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Abstract

Additive manufacturing and 3D printing in particular have the potential to revolutionize existing fabrication
processes where objects with complex structures and shapes can be built with multifunctional material
systems. For electrochemical energy storage devices such as batteries and supercapacitors, 3D printing
methods allows alternative form factors to be conceived based on the end use application need in mind at
the design stage. Additively manufactured energy storage devices require active materials and composites
that are printable and this is influenced by performance requirements and the basic electrochemistry. The
interplay between electrochemical response, stability, material type, object complexity and end use
application are key to realising 3D printing for electrochemical energy storage. Here, we summarise recent
advances and highlight the important role of methods, designs and material selection for energy storage

devices made by 3D printing, which is general to the majority of methods in use currently.
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1. Introduction

The technology of additive manufacturing (AM), initially introduced in 1980s for building models and
prototyping, is now commercially available in various forms of 3D printers. Contrary to conventional
formative and subtractive manufacturing, the AM alias of 3D printing is capable of manufacturing high
guality customizable parts from polymers, metals and ceramics without the expense of moulds or
machining[1, 2]. Different methods of AM have been developed in last two decades which are classified by
American Standards for Testing and Materials (ASTM) as (1) Material Jetting and (2) Extrusion (3) vat-
photopolymerization (4) powder bed fusion (5) binder jetting (6) sheet lamination and (7)* direct energy
deposition[3]. The capabilities and selection of each printing method and materials are detailed
elsewhere[1, 4-9] and lies beyond the scope of this article. Though, the underlying principal of all AM
methods involves the use of a computer aided design (CAD)-based virtual object for controlling the position
of a material dispensing/building device. The object is constructed layer-by-layer, with layer thickness
ranging from 15 to 500 um, using building materials optimized for a specific printing method[10]. This way
of fabrication allows direct manufacturing of final or near-final components with minimal post-processing,
smaller operational foot print and maximum material utilization to achieve zero waste on-demand
manufacturing[8].

AM is already well known in the field of medicine for making surgical guides and custom-made
prosthetics[11, 12]. The tomographic data of a patient is used to produce a CAD design which can be 3D
printed according to the size and shape of each individual patient. Recently, an integrated tissue-organ
printing system has been developed to generate freeform shape with multiple types of cells and
biomaterials[13]. Besides, various new materials including nanomaterials, functional/smart materials or
even fast drying concrete, have been explored for 3D printability[14]. In fact, a Chinese company has
already demonstrated the capability of AM by 3D printing multiple houses in a single day[9, 15]. All these
technological achievements show that 3D printing has the potential to revolutionize the process of
traditional manufacturing from aerospace to construction and electronic industry.

Electrochemical energy storage (EES) represents another important arena where unique building
properties of AM and 3D printing can be exploited[16]**. Thoughtfully designed 3D structures are reported
to show better performance in batteries and supercapacitors[17, 18]. Traditional EESDs construction
include electrode fabrication, electrolyte addition and device assembly. Although these processes are well
optimized for an assembly line production, 3D printed EESDs are desirables in markets with high demand
for customization, flexibility and design complexity. Moreover, it can also provide the integration platform for
EESDs and external electronics avoiding additional steps. Nevertheless, many technological challenges
need to be addressed before realizing a complete 3D printed energy storage systems. This Opinion only
explores the recent use of AM in the field of electrochemical energy storage devices (EESDs), mainly 3D
printed batteries and supercapacitors. Moreover, different design strategies, printing methods and
compatible materials already used in fabricating EESDs are discussed along with critical challenges and

future prospects.

2. 3D printed electrochemical storage devices (EESDs)



Fabrication of an electrochemical energy storage device has its own challenges mainly due to hierarchical
assembly of each individual component i.e. current collectors, electrodes, separators and electrolyte.
Moreover, each printing method has a unique way of printing an object using specific feed material. For
example, powder bed fusion and binder jetting require solid feed while vat-photopolymerization, jetting and
direct ink writing need a liquid feed. Hence, understanding the capabilities of each printing method, feed
materials along with the overall design and chemistry of EESDs needs to be considered prior to the

process of 3D printing.

2.1. Materials and methods consideration

Selecting materials and printing method is a synergetic process where materials are formulated according
to the demands of the printing process based on the projected use in an EESD. As most of EESDs are
fabricated through material jetting or extrusion (i.e. Inkjet printing (IJP), direct ink writing (DIW) and fused
deposition modelling (FDM)), the characteristics of the raw material or ink are detrimental to mechanical
and electrochemical performance of the final device. For example, low viscosity inks form better droplets
(ideal for inkjet printing) while highly viscous inks tend to make continuous filaments that are suitable for
extrusion based printing. For inkjet printing, viscosity (u), surface tension (o), density (p) and the nozzle
diameter (d) can be optimized using Ohnesorge number Z = \/ﬁ/u and ink compositions with 1 <Z > 10
are generally expected to produce stable droplets[10, 19, 20]. One of the problems generally faced during
ink formulation is the aggregation of conductive agents (i.e. carbon, graphene, CNTs, metal nanoparticles)
which clogs the extruding nozzle effecting the structure and the performance of EESD. Challenged by the
same problem, Li et al.[21] used a systematic approach (Figure 1a) by first exfoliating 2D material
(graphene and Molybdenum disulphide) into single or few-layers nanosheets in DMF (u = 0.92 mPa-s)
using a well-established liquid-phase exfoliation technique followed by the addition of a compatible polymer
(cellulose) in order to reduce restacking of 2D materials. Later, another miscible solvent (terpineol; u = 0.4
Pa-s) with lower toxicity and higher boiling point is added to the dispersion while the exfoliating solvent
(DMF) is distilled off. Due to low viscosity requirement[22] for inkjet printing (v = 0.1 Pa-s), the
concentration of active material is limited to 2.0 g L* and 0.12 g L™ for aqueous and organic dispersions,
respectively[23, 24]. Hence, the dispersion (in terpineol) was tailored with a third solvent (ethanol) to
achieve the required rheology for inkjet printing. The authors conclude that the selection of exfoliating
solvent, stabilizing polymer, printable and tailoring solvent are all important for an optimal inkjet printing
process.

Contrary to IJP, inks for DIW must exhibit shear thinning behaviour with high stress and storage
modulus allowing shape retention of the extruded material during the process of deposition. Besides, the
inks must have a rapid solidification process and mechanical stiffness to support subsequent layers. As the
process uses highly viscous paste of feed material, not only the risk of clogging is reduced but high mass
loading of active materials can be achieved allowing significant improvement in areal capacity of EESD. As
an example, Kim et al.[25] formulated a polyvinylpyrolidone-wraped multiwalled carbon nanotubes (PVP-
MWCNT) based ink (7% MWCNTs and 17% PVP in water) with appropriate rheological properties for DIW
(Figure 1b). PVP was added to avoid agglomeration and nozzle clogging while the concentration MWCNTs

was high as 75% inside the final 3D structure. With such high MWCNTs content, authors were able to
3



achieve an electrical conductivity of 2540 S m™ and highlighted the potential of using highly conductive inks
for 3D printed EESDs.

FDM is also an extrusion based printing method, contrary to DIW, it uses solid feed materials like
acrylonitrile-butadiene-styrene (ABS) or polylactic acid (PLA) which are melted through a computer
controlled nozzle and gets solidified immediately in a pre-defined 3D structure. Solidification of each layer is
principally based on crystallization and chain entanglement of the polymer, however, addition of additive
materials can affect the properties and solidification process of the matrix polymer. Common additives used
in polymer matrix for EESDs are various conductive materials like ABS/graphene[26], ABS/carbon[27],
PLA/graphene[28] and even PLA/LTO/carbon and PLA/LFP/carbon[29]* which are essential for electrode
fabrication in lithium ion batteries. A good example is a recent study[30]** where three conductive agents
(Super-P, MWCNTSs, graphene) and two active materials (Lithium titanate, lithium manganese oxide) were
blended with PLA to test the printability, conductivity and charge storage capacity of the new composite.
Results showed that 30% of graphene, 20% of MWCNTs and 12% of Super-P can be mixed with PLA
without compromising their printability while maximum storage capacity was obtained using 80:20 ratio of
conductive and active material (Figure 1c). Regarding extremely low capacities (1-2% of theoretical
capacities) obtained for EESDs, authors claimed that it is the result of large % volume of PLA (70-80%)
which was preventing conductive agents to make electrical contact with the active material. Therefore,
continuous efforts are being made to increase the content of conductive agents without effecting the
process of FDM based printing[27, 28, 31].
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Figure 1. (a) Systematic strategy for preparing ink formulation for 1JP. (b) DIW of PVP-MWCNTs based ink
formulation, (c) Capacities and different composition of conductive additives for FDM printed EESD. (inset) FDM
based printed electrodes and casing. (d) SLA-based printed EESD after pyrolysis. Reprinted with the permission of
Wiley-VCH and American Chemical Society.

Moreover, it is known that impurities in lower grade poly(lactic acid) and ABS plastics can influence

some electrochemical activity, and any method to increase the surface area of graphite-containing
thermoplastic by solvent[32]* or thermal decomposition[33] will obviously increase material-electrolyte
interactions. However, the intrinsic electronic and ionic conductivity in any printed electrode support
material or active material composite is paramount, especially in the out-of-plane direction in sandwich
design, and along the plane of in-plane designs. This is critical for intra- and inter-particle conductivity so
that all active material in a composite, or active material are the surface is electrically and thus
electrochemically addressable in a battery or supercapacitor. In the example in Figure 2, we show how the
intrinsic surface of a graphite-loaded PLA composite formed by FDM printing, can be modified by either
solvent or thermal decomposition, resulting in significant activation and enhancement of electrochemical
activity for HER and OER reactions, and for ‘switching on’ reversible galvanostatic charging and
discharging in the 3D printed electrodes of a printed PLA/ABS battery. In this case, we developed cell-to-
cell clickable 3D printed battery cells using ABS outer casing and graphite-loaded PLA as the current
collector. These PLA electrodes were coated which LiMn,O, (anode) and LiCoO, (cathode) slurried with
carbon nanotubes (Figure 2a-c), and separated by a SiO,-PVP gel containing LINOs. This type of cell used
acidic treatment of the PLA to open up the surface and significantly improve interfacial contact between the
active deposited material and the graphitic conductive additive in the PLA. As this is an example of the
sandwich type battery cell, the conductivity out of plane of the electrode was important. Prior to PLA
surface decomposition, Figure 2d shows that the redox activity was negligible for this cell, and no
reversible lithiation process found. Post activation (Figure 2e), the cell was able to charge and discharge
efficiently, holding a capacity of ~80 mAh g™*. This basic concept is fundamental to all 3D printing materials
for electrochemical technologies, whether as supports, electrodes, current collectors or active material
composites. lonic and electronic conductivity need to be controlled and optimized where possible (Figure
2f), and these needs dictate both the materials choice and the method of printing from the outset.

Another possibility of printing highly complex 3D EESDs is to use vat-photopolymerization method
which on one hand offers layer resolutions up-to 50 um[34] but limited by the choice of materials. It uses a
photo-curable resin consisting of monomers (acrylates or epoxy), photoinitiators (2,2-Dimethoxy-1,2-
phenylacetophenone (DMPA)), diluents (1,6 hexanediol diacrylate), chain transfer agents (Allyl sulphides)
and coupling agents. Monomers and photoinitiators are the main ingredients of the resin while the diluent,
chain transfer and coupling agents are used to manipulate viscosity, degree of crosslinking and the
bondage between reinforcement material and the resin, respectively[35]. Among them, the viscosity of the
feedstock is an important parameter which can affect the quality and build speed of the object and
generally optimized through diluents or controlling temperature. One recent study[36] provided a simple tool
to investigate the relationship between photocurable properties of the resin containing viscosity increasing
agents while another study showed how viscosity enhancing agent can be used to prevent particle

agglomeration which resulted in a stable dispersion for more than 10 days[37].
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Figure 2. (a) SEM images of a graphite-PLA printed using FDM. Inset shows the porous morphology after acidic
porosification of the surface. (b) Image of the click 3D printed batteries. (c) SEM of the LiCoO,/CNT coated FDM
printed PLA electrode (black region in (b)). (d) Cyclic voltammograms of the activated and as-printed graphite-PLA
electrodes at scan rate of 0.5 mv s™ in a flooded solution of aqueous LiNO; electrolyte showing redox activity once
PLA surface is porous. (c) Galvanostatic charge-discharge profiles of the as-printed and activated PLA electrodes in
the full battery cell displaying over 2 orders of magnitude improvement in specific capacity post activation. (f) Section
of FDM printed PLA on ABS (green) and corresponding SEM image of a PLA cross-section. 0, and oy represent
perpendicular (out-of-plane) and parallel (in-plane) electrical conductivity.

Similar to FDM, SLA-based printing of EESDs require conductive agents for the fabrication of
EESDs. One way is to deposit a metal layer after printing the desired shape[38] while second approach is
to incorporate conductive agent inside photocurable resins. Addition of silver nitrate[39] and MWCNTSs[40,
41]* in polyethylene glycol diacrylate (PEGDA) and acrylic based resin has already been reported with
limited electrical conductivity. However, Park et al.[42] used silver nanowires as conductive fillers inside
acrylate resin to construct a mechanically durable microstructure design. The conductivity of silver
containing polymer structure still showed high resistance of 200 MQ which was later reduced to 40 Q using
pyrolysis of the printed structure without compromising its structural integrity (Figure 1d). Other methods
like powder bed fusion, laminated object manufacturing and direct energy deposition are rarely been used
to fabricate a complete EESD, nevertheless, some reports have shown manufacturing metal current
collectors for EESDs[43-46]. Moreover, Senvol, a search engine for AM machines and related materials,
provides useful information about the properties of more than thousand different materials used in all

commercial AM machines[47].

2.1.1. Design considerations
Besides the geometrical architecture of individual electrodes, 3D printed batteries and supercapacitors are
mostly assembled using an in-plane or sandwiched design (Table 1). Each configuration has its own
advantages and disadvantages, and also affect the electrochemical performance of EESDs and hence their
application areas. For example, the sandwiched type EESDs are cost-effective with a potential of mass



production. In-place designs allow minimum footprint with enhanced ionic transport making it suitable for
tailored applications for ultrathin film batteries or supercapacitors. Exploring the potential of in-plane design,
Sun et al.[48] investigated the effect of electrode thickness by printing multiple layers of electrode material
and found that areal and volumetric capacitance of a supercapacitor show a linear increase with the
number of printing layers. Similarly, Lin et al.[49] showed that the areal capacity of an in-plane capacitor
with shorter interspace is higher than the capacitors with longer interspaces. However, printing compact
designs with shorter interspaces and thicker electrode layers is challenging due to the rheological

properties of the conductive ink which consists of binders, solvents, additives and active materials.

Table 1. 3D printed batteries and supercapacitors fabricated using sandwich and in-plane configurations designs with
different 3D printing methods.

Sandwiched Design In-Plane Design

Current collector

Electrode #1

eparator & electrolyte

Currentcollecter

urrent collector (ifapplicable)

Substrate Substrat®

Type Tech Materials Performance Ref Type Tech Materials Performance Ref
1P Ag NPs 5mA hcm? [50] 1JP rGo/LTO/NCA 0.35 mAh [51]
@ DIW LTO/LFP/SP/  145mAhcm?®  [52]* ® DIW LTO/LFP/FGO 1.5 mAhcm? [53,
E, PVP § 54]
g FDM LTO/LMO 3.91mAhcm™®  [30] g FDM - - -
SLA LTO/LFP 500 mAhcm?  [55] SLA NiSn/LMO 2 pAhem?um?®  [56]
R 1P PANI-GP 864 F g~ [57] " 1JP GO 0.1 mFem? [58]
S DIW S DIW PANI/GO 1329 mFem?  [59]
§ FDM PLA/Graphene 485 uF g* [28] i FDM ABS/CB 12 pF cm? [27]
g SLA Polymer/NiP/ 250 mF cm™ [38] § SLA Pyrolyzed 0.206 mMFcm?  [42]
8 rGO 8_ polymer
> >
wn ] Ag NWs

One observation worth noting during our literature search was that in-plane designs are preferred
(or at least more common) when EESDs are fabricated using DIW and IJP, while sandwich designs is
readily used for FDM and SLA-based 3D printing. We believe that FDM and SLA uses insulating polymer
matrix and principles behind these printing methods allow limited choice for making conductive composites
which are essential for constructing an EESD. A second more fundamental reason is that FDM and
especially SLA-based 3D printing can create objects in full form factor directly (coin cells, thin film cells,
outer casing as well as complex electrodes) in a single or multistep print. IJP by comparison is essentially a
planar printing process whose 3D construction is a bottom up process and this fundamentally limits the
complexity of single printed structures. In a recent study[53] SLA technology was used to make polymer
graphene based conductive substrates, which were then electrophoretically coated with anode material
(LTO), LIAIO,-PEO membrane and cathode material (LFP) using a tri-layer sandwiched design. Cells
cycled at 0.1C provided areal capacity of 400-500 uAh cm™.



Whether its sandwiched or in-plane design, the nature of charge storage process is always an
important consideration before the selection of materials and method. Surface pseudocapacitive storage
and electrochemical double layer capacitance will benefit from a higher surface to volume ratio, which can
be achieved by etching or selective decomposition of the composite printed thermoplastic or photocurable
resin. This is useful so long as the mechanical integrity of the printed object is not comprised by solvent,
heating or excessive degree of porosity. Secondly, a high surface area material capable of capacitive
charge storage is only useful in devices if the printed material is sufficiently electrically conductive, and
mass loading within the feed material prior to printing is considered. Thus, the 3D printing technique
involves final device operation and material selection. However, the situation is more pronounced when the
internal volume fraction of additive material must be both conductive and accessible to Li (or other) ions to

maximize volumetric and gravimetric energy density or areal capacity.

3. Conclusions and outlook

With new developments and reducing cost, AM and 3D printing in particular has the potential to
revolutionize existing fabrication process where objects with complex structures and shapes can be built
with multifunctional material systems. Nevertheless, AM suffers from many challenges and most of these
challenges[61, 62]* are centred around build speed, mechanical properties of the final product, resolution of
each printed layer, potential of using conductive feed material with an option of multi-material 3D printing.
For EESD applications, and to some extent other electrochemical system such as water splitting, hydrogen
generation, photo-electrochemistry and electrochemical sensors as pertinent examples, the choice of
material, the nature of the final print in terms of composition, together with the attributes of the print specific
to the application, will dictate the printing method used. Before realizing the future of 3D printed EESDs, it
will be important to improve intrinsic ionic and electronic conductivity of 3D printed electrodes, whether they
are active material composites or separate current collectors coated with surface-bound energy storage
materials. Placing optimized compositions of conductive agents (CNTs, Graphene, MXenes) in a printable
polymer matrix could be detrimental to it electronic and ionic conductivity, and the development of
photpolymerizable resin or thermosetting plastics needs to factor electron and ion diffusion as standalone
build materials and as matrices for composites. Not only should the electrodes need to provide active
reaction sites but the new polymer-conductive agents compositions must be printable using available 3D
printing techniques. Commercial availability of metal 3D printing and multi-material capabilities may solve
the problem of electronic conductivity, however, addition of electrode active material into metal-polymer
matrix still needs to be understood and optimized. The field is still in its infancy and there remains much to
be developed to make any truly 3D printable EESD, i.e. with a customizable, non-planar shape or form-
factor, competitive with most forms of existing Li-ion (and by extension Na-ion, Li-S, etc.) and
supercapacitor technology. Material jetting technologies such as IJP as an approach for supercapacitors is
making some headway, as the method and the aqueous electrolyte requirements are less stringent that
those for higher voltage Li-ion or alternative battery chemistry systems. However, the future will benefit
from (and might rely on) multi-material voxelated printing with very high-fidelity material placement so that

the printed structure matches the electrochemical behaviour of calendered electrode slurries at a minimum.



Lastly, recyclability of 3D printed cells should be considered at the chemical design stage, in parallel with

form-factor and end-use design stages for 3D printed EESDs.
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Another useful critical review comparing electrochemical energy storage devices fashioned by 3D printing,
including some innovative approaches to deal with design and materials selection.



Additive manufacturing and 3D printing methods used for electrochemical energy
storage devices such as batteries and supercapacitors are compared.

We summarise recent advances and highlight the important role of methods, designs
and material selection for energy storage devices made by 3D printing.

Differences between sandwich and in-plane 3D printed battery and supercapacitor
devices are compared, with advantages and disadvantages discussed in context.
Importance of printing material physical and electrochemical properties, electrode
structure and complexity for EESD is considered in the context of current printing
methods and the latest advances in multimaterial 3D printing.
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