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Abstract: Three-dimensional printed electrodes seem to overcome many structural and operational
limitations compared to ones fabricated with conventional methods. Compared to other 3D printing
techniques, direct ink writing (DIW), as a sub-category of extrusion-based 3D printing techniques,
allows for easier fabrication, the utilization of various materials, and high flexibility in electrode
architectures with low costs. Despite the conveniences in fabrication procedures that are facilitated
by DIW, what qualifies an ink as 3D printable has become challenging to discern. Probing rheological
ink properties such as viscoelastic moduli and yield stress appears to be a promising approach to
determine 3D printability. Yet, issues arise regarding standardization protocols. It is essential for the
ink filament to be extruded easily and continuously to maintain dimensional accuracy, even after
post-processing methods related to electrode fabrication. Additives frequently present in the inks
need to be removed, and this procedure affects the electrical and electrochemical properties of the
3D-printed electrodes. In this context, the aim of the current review was to analyze various energy
devices, highlighting the type of inks synthesized and their measured rheological properties. This
review fills a gap in the existing literature. Thus, according to the inks that have been formulated, we
identified two categories of DIW electrode architectures that have been manufactured: supported
and free-standing architectures.

Keywords: free-standing architecture; 3D-printed electrodes; 3D-printed scaffolds; 3D-printed fuel
cells; 3D-printed batteries; 3D-printed micro-supercapacitors; direct ink writing; rheology; extrusion-
based 3D printing technology

1. Introduction

Electrode structure and performance form an indissociable pair in the context of
electrochemical devices. Battery electrodes face issues of dendrite formation, passivation,
catalytic surface area utilization, and other issues [1]. The electrodes of fuel cells and
super capacitors are confronted with water management and mass transport concerns
and other limitations. Additionally, the structures of batteries and solid oxide fuel cells
suffer from having poor densities in terms of their electrode/electrolyte interfaces [2,3].
Even though most electrochemical devices follow small-scale commercialization plans, the
limitations that frame their optimum operation and their further commercialization should
be overcome.

Additive manufacturing (AM) technology, popularly known as 3D printing, has be-
come a successful method for fabricating a wide range of products with high geometrical
complexity. The controlled deposition of successive layers of several materials makes
3D printing applicable in many areas, including in the manufacturing of biomedical im-
plants [4], aerospace components [5], and automotive parts [6], as well as in food man-
ufacturing [7]. Several AM technologies have been developed, such as Selective Laser
Sintering (SLS), material extrusion (MatEx), Selective Laser Melting (SLM), direct ink writ-
ing (DIW, or Robocasting), and Binder Jetting [8-11], to name a few. Compared to other
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AM technologies, DIW is more advantageous due to its association with the ease of fabri-
cating high-fidelity parts in a cost-effective manner, the open-source availability of printing
apparatus, and its capability to handle diverse types of materials [12]. DIW, also known
as Robocasting, was originally developed in 1997 by Sandia National Laboratories for
aqueous alumina slurries [13]. Some years later, the process was applied for the fabrication
of three-dimensional electrode structures with mixtures of BaTiO3, BaZrO3, and SrTiO3 [14].
In a more recent work, DIW was used to fabricate interdigitated Li-ion multilayer electrodes
for micro-batteries [15].

The DIW process belongs to the general extrusion-based 3D printing technological
category, according to which the material is forced to flow from a large barrel (usually a
syringe with a diameter of the order of a few centimeters) to a nozzle of a much smaller
radius (of the order of 1 mm to less than 100 um) with straight cylindrical or conical (ta-
pered) geometry. Finally, the material is deposited on a platform in the form of successive
filament layers. There are three different extrusion modalities used to dispense the ink:
(a) pneumatic, (b) piston-based, and (c) rotating screw fabrication methods [16,17]. Pneu-
matic and piston-based fabrication methods are the most common ones for electrochemical
applications and other applications. They provide more flow control and are used for
lower-viscosity inks [18]. Screw-based DIW is effective when more viscous inks are utilized,
but generally, the screw design is more complex than pneumatic and piston designs [19].
Another option is to extrude the ink by using drop-on-demand inkjet printing. In this tech-
nique, the material is deposited in the form of droplets rather than a continuous filament,
as in DIW. The advantages and disadvantages between these two technologies have been
recently discussed by Tan et al. [20]. More direct writing techniques can be found in the
referenced study by Balani et al. [19]. DIW offers unique features in the electrode’s construc-
tion for energy conversion and storage devices that cannot be succeeded by conventional
methodologies [21]. Intricate 3D open geometries in batteries and supercapacitors can
be easily fabricated, granting larger quantities of active material per area, promoting the
efficient transport of electrons [22-24]. It has been shown, for instance, that batteries and
supercapacitors fabricated with DIW outperform bulk structures [25]. Moreover, DIW can
be integrated with other processing technologies such as electrodeposition, providing an
easier way of fabricating tailored 3D electrodes with large areal capacity [26]. It should
be mentioned that earlier reviews on 3D printing of electrodes for electrochemical appli-
cations, e.g., [27], focus on printing electrode structures with inkjet and gravure printing
technologies, in which the fabrication mechanisms are different from the DIW process, as
discussed in the present overview. Also, ink rheology in the above-mentioned printing
technologies differs significantly from the electrode inks in DIW. For example, the viscosity
of DIW inks is three to four orders of magnitude higher than inkjet printing inks [27].

This work discusses the ink formulation strategies discussed in the last few years by
different research groups. These strategies center around the use of DIW 3D-printed elec-
trodes for electrochemical devices. Additionally, it presents an overview of the measured
rheological properties of 3D-printable electrode inks.

2. Rheology of 3D-Printable Inks
2.1. Rheological Properties

Printable inks in DIW usually consist of a liquid phase, dispersed with solid inclusion.
The inks generally display both solid-like and liquid-like behavior, and for this reason, they
are frequently referred to as viscoelastic materials. The term printability encompasses two
main concepts. The first is good extrudability [6,16], which means that the filament must
flow easily from the syringe to and out of the nozzle under the action of low to moderate
extrusion pressures. From a rheological point of view, this is usually accomplished by
designing the inks to exhibit shear-thinning behavior (i.e., viscosity decrease by increasing
the shear rate). The second concept is shape fidelity, which means that the filament, upon
extrusion from the nozzle, must turn quickly from a liquid material into a “solid-like”
one that is able to sustain the weight by the successive layers deposited on top with
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minimum deformation (and a certain tolerance) [28]. If the deposited material spreads
or slumps, dimensional accuracy is largely lost [29]. This is particularly important for 3D
printing electrodes that are several layers high or when unsupported overhangs exist due
to the desired geometry. Examples involve interdigitated structures [30] and 3D cuboid
lattices [31]. There is a consensus among several studies [28,32-36] that shape fidelity
is connected to the (i) yield stress, (ii) storage modulus G’ and loss modulus G, and
(iif) thixotropy of the inks, which define the rheology of the material.

Printable DIW inks for electrochemical devices can be colloidal dispersions, gels, or
emulsions [22]. There are different kinds of interactions between the dispersed phase
and the continuous surrounding phase, as well as between the solid constituents them-
selves [22,28]. Materials with such a complex micro-structure usually exhibit yield stress,
which is the minimum required stress for the material to flow. Generally, the concept
of yield stress is a matter of debate, and several studies have dealt, either theoretically
or experimentally, with its existence [37-40]. Measuring the yield stress is a challenging
issue [40]. Different methods involving the use of predominantly rotational rheometers
have been exploited, and no “best” method has been identified [41].

The most common rheological model for materials with yield stress is the Herschel-Bulkley
(HB) model, described by the authors of [42,43]:

T =1+ k7" (1)

where T represents the shear stress, 7, represents the yield stress, k represents the consis-
tency index, -y represents the shear rate, and n represents the power law exponent. Forn <1,
the material is shear thinning, while for n > 1, the material is shear thickening (viscosity
increases with increasing shear rate). When n = 1, Equation (1) is referred to as the Bingham
model and k is the plastic viscosity. In fact, Bingham introduced the yield stress concept
based on plastic yielding in metals [37]. A schematic representation of the HB model is
shown in Figure 1A. Also, for 7, = 0 in Equation (1), the model is usually referred to as
power law [43].

A classic way to evaluate the yield stress is curve fitting the Herschel-Bulkley model
(Equation (1)) of measured shear stress (T) versus shear rate () data points obtained by
steady-state shear rate or shear stress sweeps. The fitting parameters of the model are
as follows: 7o, k, and n. Another way is the direct extrapolation of T as  goes to zero.
However, obtaining reliable stress measurements at very low shear rates (¢ — 0) is a
challenging task, and frequently, limitations arise due to the shear rate resolution of the
rheometer. Also, wall slippage may be observed with increasing shear stress, leading to the
underestimation of the actual yield stress of the ink [39].

An alternative method is to carry out dynamic oscillatory amplitude sweeps by increas-
ing either the shear stress or strain amplitude. Parallel-plate and cone-and-plate rheometers
are the most common utilized apparatus. The results of the test are presented as a plot with
the applied shear stress or strain on the horizontal axis and the measured storage modulus
(G') on the vertical axis, along with the loss modulus (G”). G’ and G” are viscoelastic
material functions. Specifically, G’ describes the rigidity of the sample, and G” relates to
the viscosity [43]. A typical plot of G, G” versus shear stress (7) is shown schematically in
Figure 1B. At very low stress, G’ and G” are constant, so-called plateau values. This region
is frequently referred to as the linear viscoelastic region (LVE). If G’ > G” in the LVE, like in
Figure 1A, the sample behaves like a viscoelastic solid. If G’ < G” in the LVE, it behaves
like a viscoelastic fluid. Increasing the shear stress leads to a point where G’ = G”, usually
referred to as the cross-over point or sometimes characteristic modulus [40]. Different
authors have proposed a variety of ways to extract yield stress from plots of G',G” versus
7: (i) from the limit of LVE, (7y1) or the stress at 0.9 x G or 0.95 x G’ [33,44-46], (ii) by the
point of intersection between the horizontal line of the LVE and a fitting-line corresponding
to the region of high shear stress as shown in Figure 1B (ty,) [40,47,48], and (iii) by the
point at which G' = G” (ty3).
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Figure 1. Schematic representation of the Herschel-Bulkley (HB) model with 7, (the yield stress)
(A) and a plot of G’ (continuous line), G’ (broken dashed line) as a function of applied shear stress
T showing the different yield stress values extracted (Ty1, Ty2, Ty3) from the different evaluation
methods (B). Note that in the schematic plot in (A), the axes are in normal scale, while in (B), the axes

are in logarithmic scale.

Printable inks also exhibit thixotropy. This is a time-dependent property that refers to
the viscosity change with time. Mewis and Wagner [49] define thixotropy in the following
manner: “...the continuous decrease of viscosity with time when flow is applied to a
sample that has been previously at rest and the subsequent recovery of viscosity in time
when the flow is discontinued.” A frequently used method to measure ink thixotropy is
the three-interval thixotropy test (3iTT) [28,50,51]. It involves the measurement of shear
viscosity in three different shearing intervals as a function of time, mimicking the material
flow in the nozzle and right after the nozzle exit [50]. In the first time interval, the viscosity
is measured at a low shear rate, as shown in Figure 2. This figure represents a case wherein
the material is essentially at rest. In the next time interval, the shear rate is increased.
During this time interval, the high shear rate usually causes a disruption in the material
micro-structure, and the measured viscosity becomes lower, attributed to the shear-thinning
behavior of the ink. In the third step, a low shear rate is applied again, and the viscosity
increases to an equilibrium value. It may take some time for the material to reach an
equilibrium structure, as explained qualitatively in Figure 2. The more time it takes, the
more thixotropic the material [28,51]. If the equilibrium viscosity is the same as the viscosity
of the first time interval, then the initial structure can be regarded as fully recovered. The
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storage modulus and the loss modulus may also be time-dependent properties: G'(t), G (t).
Their change over time gives insight into structural behavior and can be measured in
oscillatory mode by changing either the oscillation frequency or the amplitude [33]. The
obtained results are usually plotted in the form of G’ and G” as a function of time. Also, in
this test, more than three time intervals can be applied. For example, Corker et al. [33] used
five time intervals of varying frequency and amplitude.

A
T Thixotropy
:. b — — —— ,___.__‘-.-—_
= }_ -
B | P
8 N TR
% 1 I .I
Rz 1
> x _ !
= Low W\ High " Low
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Figure 2. Schematic representation of the three-interval thixotropy test (3iTT) for shear viscosity.
As the degree of thixotropy of the ink increases, the time required for structural recovery increases.

Reproduced from Amorim et al. [28].

2.2. An Overview of the Literature on 3D-Printable Inks” Rheological Properties for
Electrochemical Devices

Table 1 summarizes the measured rheological parameters for 3D-printable inks com-
monly used in energy devices. The parallel-plate rheometer appears to be the dominant
measuring device. Many of the studies rely on yield stress extraction from G’ and G”
measurements. Some examples of measured G’ and G” as a function of shear stress are
shown in Figure 3A,B. Different yield stress evaluation methods based on G’ and G” have
been addressed in the literature. For instance, Gao et al. [52] extract it from what they call
as a sharp drop in G/, while Ao et al. [53], and several others, extract it via the cross-over
point. The cross-over point appears to be a preferable choice among researchers. The yield
stress extracted from the cross-over point ranges from 20 Pa to as high as 1700 Pa, and
the storage modulus G’ ranges from the order of 10% Pa to 10° Pa. The variation in these
rheological properties is mainly a consequence of the concentration and the type of the
solid content. For example, in a study conducted by Corker et al. [33], the inks consisted
of 2-3 vol% graphene oxide flakes in water, while Yuk et al. [54] used innovative formu-
lations of PEDOT:PSS nanofibrils in water at 5-7 wt%, and Tran et al. [55] used pristine
graphene/PEDOT:PSS in water at concentrations at 4-7 wt%. Therefore, tuning the ink
rheology has a significant effect on 3D printability. In fact, Yuk et al. [54] and Tran et al. [55]
report that lower concentrations than the above lead to the lateral spreading of the extruded
DIW filaments, and higher concentrations (beyond 8 wt%) lead to nozzle clogging due
to the formation of large aggregates of PEDOT:PSS nanofibrils. It should be pointed out
that Corker et al. [33], in their study, refer to the stress at the cross-over as the flow stress,
and yield stress is regarded at the limit of LVE. Garcia-Tufién et al. [36] argue that the
above-mentioned different methods used to evaluate the ink yield stress may lead to a lack
of consensus and inconsistencies in defining ink printability.
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In some other studies [56-59] included in Table 1, although the authors measured
G’ and G”, they measured the ink yield stress by fitting the HB model, Equation (1), to
viscosity or shear stress versus shear rate data. Some measurement data that were fitted
using the HB model are shown in Figure 3C. The fitted power law exponent is n < 1,
indicating that the inks are shear thinning, and in some cases [56,60], very shear thinning.
In the referenced studies by Tagliaferri et al. [61] and Ghodbane et al. [60], the yield stress
was measured via both the cross-over point and the Herschel-Bulkley model. While in
Tagliaferri et al. [61], the Herschel-Bulkley model gave about one order of magnitude higher
yield stress than the cross-over point, both values in Ghodhbane et al. [60] were generally
comparable. This could be attributed to the different ink formulations in these studies:
highly concentrated pristine graphene aqueous ink with a small amount of cellulose
viscosifier was used in the study conducted by Tagliaferri et al. [61], and in the study
conducted by Ghodhbane et al. [60], the inks consisted of chitosan, genipin crosslinker, and
different amounts of doped and not-doped graphene. In the referenced study conducted
by Shi et al. [62], yield stress was evaluated in different ways: from the LVE limit, at the
cross-over point, and via the Herschel-Bulkley model. Interestingly, the stress at the cross-
over point was extremely close to the one ascertained by the use of the Herschel-Bulkley
model. The ink in a study by Shi et al. [62] consisted of MXene flakes and an amphiphilic
surfactant (C12E9).

Shi et al. [62] evaluated the printability of the inks in their study using a printability
criterion developed by Corker et al. [33], namely the flow transition index (FTI). This
criterion was developed by Corker et al. [33] based on rheological measurements for
graphene oxide (GO) inks. According to Corker et al. [33], FTI = 7y3/7,1, and Ty3 and
Ty1 are defined in Figure 1B. Note that, Corker et al. [33] refer to Ty, as the stiffness point.
In Shi et al. [62], the calculated FTI was ~3.4, which, according to the authors, indicates
that the ink used displays the ability to yield, break down, and rebuild during and after
extrusion from the nozzle.

It should be pointed out that other printability criteria have also been developed [32,36].
Garcia-Tufion et al. [36] studied the printability of various DIW carbon-based inks consisting
of graphite, multiwalled carbon nanotubes (MWCNTs), and graphene oxide (GO) as active
materials for energy applications. These authors evaluated the printability of the used inks
by constructing a printability map via defining a, what they called, figure of merit (FoM),
given by FoM = G// 7,3, where Ty3 is the stress at the cross-over point (see Figure 1B). They
qualified their ink formulations as printable for FoM > 20 with Ty3 ranging from 250 Pa to
1500 Pa. Also, Garcia-Tufion et al. [36] show that the inks in some of the studies reported in
Table 1 are deemed printable according to their criterion.
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Table 1. An overview of measured rheological properties for 3D-printable inks used in electrochemical devices.
Yield Stress (Ty) from Herschel-Bulkley
Plot of Parameters .
Catalyst/Electrochemical Storage G and G" vs. T SITT
Device Modulus, an vs. or Rheometer Reference
G’ (Pa) Val Evaluation To (Pa) k (Pa-s™) n G'®,G"®)
alue Method
GO suspensions-general ~2 x 10*-3 x 10° 20~400 LVE - - [33]
Printability maps of complex fluids 9 x 10%-9 x 10* 270-840 cross-over - - Rotational [36]
PEDOT:PSS c.onductlve polymer mesh 15 x 105-3 x 10° 150 Cross-over ) ) [54]
micro-structures
Hydrogel formulations ~10° 343 cross-over 215 150 0.09 Multi-iTT Parallel-plate [60]
Supported electrode architectures
LiNig 15C00.15Al0.03502 4 105 100 ) ) ) ~

(NCA)/Li-based batteries 2 x 10*-10 100-1000 cross-over Rotational [53]
.PEDO"I.":PSS-based MX?ne 2 % 10* } o 107 073 } Parallel-plate, 57]

inks/Micro-supercapacitors cone-and-plate
NiO-YSZ/Solid oxide fuel cell . . 2411 15005 046 . Double-coaxial =59,

cylinder
Li| Cu@LATP@Cu | Li (CU-3D-printed 5 5
scaffold)/Li-battery ~10°-7 x 10 - 741-1502  456-1358  0.15-0.29 - Parallel-plate [56]
LiFePO4-PEDOT:PSS/Li-battery ~6 x 10° ~1000 Cross-over - - Rotational [63]
PEDOTZPSS/.M Xene/micro- ~10* - - - Multi-iTT Parallel-plate [30]
supercapacitor electrode
Free-standing electrode architectures
G/ 90% of
Zn/rechargeable alkaline battery anode ~10%-10° 30~100 LVE - G'(t), G"(t) Rotational [31]
plateau

Supercapacitor ~2 x 10° 1700 Sh?g’ éi/rop - - Rotational [52]
Graphene/PEDOT:PSS/supercapacitors ~700-9 x 103 20~200 Cross-over - - Rotational [55]
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Table 1. Cont.
Yield Stress (Ty) from Herschel-Bulkley
Plot of Parameters .
Catalyst/Electrochemical Storage / " SITT
y Device Modulus, G andG'vs. T or Rheometer Reference
G’ (Pa) Value Evaluation To (Pa) k (Pa-s™) n G'(), G"(®)
u Method
Graphene oxide/micro-supercapacitor ~2 x 10* - 91.5 39.75 0.421 3iTT Parallel-plate [58]
Graphene pristine/micro-supercapacitor ~10° 58 Cross-over 491 94.82 0.43 3iTT, G/(t) Parallel-plate [61]
. . 80 LVE .
MXene/micro-supercapacitor ~2 x 10° 271 5.25 0.71 3iTT Parallel-plate [62]
274 Cross-over
rGO/ CNT aerogel /quasi-solid state 6 x 103 100 ) ) ) [64]
nickel-iron battery
MXene/supercapacitors 3.65 x 10* 206 Cross-over - 3TT . [65]
Rotational
MXene/supercapacitor 51 x 103 191.56 Cross-over - 3iTT [66]
Reduced graphene oxide (rGO)-Super-P 4
aerogel/Vanadium redox flow battery =710 689 Cross-over (671
E-ReSe,@INC/hybrid-(Na+) capacitor ~2 x 10% ~250 Cross-over - - [68]
NiCoy0O4 nanosheets (not in the 104 200 Cross-over . ) [69]

ink)/pseudo-capacitive electrode
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Figure 3. Rheological behavior of printable inks reproduced from the literature. G’ and G” as a
function of shear stress by Shi et al. [62] (A) and by Ao et al. [53] (B). Measurements of shear stress
versus shear rate by Shi et al. [62] (open squares) and Yun et al. [58] (open circles) (C) and 3iTT by
Shi et al. [62] (triangles), Yang et al. [65] (squares), and Tagliaferri et al. [61] (circles) (D).

Moreover, in Table 1, thixotropy tests are also gathered. It is evident that measurements
of ink thixotropy are carried out to a far less extent. These measurements predominately
involve the 3iTT, which is the mainstream technique. However, measuring G’ and G”
with time ¢t may offer more insights and a deeper understanding of the ink’s structural
behavior during printing. Also, in two studies by Ghodhbane et al. [30,60], a seven-interval
thixotropy test was carried out. We marked this in Table 1 as a multiple-iTT. The results
of thixotropy measurements for DIW-printable electrode inks from three representative
studies are shown in Figure 3D. It can be observed that the time intervals used in each
study are different. In Shi et al. [62], the second time interval was much shorter than
that in Yang et al. [61] and Tagliaferi et al. [61]. Moreover, the shear rate applied in each
interval is different. For example, Shi et al. [62] applied 1 s~1in the first interval and
100 s~! in the second interval, while Yang et al. [61] applied 0.01 s~! in the first interval and
1000 s~ ! in the second. Furthermore, the electrode inks used by Tagliaferi et al. [61] and
Yang et al. [65] appear to recover instantly, while the ink used by Shi et al. [62] takes more
time to equilibrate to the initial structure. Despite these differences, after high shearing, the
formulated inks appear to fully recover and return to their initial structure.

Modeling the flow of the above-mentioned ink types for energy devices in DIW has
not been exploited very often, and this modeling technique centers around numerical simu-
lations. Ao et al. [53] carried out numerical simulations for the flow in a syringe/straight
cylindrical nozzle system, along with particle transport, using COMSOL Multiphysics. In
their analysis, they used the purely viscous Herschel-Bulkley rheological model, but the
model parameters were not measured, except perhaps the yield stress, which was extracted
from G’ and G”, as stated in Table 1. Shi et al. [62] also used COMSOL for DIW ink flow. In
their study, the nozzle had a conical geometry, and the purely viscous Herschel-Bulkley
model was used (model parameters displayed in Table 1). The authors presented valuable
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results in terms of the distribution of the ink shear stress, shear rate, and orientation of
the MXene flakes. Simpler analytical models of predictive power, developed for flows of
shear-thinning liquids with yield stress in a large reservoir (syringe barrel in DIW) and
a straight cylindrical or conical channel (nozzle in DIW) [70-73], have not yet been used
for modeling ink flow in DIW for the fabrication of energy devices. Also, numerical flow
simulation-based models using the above rheological parameters to evaluate the degree
of joining (referred to as sintering or coalescence) regarding the adjacent filaments of the
fabricated structures [74,75] or relevant analytical sintering models [76-80] must be taken
in consideration for the effective design of energy devices via DIW.

DIW constitutes an effective methodology for engineering 3D architectures with high
accuracy, providing an opportunity to investigate different structure—property relationships
at various scales. Three-dimensional printing also permits patterning electrode structures
either directly onto various substrates or as a free-standing architecture, offering profound
interfacial electrode/electrolyte contact. However, for 3D printing procedures to be cost-
saving, a practical region for the ink recipe, ink rheology, and optimal printing parameters
should be further considered. In the next section of this paper, we analyze and discuss the
synthesis strategies that have been explored by many research groups to acquire printable
inks for the fabrication of electrodes for use in many electrochemical devices via DIW.

3. Ink Synthesis Strategies for 3D Printing via DIW, Electrode Structures, and
Electrochemical Performance

3.1. Printable Inks for Supported Electrode Architectures

Optimizing the fabrication of electrodes for next-generation electrochemical devices
such as Li-ion-based batteries, Zn-metal-based batteries, or other types of batteries, micro-
supercapacitors, and fuel cells is the key to ensuring their advanced performance. The
electrode synthesis method and architecture used can really affect an electrode’s proper-
ties, sometimes creating complicated effects. Thus, the development of electrodes with
optimized architectures [81-83] depends on the potential of manufacturing methods. Nu-
merous manufacturing processes have been explored to fabricate electrodes with specific
architectures. Meanwhile, the DIW method seems to give electrodes the most optimum
operational parameters. This, however, requires the optimization of the composition of
the printable ink, along with the optimum parameters. Depending on the electrochemical
device that the electrode will be applied to, it should fulfill specific requirements.

In the last few years, with the rising demand for longer battery durations, the re-
search community has paid attention to rechargeable Li-based batteries (LIBs) [84], mostly
optimizing electrode structures to achieve both higher energy densities and longer lifecy-
cles [85-87]. Batteries are known to be composed of an anode, a cathode, and, between
them, an electrolyte (separator). Additionally, each side (anode and cathode) has one
current collector (positive and negative). The anode and cathode compartments store Li,
while the electrolyte, through its ‘body’, permits the movement of the positively charged
lithium ions from the anode to the cathode, and vice versa. The transport of the lithium
ions creates free electrons at the anode, leading to charge creation at the positive current
collector. The electrical current then flows from the current collector through the desired
powered device to the negative current collector [88].

However, to be eligible for practical energy storage applications, batteries should
exhibit high energy and power density, along with long charging—discharging periods.
However, metal-based batteries suffer from high interfacial resistances due to poor elec-
trolyte/electrode mechanical contact [89]. Additionally, metal (e.g., Li) volumetric change
during cycling creates high interfacial stresses, along with unsolicited interfacial side re-
actions. In addition to the above is the unsuppressed formation of metallic (Li or Zn)
dendrites that enter the electrolyte, creating an internal short circuit [90-92].

Given the above-mentioned limitations, at this time, metal (Li or Zn)-based battery
technology cannot provide the required high energy demand. The uncontrollable evolution
of Li and Zn dendrites during cycles is recognized as the main cause of battery damage



Catalysts 2024, 14, 110

11 of 30

and, at the same time, the limiting factor to increasing their efficiency and mass production.
To overcome this barrier, many researchers have proposed and investigated scaffolds for
use as hosts which stabilize lithium deposition. Currently, DIW scaffolds have mostly
been proposed in research works for use in metal-based batteries, seemingly overcoming
the above-stated limitations. Through utilizing DIW technology, a metal anode could be
incorporated into the polymeric electrolyte, leading to the suppression of the dendritic
growth of lithium and less metal volume changes. For this reason, using polymer-based
inks are preferable for advancing battery technology.

3.1.1. PVdF and Other Polymer-Based Inks

A few polymer-based inks are preferable for DIW technology due to their rheolog-
ical properties and low melting temperature. For example, poly (vinylidene fluoride-
hexafluoropropylene) (PVdF) exhibits viscosity decreases with increasing shear rate (shear-
thinning), effectively facilitating the pumping process in extrusion-based 3D printing
technologies. PVdF-based material, showing a strong electron-withdrawing functional
group (-C-F) in the electrolyte’s matrix, is stable with the use of lithium metal; therefore, it is
preferable for electrode/electrolyte construction. Nonetheless, PVAF and similar polymer-
based materials have very low ionic and thermal conductivities, meaning that they cannot
be used extensively in electrode construction, and so various synthesis methods should
be explored for fabricating electrode/electrolyte architectures with the desired properties
(high conductivity, very low resistance, etc.) [93]. On the contrary to conventional meth-
ods that lack control over architectural constructions, the DIW process overcomes these
challenges, providing an opportunity to manufacture new architectures and diverse shapes
with great material flexibility.

Shahbazian-Yassar R et al. [94-96], in a series of works, tried to ameliorate PVdF’s
thermal characteristics by adding nanomaterials into its matrix. By using the DIW tech-
nique, the researchers had the flexibility to study various materials as additives, extruding
the material over various substrates. The inks with each of the additive displayed different
rheological parameters associated with viscosity as well as properties related to liquid
elasticity. It is certain that extrusion-based printing methods require ink parameters tailored
for constructing electrodes with high geometrical fidelity. Furthermore, Shahbazian-Yassar
R et al. [94], in their latest work, managed to fabricate an electrolyte (using polymer-boron
nitride nanosheets) with 400% higher in-plane thermal conductivity. Their lithium-ion half-
cell experiments indicated stable cycling behavior at 1C charge-discharge rate for 250 cycles,
with the lithium-ion cells retaining 90% of their capacity. Pinto et al. [97] fabricated different
morphologies of PVDF and poly(vinylidene fluoride-co hexafluoropropylene) (PVDF-HFP)
with DIW. They obtained films with high density and membranes of high porosity, varying
electroactive (3-phase content and mechanical and thermal features. Thus, with the aid of
DIW, membranes and electroactive films can be prepared for each energy storage system in
a facile way.

Electrodes fabricated via DIW can provide much more space and a greater contact area
between the electrolyte and electrode. In addition, the DIW printing procedure permits
the fabrication of not only various scaffold topologies but also various materials. However,
the final electrode properties and architecture depend on the printing ink’s characteristics.
Scaffolds that occupy larger volumes than single electrodes are more susceptible to failures.
Therefore, to maintain the scaffold’s original shape, continuous extrusion of the ink filament
should be ensured; therefore, higher amounts of binders are added. Nevertheless, the extra
quantity of binders decreases the conductivity and increases the thickness of the scaffold,
reducing the total performance of the electrode. For this reason, in order to successfully
print scaffolds, many research groups [63,98] have used a conducting polymer that can be
added to graphene oxide ink and acts as a binder and conductive agent. Therefore, this
strategy combines graphene oxide with a conductive polymer such as poly-pyrrole, poly-
thiophene, or poly-aniline, and this strategy has been suggested as an effective solution to
ensure 3D-printable inks for scaffold production [54,63,98,99].
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Gao et al. [63] reported the fabrication of a 3D-printed hierarchical porous multi-
dimensional conductive scaffold for use in Li-ion batteries using LiFePO, as cathode
catalytic material (Figure 4A). This electrode of scaffold type, exhibited a rate capability
of 122 mAhg~! at 2 C and an areal capacity up to 5.8 mAh cm~2, retaining also ~95% of
its capacity after 100 cycles. The scaffold kept its structure after the printing procedure
due to the combination of two polymers (poly(3,4-ethylene dioxythiophene):polystyrene
sulfonate) that had the ability to maintain water content. In addition, the addition of
graphene oxide to the printable ink increased the electrode’s conductivity and porosity,
enabling the electrolyte (liquid) to access the inner active sites and the pores to act as local
energy storage spots. Electrolyte intrusion was enabled by the hierarchical porous structure,
while, at the same time, the as-suggested multidimensional conductive network promoted
electron and ion transport. The yellow outline in SEM image indicates the channels from
the porous structure that continue in big depth (Figure 4A). Graphene (or reduced) oxide
plays the roles of the dispersant, binder, and rheological modifier. The distinct pattern
of surface chemistry and the graphene oxide sheets’ structure in interactions with water
permit the formulation of a highly stable graphene oxide suspension with an appropriate
viscoelastic behavior [51]. Figure 4A shows the highest specific capacity of the reduced
graphene oxide-based ink.
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Figure 4. SEM images of three-dimensional printed hierarchical porous multidimensional conductive
scaffolds as cathode materials (LiFePO,) and their respective electrochemical performances (A) [63];
a 3D-printed helical NCA cathode and an LTO anode at 0.3 C and their respective electrochemical
performances [53] (B); the Cu anode/ current collector scaffolds into which they melted Li directly onto
the electrolyte (NASICON-type Lipx AL My ** (POy)3, LATP) and their respective electrochemical
performances [56] (C).

Taking into consideration that most of the as-tested printable inks for Li-based batteries
include non-electrode materials and complicated formulation procedures that may cause
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undesired phenomena such as nozzle clogging, which certainly affect electrode electro-
chemical performance, Ao et al. [53] studied and developed a number of clog-free printable
electrode inks for Li-ion batteries. In detail, they proposed an approach with multiple
ball-milled processes, synthesizing 3D-printable inks that can be used for very long printing
processes, leading to excellent printability and rheological characteristics, as well as a lack
of any nozzle blockage phenomena. Specifically, they directly printed the anode and cath-
ode on copper and aluminum current collectors, respectively. The as-fabricated electrodes
exhibited average discharge capacities of 158.3, 145.8, and 147.4 mAh g~! in 100 cycles for
Li4Ti5012 (LTO), LiNio'815C00'15Alo.03502 (NCA), and LiFePO4- Catalyst—based half-cells.
Figure 4B indicates the structure and the specific capacity of a 3D-printed helical NCA
cathode and an LTO anode at 0.3C. The initial discharge capacity was 145 mAh g~! with
94.24% coulombic efficiency. A capacity retention of 87.6% was observed after 50 cycles.
Also, in this study, two different kinds of carbon-based materials with the combination of
two different polymers were blended to acquire a printable ink. In detail, graphite was
mixed with multiwalled carbon nanotubes and PVDF with N-methyl-2-pyrrolidone (NMP).

In their study, Cipollone et al. [56] printed a Cu anode/current collector scaffold into
which they melted Li directly onto the electrolyte (NASICON-type Lij,x Aly>* M, 4+ (POy)3,
LATP), and they constructed a Li | Cu@ LATP@Cu | Li symmetrical cell that demonstrated a
current density of 0.05 mAcm 2 and a polarization voltage of 60 mV. Regarding printing
procedures, they used a polymer (or gel) with a continuous ‘structure’ and high yield stress,
allowing for the direct printing of the Cu catalytic anode onto the electrolyte. Figure 4C
demonstrates the whole procedure. The authors studied many ink compositions using the
lowest possible number of binders. In this way, they ensured continuity of the electrode’s
structure and reduced shrinkage phenomena during post-processing. The as-printed
electrode presented suppressed dendritic phenomena.

Therefore, one of the most significant strategies involving the use of DIW for ensur-
ing higher areal capacities, energy densities, lifetimes, and faster charging—discharging
processes in supported electrodes for metal-based batteries is to create porous electrodes
for easier ion and mass transport and to directly print the electrode’s material onto the
electrolyte. DIW certainly suppresses dendritic phenomena, posing unique opportunities
for batteries to be evolved.

Despite the progress in battery technology, the storage of enormous amounts of energy
cannot be fulfilled, and currently, this is considered a significant challenge. A supercapacitor
is a new sort of energy storage device that has great potential in the energy storage field.
Specifically, compared to batteries, they supply more power, operate at wider operating
temperature ranges, have longer lifecycles, lower internal resistance values, and faster
charging and discharging speeds [100,101].

Supercapacitors are principally divided into two types: pseudo-capacitors and electric
double-layer supercapacitors. Pseudo-capacitors include two electrodes that have redox-
active materials that can store electrical energy following different mechanisms. When an
exterior potential is applied, quick and reversible redox reactions can occur on the electrode
surface, which enables the transfer of charges between electrodes and electrolytes. Thus,
the electrical energy is stored by the transfer of electron charge between electrode and
electrolyte when redox reactions take place. On the other hand, the working principle
of electric double-layer capacitors is based on a physical reversible process. When the
positive and negative ions are adsorbed on the surface between the solid electrode and the
electrolyte, a difference in potential between the two electrodes is created, achieving energy
storage. During charging, the positive and negative ions are attracted to the respective
charged electrode surfaces, while during discharge, the ions leave the electrode surfaces
and return to the electrolyte [100].

Today, the manufacturing of supercapacitors, especially those that can realize high
energy density values with a long lifetime or energy harvesting at a high rate, remains a
major challenge. Specifically, electrodes, as the core element of energy storage [82,102], play
a crucial role in overcoming the above challenges. So, the way electrodes are manufactured
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becomes exceptionally important. Thus far, most of the research works concerning the
manufacturing of supercapacitor electrodes via DIW have investigated MXene-based inks,
as discussed in the next section.

3.1.2. MXene-Based Inks

MXene catalytic materials, due to their astonishing physical and chemical proper-
ties, have drawn increasing interest as promising energy storage electrode-active materi-
als [103,104], and so, in this section, we focus our discussion on Mxene-based electrodes
for supercapacitors.

MXene materials belong to families of 2D transition metals such as nitrides, carbides,
and carbonitride, and when applied to supercapacitors, they show excellent charge storage
and transport abilities [104,105]. Therefore, rightly, their manufacturing with the DIW
technique has attracted considerable attention. In the literature, structural integrity issues
in relation to MXene-based inks have been reported [106]. Specifically, the necessity of
using a great amount of MXene material in order for the ink to have certain rheological
properties for 3D printing is the main challenge that needs to be overcome [107,108]. When
the amount of MXene is not sufficient, after drying, a critical self-restacking of the structure
can be observed. Therefore, many different approaches have been adopted for ameliorating
the rheological properties of MXene-based inks, as we discuss below.

The use of commercial conductive poly(34-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) ink, due to its tunable electrical properties, good structural stability, excep-
tional redox activity, and biocompatibility, has raised increasing interest in applications asso-
ciated with 3D printing many parts (electrodes, current collectors) of micro-supercapacitors,
especially those associated with 3D printing parts of micro-supercapacitors onto flexible
substrates [54,109]. The insertion of MXenes into the PEDOT:PSS ink amplifies its printabil-
ity while regulating the interconnection between the printed layers, and so it is the most
commonly investigated material for the fabrication of supercapacitors via DIW.

As has been proven, the insertion of MXene nanosheets helps to optimize the ion/
electron transport kinetics by promoting a hierarchical porous structure of PEDOT domains.
Li et al. [30], in their study, doped their PEDOT:PSS ink with MXene nanosheets. Namely,
they used aqueous-based PEDOT:PSS, an appropriate amount of ethylene glycol, and
MXenes nanosheets catalysts, formulating a gel ink with eco-friendly characteristics. The
integrity of the structures was validated by applying freeze-drying during the printing
procedure (Figure 5A). Additionally, using the DIW technique, the control of the number of
fabrication layers was possible, and consequently, the management of the areal capacitance
of the as-fabricated electrodes was also possible. Reductions in manufacturing time and
costs are additional advantages of this fabrication method. Figure 5A depicts the areal
capacitance increment vs. layer number and the areal (0.889 F cm~2, @10 layers) and
volumetric capacitance of the electrode vs. current density.

Meanwhile, MXene catalytic nanosheets are hydrophilic, presenting negative elec-
trostatic charges, so they can formulate stable aqueous inks by themselves without the
addition of any additives [110]. Thus, aqueous-based Mexene inks can be formulated at
high concentrations (~36 mg mL~!) without presenting any sedimentation even after of
months storage [110]. Depending on the method used, one can form Mxene dispersions
of various concentrations [57]. Orangi et al. [57] used 290 mgnixene mL~1, a dispersion
concentration which could be directly employed for DIW (Figure 5B). Another advantage
that highly concentrated aqueous-based MXene inks offer is that, compared to PEDOT:PSS-
based MXene inks, they can be printed at room temperature, as a small amount of water
can be easily vaporized, and they can be printed onto a variety of substrates, even on
paper ones.
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Figure 5. PEDOT:PSS aqueous-based MXene ink for 3D printing multiple layers for micro-
supercapacitor electrodes and the corresponding electrochemical performance (A) [30]; additivefree
highly concentrated aqueous-based (MXene) ink and the corresponding 3D-printed electrodes’ ar-
chitectures on flexible substrates for micro-supercapacitors and the corresponding electrochemical
performances (MSC-1: one layer, MSC-2: two layers, etc. (B)) [57].
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Figure 5B also shows the areal capacitance of a 3D-printed electrode with various
printed layers Additionally, as depicted in the cyclic voltammogram in Figure 5B, the
capacitance can be retained even under various bending angles (60°, 120°, 180°, and 0°).

Three-dimensional printing micro-supercapacitors can give remarkably enormous
areal capacitances, exceptional rate behaviors, and excellent cycling stability. The most
important result is the production of thickness-independent capacitances even under
extraordinary distortions and low temperatures, and this can be achieved with aqueous-
based inks.

Over and above batteries and supercapacitors, the DIW additive manufacturing
process can also provide solutions for fuel cell electrode optimization by facilitating the
creation of advanced architectures with improved characteristics. In the current overview,
we focus on solid oxide fuel cells (SOFCs). Many sectors, such as industry, aim to achieve
decarbonization, and the optimization of their processes and fuel cells is appropriate
for success in this regard. SOFCs are considered the most appropriate type of fuel cell
since their higher operational temperature (500-1000 °C) enhances energy conversion
processes [111].

According to their operational working principle, SOFCs are composed of an anode
and cathode that are separated by a solid oxide electrolyte with all its compartments made
of ceramic materials. At the anode compartment, the fuel electrooxidation reaction takes
place, while at the cathode, the oxygen electroreduction reaction takes place. The elec-
trolyte permits only the transport of ions, while the electrons produced at the anode move
through an external circuit, powering the desired device, and others move towards the
cathode [112]. Due to the inherent properties of the different ceramic materials, SOFCs
seem to operate efficiently at operating temperatures higher than 800 °C. Meanwhile, such
high operating temperatures lead to important electrode fabrication failures (e.g., lower
electrode—electrolyte interface area) due to critical material complications, increasing main-
tenance and operational costs and hindering the widespread commercialization of SOFCs.
Hence, to fabricate low-temperature and intermediate-temperature SOFCs, the research
community has focused on the development of different materials and cell designs [113]. In
general, ceramic materials are very difficult in their handling compared with conventional
methods; therefore, the DIW technique offers great opportunities to reduce the time and
costs required for the fabrication of solid oxide electrodes.

3.1.3. Ceramic-Based Inks

In the context of the fabrication of solid-based electrolytic and fuel cell system parts
(electrodes, interconnects, and electrolytes), DIW has emerged as the key method for
addressing the operational issues of SOFCs [114-116]. DIW enables a significant increase in
the interaction area between electrodes/electrolytes and interconnects/electrodes, which
still constitutes a hindering factor to reducing SOFCs operating temperatures [2,3,117,118];
DIW also allows for architecture optimization and construction with lower costs and less
complicated processes.

However, achieving printable ceramic-based inks is still a challenge since ceramics
have high innate melting points. According to Del-Mazo-Barbara et al. [50], the most
commonly explored ceramic-based inks are colloidal-, hydrogel-, or organogel-type inks.
In the case of the colloidal category, ceramic particles are not stable, so additives such as
polymers should be added. This addition, however, makes the inks very susceptible to pH
changes and chemistry, and such inks make the architecture difficult to control. Hydrogels
and organogels, on the other hand, present more advantages, as they overcome the ceramic
particle—particle interaction and are based only on surface chemistry, so they can be used
with any ceramic powder [50,119,120]. Additionally, the defects that are produced during
post-printing procedures, which usually lead to cracking and deformation of the final
structure, present another challenge that needs to be overcome when DIW is applied as the
fabrication technique.
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In view of the above, in the last few years, some research groups [119,121,122] have
examined how the inclusion of various additives into ceramic inks could affect the proper-
ties of the ink and the final electrode’s structure and properties. For decades, alumina and
yttria zirconia have been the most examined ceramic materials for SOFCs [123], and they
are considered materials of great interest that should be explored in conjunction with the
DIW method [121,124]. More precisely, it has been observed [124] that the addition of fine
nanoparticles such as silica into alumina-based ink, in combination with sintering additives,
ameliorates the ink’s properties, leading to reduced shrinkage phenomena and defects in
the final ceramic structure. Other research groups [125-127] have used inorganic binders
like aluminum dihydrogen phosphate instead of organic ones, and they have observed
ultra-low shrinkage in the final ceramic structure.

According to Rath et al. [128], who used organic additives to optimize ceramic inks, in
their study, highly viscous (ca 8 Pa s) ceramic inks caused micro-cracks on the structure
surface; very low-viscosity inks (ca 3 Pa s) presented deformation and inhomogeneity,
while average-viscosity inks (ca 8 Pa s) exhibited the desired printable behavior. In detail,
they printed anode support layers, which they then dried at room temperature, and
after they had dried, they were sintered at 1100 °C. After the 3D printing procedure,
the electrode was sprayed and magnetron-sputtered to obtain a NiO spray-coated SZ
(10Sc1CeSZ) hybrid anode catalyst, while lanthanum strontium manganite (LSM) was the
cathode catalyst of the as-fabricated Hy-SOFC. In the case of the hybrid anode structure,
the electrochemical performance of the cell was significantly enhanced by 21%, exhibiting
442 mW cm~2 at 800 °C. Using post-printing processes such as spray and magnetron
sputtering, electrodeposition, and others to apply an electroactive material onto the 3D-
printed structure appears to enhance electrochemical performance.

Seo et al. [59,129], in a series of works, examined mixing NiO catalytic nanopowder
with yttria stabilized zirconia (YSZ) ink, fabricating, via DIW, an anode-supported fuel
cell. DIW gave them the opportunity to print two different anode patterns onto a substrate
(Figure 6A) and increase the electrode/electrolyte interface. The increased interfacial area
of the flat cell increased the current density to 0.17 A cm~?2 at a terminal voltage of 0.7 V at
600 °C, whereas in a patterned cell wherein the enlargement factor was 1.14, the current
density reached 0.32 A cm 2 (Figure 6A) [59]. According to their research, macro- and nano-
scale structural modifications could further increase the electrode/electrolyte interface.

Seo et al. [129], following the same strategy of mixing meso- and nanostructures,
successfully extruded ceramic- based ink on a flat anode disk surface by introducing
gadolinium-doped ceria (GDC) nanoparticles into a meso-porous lanthanum strontium
cobalt ferrite (LSCF) cathode with the aid of wet impregnation (Figure 6B). Previously, with
the aid of an extrusion-based method, they 3D printed NiO-YSZ structures on the surface of
a flat NiO-YSZ anode disk, and they used GDC as a barrier layer. According to their investi-
gation, the combination of two different structural sizes, meso-mixed with nano, can lead to
higher SOFC performance (Figure 6B). The electrochemical performances of each structure
at different temperature values are depicted in Figure 6B. At all examined temperatures
(Figure 6(Ba—Bc)), the meso/nanostructure exhibited the highest power density, with Ppax
reaching 0.90 W cm~2 at 700 °C. This improved performance was attributed to the increase
in the reaction site density (in the 10-100 um range) of the electrode/electrolyte interface.
It is certain, too, that a meso-structure at the electrode—electrolyte interface significantly
increases cell performance, favoring the lower operating temperature of SOFCs.

To date, research on the fabrication of SOFC compartments via the DIW technique
is very limited. However, all of the studies in the existing literature have noted the
following deductions: the performance and the thermomechanical durability of the cell are
significantly improved, and DIW technique is a potentially cost-effective process, enabling
highly efficient large-area SOFC fabrication and lower operational temperatures.
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Figure 6. Patterned cells based on NiO nanopowder mixed with yttria stabilized zirconia (YSZ) to
fabricate an anode-supported fuel cell and their respective electrochemical performances at 600 °C
and 700 °C (A) [59]; structural modification techniques introducing gadolinium-doped ceria (GDC)
nanoparticles into a meso-porous lanthanum strontium cobalt ferrite (LSCF) cathode and their
respective electrochemical performances at 600 °C, 650 °C and 700 °C (B) [129].

3.2. Printable Inks for Free-Standing Electrode Architectures

DIW technology has provided researchers the opportunity to develop 3D free-standing
architectures which can be employed directly as active materials of electrodes. The free-
standing architecture allows for the construction of more porous electrodes, enabling
greater mass transport and, consequently, significantly ameliorating electrochemical device
performance. To achieve integrated free-standing architectures, more layers should be
printed; therefore, in most cases, the printable ink should be highly concentrated. In the
case of free-standing architectures, we also recognized different categories of inks that have
been explored, as discussed below.
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3.2.1. Hybrid Polymer-Based Inks

Colloidal polymer-based inks hinder long entanglement chains as they sequester into
discrete particles, moderating the association between molecular weight and viscosity.
Therefore, colloidal polymer-based inks present shear-thinning behavior, offering the
opportunity for highly concentrated DIW inks.

Figure 7A [31] depicts an innovative direct ink writing manufacturing approach for
free-standing 3D Zn-based catalysts. The key point to consider for the fabrication of a
3D-printable colloidal polymer-based ink is the addition of metal micro-particles (<200 pm)
to form a homogeneous and highly concentrated suspension. The final electrode has a
porous-tunable hierarchical Zn cellular structure with incredible electrical and mechanical
strength. The as-fabricated Zn | | NiOOH cell exhibited high rates of 25 mA cm 2, along
with an areal capacity of 11.89 mAh cm~2. The cumulative and volumetric capacities were
7.8 Ah cm~2 and 23.78 mAh cm 3, respectively. The proposed electrode operated for over
650 cycles (Figure 7A). Also, the discharging capacities, as well as the coulombic efficiency
of the 3D-printed anode at 10% depth of discharge vs. the cycle number, presented excellent
values (Figure 7A).

As previously mentioned, the design of an electrode architecture appropriate for bat-
teries is the key element for ensuring good contact between the electrode and electrolyte,
as well as for the creation of multiple ion transmission paths. But, to accurately control
the geometry and porosity of the 3D-printed architectures, the printing ink should be
optimized [130]. Additionally, the contact between the electrolyte and the catalyst (e.g.,
LiFePOy) should be validated. The insertion of carbon nanotubes (CNTs) into the poly-
mer matrix forms network structures, supporting the contact area as the active materials
adhere to the CNTs, forming a micro-network and advancing the transmission of elec-
trons and ions. Thus, we ‘observe’ that hybrid polymer-based inks that include CNTs and
a catalyst (active material) in nanopowder form have excellent rheological parameters,
give integral free-standing electrode architectures, and, consequently, provide superior
electrochemical performance.

Li et al. [21], using a PVDF, multiwalled carbon nanotubes (MWCNTs), and LiFePOy
nanoparticles (catalyst), synthesized a printable ink that gave a cross-linked network
structure (Figure 7B). The freeze-drying method was also used to help keep the structure
intact. The grid network offered many channels for electrons and ion transfer; in this study,
the following was achieved: an areal capacity of 1.44 mAh cm~2 at 0.5C, an areal energy
density of 18.06 ] cm 2, and very good cycling stability (preserving ~80% capacity after
500 cycles at 5 C) (Figure 7B).

Despite the structural design flexibility that is provided by the DIW technique, the
accurate mass loading of the catalyst into hierarchical porous structures remains a chal-
lenge. To achieve the uniform deposition of the catalyst, the use of 3D-printed hierarchically
porous carbon-based cryogel, playing the role of the conducting skeleton, has been sug-
gested [25,69].

Yang et al. [69] used kapok-derived roof tile-shaped CT as a quasi-2D material. Ex-
ploiting its high micro-porosity and rich heteroatom doping, they achieved a superior
ion-accessible surface area. Additionally, instead of using PVdF, they added a sodium
carboxymethyl cellulose dispersant and single-walled carbon nanotubes (SWCNTs) to form
a CT-SWNT-CMC ink. The as-obtained 3D CT-SWCNT-CMC cryogel (Figure 7C) was the
scaffold used to ‘embrace’ the catalyst (NiCo,O4 nanosheets) that was deposited via the
hydrothermal method, followed by a heat treatment process.
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Li-based batteries, fabricated using PVDF, multiwalled carbon nanotubes (MWCNTs), and LiFePO,
nanoparticles for ink synthesis, and its electrochemical performance [21] (B); a 3D-printed cryogel
electrode with vertically aligned NiCo,O4 nanosheets, along with patterning micro-lattices with
multiple orthogonal layers of parallel cylindrical rods, for use in an asymmetric supercapacitor
that was fabricated using single-walled carbon nanotubes (SWCNTs) and sodium carboxymethyl
cellulose (CMC) for ink synthesis and its electrochemical performance (C) [69]; a 3D-printed solid-
state interdigitated SSC device for symmetrical supercapacitors, fabricated using hybrid MXene ink
by adding cellulose nanofibers for synthesis ink, and its electrochemical performance (D) [66]; (E) a
3D-printed electrode (and its electrochemical performance) with MXene flakes aligned with each
other, forming a substantial number of interconnected micro-gaps and micro-pores almost parallel
to the direction of ions for micro-supercapacitors. This electrode was created using a MXene-based
hydrogel, along with the amphiphilic surfactant nonaethylene glycol monododecyl ether (C12E9) for
ink synthesis [62].

To avoid free-standing structure shrinking and deformation caused by capillary pres-
sure during the drying process, similarly to many research groups, Yang et al. [69] also
adopted a freeze-drying strategy. They managed to remove the water and consequently
generate a porous architecture with high stability. The asymmetric supercapacitor, with
CT-SWNT-NiCo0,0; as the anode (4-mm-thick) and CT-SWNT as the cathode (4-mm-thick),
exhibited a good specific capacitance of 0.588 F cm 2, an energy density of 138 pWh cm~2,
and excellent long-term cycling stability (82% after 50,00 cycles). This high capacity was
retained even with thicker electrodes (Figure 7C).

3.2.2. MXene-Based Inks

As mentioned above, MXennes-based inks are needed at very high concentrations
to achieve free-standing electrode architectures, making them difficult to handle. In the
case of supported-electrode architectures, we noted that to avoid the shrinkage of the final
electrode’s structure, caused by high MXene concentrations, aqueous-based as-formulated
inks have been used. However, in the case of free-standing architectures, even higher
MXene concentrations are required; therefore, the formulation of a highly MXene-based
3D-printable ink for free-standing electrodes is still a challenge.

According to Zhou et al. [66], the inclusion of cellulose nanofibers into a MXene-based
ink, in combination with the freeze-drying technique, helped to avoid the shrinkage of the
final electrode structure (Figure 7D). Using the optimum ratio of cellulose nanofibers to
MXene resulted in hierarchical porous structures that were used for symmetrical superca-
pacitor fabrication. Some data pertaining to its electrochemical performance are depicted
in Figure 7D. The areal capacitance reached 2.02 F cm~2, and the energy density was
101 ptWhem =2 (with power density of 0.299 mWcem~2). The symmetrical supercapacitor
maintained 85% of its capacitance retention rate even after 5000 cycles.

Shi et al. [62], in their study, adopted another approach, incorporating the amphiphilic
surfactant nonaethylene glycol monododecyl ether (C12E9) into a hydrogel MXene-based
ink. In this study, MXene flakes were aligned with each other, forming a substantial number
of interconnected micro-gaps and micro-pores, which were observed to be almost parallel
to the direction of ion passage (Figure 7E). Without using C12E9, the MXene flakes were
loosely bonded with each other, forbidding any hierarchical arrangement. Additionally, in
cases involving the use of a small nozzle opener (<100 um), those loosely bonded flakes
might cause nozzle clogging. According to the cyclic voltammetry experimental results, the
areal capacitance was calculated to be 1.58 F cm~2 at a scan rate of 5 mV s~ ! and remained
as high as 0.84 F cm~2 at 100 mV s~ ! (Figure 7E).

3.2.3. Graphene- and Graphene Oxide-Based Inks

Additionally, graphene-based electrodes [131] predominate over energy devices, mak-
ing the graphene’s successful handling for DIW structures imperative. Today, the synthesis
of graphene (and its derivative)-based inks with the appropriate rheological behavior for
use in the DIW process is still a challenge. Most works report the addition of additives like
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conductive polymers [132-136], nanoparticles [137], and others [138,139]. Yun et al. [58]
studied the use of a concentrated graphene oxide ink, free of additives, for the precise
construction of a 3D-printed micro-supercapacitor (MSCs) with an interdigitated archi-
tecture. The suggested optimum 3D-printable GO-catalytic ink, depending on the shear
rate and strain amplitude, owns both gel and liquid behavior. After the printing proce-
dure, a reduction process took place, giving a reduced graphene oxide catalyst of five
printed layers. Additionally, to validate the high electrode/electrolyte interface, low inter-
nal charge transfer resistances, and ion transport pathways, a gel electrolyte ‘embraced’
the final electrode. According to the experimental measurement results, the areal specific
capacitances of the pseudo-capacitor were estimated to be 101 mF cm~2 (@0.5 mA cm~2)
and 111 mF em 2 (@10 mV s~ 1).

Free-standing, sodium-ion hybrid capacitors were fabricated by Zong et al. [68], who
examined graphene oxide-based inks; in this study, a E-ReSe,@INC catalyst (intercalated by
nitrogen-doped carbon)/carbon nanotube (CNT)/graphene oxide (GO) ink and an active
carbon (AC)/CNT/GO) ink were used. Both inks formed a vigorous 3D network frame-
work (Figure 8A), showing long-term dispersion stability at rest. The-E-ReSe2@INC/ /AC
sodium-ion hybrid capacitor (Figure 8A) delivered high energy and power density values
of 81.4 Wh kg~! and 0.32 mWh cm~2 and 9992.1 W kg~ ! and 38.76 mW cm 2, respec-
tively. This high-level performance was attributed to the use of extrusion-based technology,
namely DIW, which allows one to use multicomponent inks, facilitating various porous
electrode architectures that enable mass transfer and present adequate electrode/electrolyte
interface areas.

The combination of three different carbon-based materials, such as active carbon mixed
with carbon nanotubes and reduced graphene oxide, seems to offer rigid structures with
very high porosity. Additionally, Gao et al. [52] examined the use of concentrated GO-based
inks, a self-supported thin GO separator, and compact brick-like active carbon/carbon
nanotube/reduced graphene oxide (AC/CNT/rGO) carbon composite catalysts with tun-
able thicknesses (Figure 8B). The as-printed architectures were dried and annealed without
showing any shape deformation. The symmetric cell GO separator-AC/CNT/rGO ten-layer
electrodes exhibited 4.56 F cm~2 areal capacitance and 10.28 F cm 2 volumetric capacitance.

In the same context, Kong et al. [64] blended 1D carbon nanotube ink and 2D rGO
nanosheet ink to formulate compressible self-support anode and cathode electrodes with
rGO/CNT aerogel micro-lattices for quasi-solid Ni-Fe batteries (Figure 8C), resulting in
3D-printed arrays. The GO —CNT ink was printed in a layer-by-layer arrangement in
fine lines, shaping orthogonal multilayers with parallel porous cylindrical rods. After
printing, freeze-drying and annealing treatments followed to obtain the micro-lattices
(Figure 8C). Ultra-thin Ni(OH); nanosheet arrays formed the cathode, and holey x-Fe,O3
nanorod arrays shaped the anode. The catalyst mass loading was 130 mg cm 3, presenting
compressibility up to 60%. The compressible battery retained ~91.3% of its capacity (even
after 10,000 cycles), exhibiting ultra-high energy density (28.1 mWh cm 2 @ 10.6 mW cm ~3)
(Figure 8C).

3.2.4. Aqueous-Based (Capillary) Inks

The addition of additives into inks requires more complicated post-printing processes
to acquire an integrated free-standing electrode. Taking into consideration the effect of
additives used in printable graphene-based inks, some researchers have assessed the final
properties of electrodes following the use of capillary inks [140]. Capillary inks [140]
are a novel category of inks that reduce printed electrodes’ post-processing procedures
and facilitate the management of aqueous-based formulations. Additionally, they enable
the 3D printing of powders, allowing for the synthesis of distinct chemistries as well
as the manufacturing of complex electrode architectures and shapes. Furthermore, this
ink category seems to be the key solution for the optimum handling of graphene-based
inks [141]. Tagliaferri et al. [61] reported the fabrication of a micro-supercapacitor (carried
out via 3D printing) using pristine graphene aqueous-based inks (Figure 8D). During
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fabrication, there was no need for additives or high-temperature post-processes. The
reported symmetric capacitor’s performance was extremely high, exhibiting an intrinsic
electrical conductivity of ~1370 S m ™1, an areal capacitance of 1.57 Fcm ~2 at 2 mA cm 2,
an areal power density of 0.968 mW cm 2, and an areal energy density of 51.2 uWh cm —2
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Figure 8. Three-dimensional printed sodium-ion hybrid capacitors fabricated via E-ReSe,@INC
(intercalated by nitrogen-doped carbon)/carbon nanotube (CNT)/graphene oxide (GO) ink synthesis
and their respective electrochemical performances (A) [68]; 3D-printed GO separator-AC/CNT/rGO
ten layer electrodes fabricated using AC/CNT/rGO-high concentrated ink and their respective
electrochemical performances (B) [52]; 3D-printed self-support anode and cathode electrodes for
quasi-solid Ni-Fe batteries fabricated using both 1D carbon nanotubes and 2D rGO nanosheets ink and
their respective electrochemical performances (C) [64]; 3D-printed micro-supercapacitor electrodes,
fabricated using free-additive pristine graphene aqueous inks, and their respective electrochemical
performances (D) [61].
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According to Corker et al. [33], in the absence of additives, the rheological properties
of 2D colloids of graphene oxide (GO) at small concentrations (0.1 vol%) show a transition
from Newtonian-like to shear-thinning behavior, leading to the formation of weak networks.
This continues up to 0.4 vol%, while above 0.4 vol%, GO aqueous-based flakes exhibit
various rheological behaviors, from viscoelastic liquid to solid.

4. Conclusions and Future Perspectives

Direct ink writing (DIW) provides the flexibility to form 3D-printed electrodes of
various shapes that are adaptable to many electrochemical devices. DIW permits layer-
by-layer assembly, providing the opportunity to increase areal capacitance, the length of
pathways for ions, and the contact area between the electrode and electrolyte to lower
the internal resistance of electrodes and form various geometries. However, the catalytic
ink formulation defines the post-processing treatment, the integrity of the structures, and,
consequently, the structural properties. In this review, we have distinguished two major
categories of electrode architectures: supported and free-standing architectures. DIW
formulates supported scaffolds with improved electrochemical device performance, albeit
to the detriment of volume; however, DIW provides researchers with the opportunity to
develop free-standing architectures, which can be employed directly as active materials of
electrodes. We deduced that polymer-based printable inks are preferable for supported
architectures, while capillary inks that permit the use of graphene (and/or derivatives)
are thriving. In the case of ceramic-based inks that are used in solid oxide fuel cells, the
inclusion of nanoparticles into the ink offers easier handling. Finally, MXene-based inks
constitute a special ink type since, at high concentrations, like graphene, they are harder to
handle, and many different strategies involving MXene-based inks have been adopted.

To qualify all the above-mentioned inks as 3D printable, researchers measure inks’
rheological properties. Most of the previous studies in the literature relied on measuring
viscoelastic properties such as storage modulus (G'), loss modulus (G”), and yield stress
(extracted from G',G” plots). There is also a portion of studies that assessed ink rheology
via the purely viscous Herschel-Bulkley model. Measurements of ink thixotropy have
not been carried out to the same extent, yet measuring ink thixotropy can offer a deep
understanding on how the material responds during DIW. Nonetheless, it is unclear what
methodology one may follow to qualify an ink as printable (since ink formulations vary
a lot), but some criteria have been developed in this regard. More research on the ink
rheology—printability relationship is needed, combined with flow modeling of the DIW
process for the design of energy devices.

DIW is a promising bottom-up manufacturing technology that has provided unique
properties in energy storage and conversion devices. However, the ink formulas of elec-
trodes/electrolytes are not well-established for each energy device, and this is a great
challenge that needs to be overcome. In the event that a standard formulation ink is found
to upscale electrode structures, DIW will be predicted to revolutionize the conventional
manufacturing processes and substantially upgrade energy device performance. Nonethe-
less, the diffusion of DIW application in the future as a standard manufacturing process
for energy device electrodes is challenged by many challenges regarding the meticulous
selection of ink materials, improving printing accuracy and speed, and enhancing the
repeatability and stability of electrode structures.
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