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of Energy Materials

Adilet Zhakeyev, Panfeng Wang, Li Zhang,* Wenmiao Shu, Huizhi Wang, and Jin Xuan*

The global energy infrastructure is undergoing a drastic transformation
towards renewable energy, posing huge challenges on the energy materials
research, development and manufacturing. Additive manufacturing has shown
its promise to change the way how future energy system can be designed and
delivered. It offers capability in manufacturing complex 3D structures, with
near-complete design freedom and high sustainability due to minimal use of
materials and toxic chemicals. Recent literatures have reported that additive
manufacturing could unlock the evolution of energy materials and chemistries
with unprecedented performance in the way that could never be achieved by
conventional manufacturing techniques. This comprehensive review will |l
the gap in communicating on recent breakthroughs in additive manufacturing
for energy material and device applications. It will underpin the discoveries on
what 3D functional energy structures can be created without design con-
straints, which bespoke energy materials could be additively manufactured
with customised solutions, and how the additively manufactured devices could
be integrated into energy systems. This review will also highlight emerging
and important applications in energy additive manufacturing, including fuel
cells, batteries, hydrogen, solar cell as well as carbon capture and storage.

1. Introduction

In the 215 century, energy and climate challenges that the world
is facing are intertwined. The total global energy consumption
is approximately 18 TW,! of which 78.3% was provided by
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fossil fuels in 2014.2 Renewable energy
technologies can provide a long term solu-
tion for sustainable development, how-
ever they cannot replace fossil fuel energy
in the short or mid-term.Bl Therefore,
solutions to increase the ef ciency and
decrease carbon dioxide emissions from
conventional energy conversion processes
are necessary. Solar and wind are intermit-
tent energy sources, as a result ef cient
energy storage processes are required to
make renewable technologies more viable.
Chemical energy storage offers more exi-
bility and higher energy densities than
mechanical or physical storage.l’! Gener-
ated electricity can be stored in chemical
bonds, for example battery charging for
mobile applications and production of
fuel (hydrocarbons, methanol, hydrogen
and ammonia) for medium and large
scales.®¥ However, the aforementioned
energy storage technologies are currently
too expensive to enter the market, still
require higher performance, as well as
the use of environmentally friendly materials.®! More impor-
tantly, ef cient energy conversion, transmission and storage
is the ultimate goal in all of the energy sectors./®! Advances in
energy materials development are crucial to overcome these
limitations. The manufacturing methods that can precisely
structure such materials in order to fabricate fully functional
and ef cient energy conversion and storage devices are of
paramount importance. Unlike subtractive manufacturing
processes, additive manufacturing (AM) can directly produce
complex three-dimensional parts, with near-complete design
freedom, it is advantageous in markets that have a demand for
customization, exibility, design complexity and high transpor-
tation costs.l”l It shows a great deal of potential in manufac-
turing novel designs of energy conversion and storage devices,
which were previously inaccessible via traditional manufac-
turing methods. Other advantages of AM include reduced lead-
time and it presents itself as a more sustainable manufacturing
technology, resulting from less waste material. Purposely this
review article will not focus on the detailed information about
various AM technologies, since these processes were compre-
hensively covered in recently published reviews.® 19 Instead
we will limit this section to a summary of AM processes and
will brie y describe how they can collectively aid in resolving
energy challenges.

Developed from rapid prototyping, AM, also known as
3D printing, is the umbrella term used to cover a variety of
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technologies that build structures on a layer-by-layer basis,
through a series of cross-sectional slices, that are generated by
a computer-aided design (CAD) software.['®! According to the
American Society for Testing and Materials (ASTM F2792-12a)
there are over 50 different AM technologies, which are clas-
si ed into 7 different processes: binder jetting, material jet-
ting, material extrusion, vat photopolymerization, powder bed
fusion, energy deposition and sheet lamination.'”l Another
simpler way to distinguish these technologies is to group them
by the physical state of raw materials, that can be in liquid, solid
or powder form; and also by the method used to fuse the mate-
rial together (thermal, ultra violet (UV)-light, laser or electron
beam).l'8 A number of mature AM technologies (Figure 1),
such as fused deposition modeling (FDM), direct ink writing
(DIW), selective laser sintering (SLS), stereolithography (SLA),
powder bed inkjet 3D printing (inkjet 3D), laminated object
manufacturing (LOM)*®! and their variants (MultiJet printing
(MJP)2% and electron beam melting (EBM)[21:22)),

It is also worthwhile to mention recent developments in
AM that can result in objects with smaller features, faster and
cheaper fabrication, as well as the use of materials that previ-
ously could not be processed by mature AM technologies. For
example, as an alternative to SLS and EBM, metals can also be
printed by modi ed version of FDM and DIW, where laser, elec-
tron or plasma beam fuses metal laments together. A larger
build volume can be realized in this approach.??! Glass can also
be processed in a similar process, where glass laments are
fused together using a laser.?”) Another novel AM technology,
called electrodynamic (EHD) jet printing, is capable of bringing
AM closer to the realm of truly micro-scale fabrication.?8:32
In this method, deposition of materials is achieved through a
nozzle with an inner diameter of 50 m, which is controlled by
a XYZ stage with an accuracy of 100 nm (Figure 1g). Based on
SLA, two-photon polymerization (2PP) is a relatively new AM
process that is capable of micro and nanofabrication.l®3 3% 2Pp
involves a photochemical process induced by a femtosecond
laser that is tightly focused into the volume of a photosensi-
tive resin (similar to those used in SLA) by a high-numerical-
aperture-objective, it differs from SLA by the photoinitiators
being able to absorb two photons simultaneously.®5! 2PP was
found to be useful in various elds such as photonic crystals,
micromechanical parts, optical and chemical applications.[*3
The accuracy and exibility of 2PP was also demonstrated in
its ability to fabricate nanostructures for bio-medical applica-
tions.B¥ Continuous liquid interface production (CLIP)B® js
another very recently developed AM technology, which is also
based on SLA. CLIP incorporates an oxygen permeable window
below the ultraviolet (UV) image projection plane, which cre-
ates a dead zone (thin uncured liquid interface between the
window and cured part), with controlled oxygen inhibition that
enables simpler and faster SLA.B® Unlike other AM processes,
that are very time consuming (due to reliance on layer-by-layer
printing process) CLIP can fabricate parts at the rate of hun-
dreds of millimeters per hour, which in turn makes it a viable
option for mass production. !

The commercialization of clean energy systems requires a
signi cant improvement in their performance and energy ef -
ciency. Well-designed 3D structures were reported to have a
potential for increasing the performance of batteries, capacitors,
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fuel cells and advanced photovoltaic cells,®”) as well as leading
to improvements in reactor engineering and catalysis applica-
tions.[¥8 49 For instance, it was demonstrated that by combining
absorbers and re ectors in the absence of sun tracking to fabri-
cate 3D photovoltaic (3DPV) structures, can yield energy densi-
ties that are higher by a factor of 2 20 than stationary at PV
panels, compared to the increase by a factor of 1.3 18 for a

at panel with dual-axis sun tracking.*3 These self-supporting
3DPV shapes were achieved by mounting commercial Si cells
on AM fabricated 3D plastic frames. AM can also be utilized
in fabrication of microstructures that are capable of increasing
the ef ciency of single-junction solar cells.l*2 %] Figure 2b
shows that the maximum ef ciency realized by the conven-
tional single-junction solar cell is 28.3% (indicated in green),
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Figure 1. Schematic view of AM methods a) continuous lament writing and (b) droplet jetting;? c) illustration of the FDM extrusion and deposition
process (dashed Z showing the platform travels in Z axis, solid line presenting the nozzle travels);?4 d) direct ink jet printing;?! e) generic illustration
of wire form AM method employing metall?%; ) illustration of the wire fed process of glass;?” g) schematic of EHD printing system;[? ¢) the principles
of the powder bed inkjet 3D printing;?®! f) the MIP approach;?% g) schematic diagram of SLS process;*% h) schematic drawing of free-surface and (i)

constrained-surface SLA system.?1
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Figure 2. AM for solar energy conversion
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a) Hexagonal array of Ag nanoparticles deposited using SCIL. Reproduced with permission.*s! Copyright

2010, Nature Publishing Group. b) Thermodynamic losses in solar-energy conversion, with the conventional single-junction solar cell ef ciency indi-
cated in green, entropy losses due to incomplete light trapping and lack of angle restriction indicated in dark blue (left side of the column) and the
solutions to reducing entropy losses indicated in light blue (left side of the column). Reproduced with permission.? Copyright 2012, Nature Publishing
Group. ¢) 3D micrometer-sized parabolic mirror arrays fabricated via 2PP. Reproduced with permission.*3 Copyright 2013, Nature Publishing Group.
AM for thermal energy conversion  d) Schematics of a conventional straight plate heat sink design. Reproduced with permission. 8 Copyright 2010,
the authors. Published under CC-BY 4.0 license. e) Straight plate heat sink fabricated via conventional machining, f) Performance comparison between
straight plate and topologically optimized pin- n heat sinks, g) CAD of a topologically optimized pin- n heat sink (h) Topologically optimized pin- n

heat sink fabricated via AM. Reproduced with permission.*”l Copyright 2015, American Society of Mechanical Engineers ASME.

with dark blue region indicating entropy losses.[2 One way to
increase the ef ciency is to fabricate light trapping structures,
such as the one shown in Figure 2a, where silver (Ag) nano-
patterns were fabricated using substrate conformal imprint
lithography (SCIL).[*! To achieve ef ciency beyond the conven-
tional Shockley-Queisser limit (33% ef ciency for a single-junc-
tion solar cell), light directors must be integrated at the surface
of a solar cell, to redirect any radiative emission back within
the solid angle corresponding to the disk of the Sun, in order
to minimize the second entropy loss shown in Figure 2b.[*Z
Kosten et al. have recently fabricated 3D micrometer-sized
parabolic mirror arrays, depicted in Figure 2c, via 2PP (previ-
ously mentioned AM technology), which have a potential to
increase the power conversion ef ciency of a single-junction
GaAs solar cell above 38%.4%1 AM s ability to fabricate sophis-
ticated designs, which are otherwise challenging to fabricate
using conventional manufacturing techniques, has a potential

Adv. Sci. 2017, 4, 1700187 1700187 (4 of 44)

to allow new design strategies to be introduced in energy appli-
cations. For example, Dede et al. used topology optimization
with respect to heat transfer and pumping power to design a
heat sink for con ned jet impingement air cooling (Figure 2g),
which was subsequently fabricated out of AlSi12 using AM,
as depicted in Figure 2h).*"1 Experimental results showed
this novel AM realized heat sink design results in coef cient
of performance (COP) being 44% higher than the benchmark
straight plate design fabricated via conventional machining
(Figure 2d,e). All of the above suggests that AM presents itself
as an ideal fabrication method for such complex 3D structures,
which are otherwise inaccessible by conventional manufac-
turing technologies. Multiple hollow parts can be easily 3D
printed,™ such as enclosed channels, and complex biologi-
cally inspired structures were also reported to be fabricated
using AM s ability to spatially control local microstructures and
chemical composition.[3]
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