
of up to 15 layers of the same ink. The ink content and the process parameters were fixed
to simplify the overall process.

Table 4. CAM-based ink characteristics, printing parameters, and printed layer characteristics.

Ink Printing Electrode
dry solid ball viscosity surff;lce printing  printing number mass thickness appar.ent
content millin [mPa s] tension speed force Ca of laver loading [um] density
[wt%] & [mN m™1] [ms1] [N] Y [mg cm 2] K [g cm 3]
14 Yes 100 30 0.6 700 2.0 10 1.3 22+2 0.6
14 Yes 100 30 0.6 700 2.0 15 1.7 30+3 0.6

The disaggregation techniques affected the final layer density. The layer obtained by
ball-milled ink had double the apparent density compared to that obtained by sonicated ink
(0.3 gcm 3 vs. 0.6 g cm ). All printed samples showed long life cyclability (>100 cycles)
and comparable coulombic efficiency; however, the samples printed by ball-milled inks
showed higher capacity at high cycling rates. Overlapping of 15 layers provided a mass
loading of 1.7 mg cm~2 without affecting the homogeneity of the cathode and its perfor-
mance, which is closer to that obtained by a five layers cathode. The high homogeneity
of gravure printed samples was also proved by cross section SEM images which showed
that the particle distribution is homogenous as well as in the bulk. Thanks to such high
homogeneity, printed cathodes have a very long cycle life, showing stable capacity up to
400 cycles as reported in Figure 8.
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Figure 8. Plot of specific capacity and Coulombic efficiency versus cycle number of 10 layered
gravure-printed CAM-based electrodes cycled at C/5 (first cycle at C/20) with a limited upper cutoff
voltage of 1.3 V. with permission from Ref. [54].

3.1.4. Graphite-Based Gravure Printing Anodes

Gravure printing was also investigated for the mass production of well-known low-
cost graphite-based anodes for LiBs, by exploring the influence of process parameters
on layer microstructure and performance of the printed anodes. In this case, the best
printed anode was obtained using ink having 18 wt% of solid content, ball-milled for three
hours, overlapping of six ink layers and using a solvent mixture of water and isopropanol
(90/10 wt/wt%) as reported in Table 5.
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Table 5. Graphite-based ink characteristics, printing parameters, and printed layer characteristics.

Ink Printing Electrode
dry solid ball surffme printing printing number mass thickness appar'ent
content millin tension speed force of laver loading [um] density
[wt%] 8 [mN m~] ms~1] [N] Y [mg cm—2] H [g cm 3]
18 Yes 42 0.6 700 6 0.9 18 0.5

The low content of 2-propanol was necessary to prevent agglomeration phenomena
of carbonaceous material. Three hour ball-milling was used to improve the material
distribution inside the layer, decreasing the initial particle size of graphite while the particle
morphology changed from spherical to platelet-like (see Figure 9).

Figure 9. SEM images of anode microstructure obtained by printing ball-milled graphite-based ink at
different magnification with permission from Ref. [55]. (a) X150 and (b) x1400.

The used conditions led to a good particle arrangement in the printed layer, obtaining
a capacity close to the theoretical value (372 mAh g~1), high efficiency, good stability, and
long life cyclability (see Figure 10), even at high rate and cycling at different rates.
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Figure 10. Discharge-specific capacity of anode obtained by printing ball-milled graphite-based ink
at (A) variable and (B) C/10 constant rates with permission from Ref. [55].

4. Discussion

A comparison of the results obtained by gravure printed electrodes with those pro-
duced by different 2D printing techniques, such as screen printing, aerosol, inkjet, laser
direct writing, and spray coating is quite difficult since the printed active materials are dif-
ferent in most cases [4]. However, a comparative table of electrodes produced by different
printing techniques involving similar materials is reported here (see Table 6). Even when
the same active material is used (e.g., LFP or graphite), other components change (binder,
solvents, electric conductor), resulting in different electrodic layers [58—61]. Few cases are
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comparable from the materials point of view, but the ingredient amount is different, chang-
ing the properties of the resulting electrodes and thus their performances [61]. Moreover,
the electrochemical characterization is generally carried out in different devices and/or at
different rates, making it even more difficult to compare performances.

Table 6. Comparative table of LiB electrodes produced by different printing techniques.

Printing

ELECTRODE

Active Specific Capacity

Technique TYPE Material Binder Solvent Cell Type [mAh g—1] Ref.
gravure cathode LFP CMC water + 2-propanol half 168 @ C/10 [56]
gravure cathode LMO CMC water + 2-propanol half 110@C/10 [57]
gravure anode CAM CMC water + 2-propanol half 600 @C/10 [54]
gravure anode graphite CMC water + 2-propanol half 355@C/10 [55]
gravure anode graphite PVDF/PVDF NMP half 340 [62,63]

+PVP
screen cathode LFP PVDF NMP half 48@5C [58]
printing
aerosol cathode LFP Kynar 2-butanol half 151@C/15 [60]
spray cathode LFP CMC water + 2-propanol full 150 @ 4A g1 [61]
screen anode graphite PVDF NMP full 81 [59]
printing

The reported results show that gravure printing was successfully proved as a high-
quality manufacturing method for LiBs. The used materials were selected as a reference,
being well-established or of low-cost or high-performance. The reported experimental
works were able to respond to the main challenges related to gravure technology as
never having been carried out before in the field of printed batteries. In the case of
electrode production, the manufacturing process can limit the capacity displayed by an
active material, resulting in being lower than theoretical [64]. In fact, in most cases in which
a material is used in film form, layer manufacturing is crucial for its functionality and
efficiency. Moreover, due to gravure printing the requirement of low viscosity inks and
ink formulation is challenging, making it difficult to obtain the proper layer functionality,
especially in the case of composite materials like electrodes, and in the mass loading suitable
for practical applications. Furthermore, every time a material in the composite changes, a
new study of a gravure ink in terms of formulation and preparation process is needed.

Controlling the ink preparation could solve the functionality issue and strongly de-
crease the process time, promoting the industrial use of gravure printing. In this regard, a
methodology based on Ca for ink formulation and the printing process was demonstrated
as a good driver to obtain high gravure printing quality, which is a necessary condition
for layer functionality. Nevertheless, high graphical quality is not sufficient to guarantee
high functional quality, which is influenced by additional specific parameters, as shown
by the experimental results, where the contribution of mass loading, component ratio,
material size, component distribution, and layer density plays a fundamental role for
printed batteries. Specific issues depend on the materials and the role that the printed
layer has to exploit as device component. For example, in the case of ink preparation,
ball-milling treatment is necessary to disaggregate the starting powders (for graphite and
CAMs) while for other materials short ball-milling can be used as the mixing method
(LFP and LMO). According to the specific case, the mixing methods can affect the layer
density, the particle distribution, and the film homogeneity. However, assuming that the
rheological ink behavior is Newtonian, when all the conditions for Ca ~ 1 are respected, a
good printing quality can be achieved and the layer functionality obtained. When the ink
has a non-Newtonian behavior or has limited pot life, other rules have to be investigated to
achieve a good printing quality.

On the other hand, every single time the system, the application, and the involved
materials change, a specific study is necessary to achieve high performances, taking into
account specific parameters and challenges fundamental in each considered case. When
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specific material requirements are satisfied, especially in terms of optimal particle size and
distribution, very good performances are achieved. In fact, in such cases, a long cycle life is
obtained with cycling at high and constant capacity close to the theoretical value, without
fading, for a large number of cycles, as a consequence of the high homogeneity and lack of
defects in the printed layers. Gravure printing is also able to produce very homogeneous
surface characteristics, providing a very fine controlled and spike-less interface with the
electrolyte and forming a very uniform SEI (solid electrolyte interface) preventing local
accumulation of materials during the charge—discharge process (lithiation—delithiation),
thus avoiding dendrite formation.

The low mass loading challenge due to low-viscosity gravure inks has been solved
thanks to a multilayer approach. Such a method allows provision of the desired mass
loading. Moreover, the multilayer approach, together with high printing quality, represents
an advantage over the conventional coating techniques, also providing high homogene-
ity in the bulk of the final printed layer. In fact, the microstructure of the consolidated
dried film depends on several parameters related to the involved particles (size, morphol-
ogy, electrostatic charge, concentration), the rheology of the ink system, and the drying
conditions [65]. Inks (and slurries) are typically non-stabilized dispersions, consisting of
heterogeneous particles of very different sizes; as a consequence, aggregation and sedi-
mentation phenomena can occur [66,67]. In particular, sedimentation has to be taken into
account because of the particles size and the possibility of forming re-aggregates, which can
be in the non-colloidal range [65,68]. Such phenomena can compromise the final function-
ality of the layer creating inhomogeneity. Moreover, fluid and particles motion occurring
during the dying process can also strongly affect the final film microstructure, leading to
horizontal and vertical drying profiles, thus resulting in spatial inhomogeneity [65,69,70].
In particular, the balance of diffusion and sedimentation during evaporation determines the
vertical distribution. It is assumed that the smaller particles are in the evaporation regime,
whereas the larger particles and the aggregates are in the sedimentation-dominant regime.
This strongly encourages possible segregation in the drying layer, particularly across the
thickness and especially when the dispersion is deposited in a single step producing a large
thickness, i.e., tape casting, doctor blade, and other coating techniques typically employed
in battery manufacturing. Multilayer gravure printing allows segregation phenomena to
be minimized, controlling the particle distribution, especially along the film thickness.

In addition, a multilayer approach enables improvement of the final surface charac-
teristics, smoothing the previous layer by over-position of the subsequent one, thanks to
the printed solvent. This generates good electrode-electrolyte interface, demonstrated by
the high stability of the performances and the long cycle life of the printed electrodes. As
a result, the reproducibility and the quality of the gravure process permit the overlap of
high number of layers without affecting the properties, and thus the performances, of the
final multilayer.

Finally, it should be highlighted that gravure printed electrodes were not subjected
to any post-processing calendaring. This step is generally used to achieve the proper
density/interconnection and adhesion with the current collectors when coating techniques
are employed for the electrode manufacture. Skipping the calendaring represents a simpli-
fication of the overall process, particularly desired for industry.

The obtained results can be useful for extending gravure printing as a manufacturing
technique for different functional layers, since a method to obtain good printing quality has
been validated, enabling specific layer functionality. All such experimental works can boost
the potential use of gravure in the industrial manufacturing of printed batteries, thanks to
its high scalability and easy technological transfer.

5. Future Prospective

The main challenge of printed battery future development is represented by the mono-
lithic integration of such devices into electronics or energy harvesting systems, avoiding
the use of battery holders or cables, and also tending to all-printed devices [7,71]. To this
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aim, other related issues have to be faced. Nowadays, the printed elements of batteries
are mainly the electrodes and the separator/electrolyte. In the future, printing of current
collectors and battery packaging systems will have to be considered. The formulation of
suitable inks based on metal powder or carbonaceous materials, having tunable rheolog-
ical properties and able to provide adequate conductivity, can contribute to the possible
printing of current collectors. The printing of packaging and encapsulating materials for
printed batteries introduces new issues such as moisture and air barrier, flexibility, and
mechanical properties that need to be addressed. One of the hypotheses for the future
printed batteries is the introduction of new printing techniques able to respond to new
concerns and actual drawbacks. The appealing new printing technologies are the high-
fidelity inkjet, the electrodynamic process (EHD), and 3D printing. In addition, 4D printing
can represent a new manufacturing method for future printed batteries [72]. Such a new
printing technology produces a 3D structure able to change the shape and morphology
under external stimulation.

Different printed storage systems are also being considered to supply energy to flexible
electronics and IoTs as an alternative to printed batteries, such as printed capacitors and
supercapacitors, opening the way to the printing of new materials [7].

Also in the future, the efforts of the investigations will be focused on ink formulation
which remains a challenging task [4]. In fact, also considering different printing techniques,
the necessity of controlling the stability of the ink dispersions, such as to tune their rheology
properly, is fundamental to govern the process and to control the printed layer characteris-
tics/performances and to favor industrial scale up. Changing the binder may imply the use
of different solvents; other solvents/co-solvents may be investigated as well as different
additives to obtain further process improvements such as higher ink stability and lower dry
temperature/time. Furthermore, the ink control could provide the ability to improve the
electronic and ionic connection, crucial for the battery process [7]. The use of new and high
performance materials can be very helpful in improving the printed layer performances.
To enhance the sustainability of the process and the devices, large attention must be paid to
the choice of suitable materials, with requirements of being green and cost-effective.

Regarding gravure printing, in the case of Newtonian ink, ink control can be obtained
thanks to the proposed methodology based on the Ca, providing an important contribution
to the possible industrial implementation of such printing technology for the future manu-
facturing of printed batteries. Such a methodology is a useful tool for the printing quality,
while the specific concerns of each battery component and material have to be considered
to achieve good performances. Thanks to the demonstrated results, the study on gravure
printed batteries may be extended to systems different from LiBs, such as sodium-ion
batteries and all-solid-state batteries, thus even promoting battery safety.

6. Conclusions

In this review, the recent main results on gravure printing manufacturing for printed
batteries are reported. In particular, the manufacture of LiB electrodes was presented and
discussed, providing general results, helpful for gravure printing of functional layers and
addressing some of the main challenges related to the selected printing technology. The
formulation of gravure printable inks and the choice of process parameters suitable for
high printing quality are ruled by a methodology based on Ca, able to guarantee layer
functionality. Nevertheless, specific concerns of each material and battery component
have to be considered to achieve high-quality performance gravure printed layers. The
multilayer approach was found suitable to obtain the desired layer mass loading also using
low-viscosity inks. Such layer-by-layer deposition was found useful in providing high
homogeneity also in the layer bulk. The future perspectives of printed batteries were also
introduced. The findings shown can boost possible future development and industrial
scaling of gravure for printed battery production.
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