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A Review on 3D Architected Pyrolytic Carbon Produced by
Additive Micro/Nanomanufacturing

Yolita M. Eggeler,* Ka Chun Chan, Qing Sun, Andrés Díaz Lantada, Dario Mager,
Ruth Schwaiger, Peter Gumbsch, Rasmus Schröder, Wolfgang Wenzel, Jan G. Korvink,
and Monsur Islam *

Additive micro/nano-manufacturing of polymeric precursors combining with
a subsequent pyrolysis step enables the design-controlled fabrication of
micro/nano-architected 3D pyrolytic carbon structures with complex
architectural details. Pyrolysis results in a significant geometrical shrinkage of
the pyrolytic carbon structure, leading to a structural dimension significantly
smaller than the resolution limit of the involved additive manufacturing
technology. Combining with the material properties of carbon and 3D
architectures, architected 3D pyrolytic carbon exhibits exceptional properties,
which are significantly superior to that of bulk carbon materials. This article
presents a comprehensive review of the manufacturing processes of
micro/nano-architected pyrolytic carbon materials, their properties, and
corresponding demonstrated applications. Acknowledging the “young” age of
the field of micro/nano-architected carbon, this article also addresses the
current challenges and paints the future research directions of this field.

1. Introduction

Architected cellular materials are a special class of engineering
materials, defined as naturally occurring or artificially designed
and topologically arranged structures with counterintuitive
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properties arising from the structure rather
than the constituent material.[1,2] One can
find various examples of cellular mate-
rials in nature exhibiting unique func-
tionalities, such as lamellar structures in
conch shells,[3] hexagonal structures of
beehives,[4] and wood.[5] Man-made foams
and honeycomb architectures are widely
used cellular materials due to easy man-
ufacturability. The recent emergence of
additive manufacturing technologies en-
ables the fabrication of architected ma-
terials with complex architectures. Ad-
vances in micro/nanotechnologies, partic-
ularly in laser-based processes, have fur-
ther facilitated additive manufacturing at
the micro and nanoscale.[6,7] Even though
the majority of the additive micro/nano-
manufacturing processes rely on polymeric
materials, architected materials with other

materials, including metal,[8,9] semiconductor oxides,[10] and
ceramics,[11,12] have already been demonstrated. Advanced
and powerful computational methods further facilitate de-
signing intricate architectural features optimized for specific
applications.
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Carbon is a fascinating candidate in nature’s material library
and is often considered “the material for the future” due to its
unique mechanical, electrical, thermal, tribological, and biologi-
cal properties, enabling its use in a diverse range of applications
in science and technology.[13,14] The unique electronic structure
of carbon allows the formation of robust carbon-carbon cova-
lent bonds in various hybridization states (sp, sp2, sp3), enabling
the existence of various carbon allotropes in the solid state.[15,16]

The last three decades have witnessed a technological revolu-
tion in micro/nanodevices using carbon nanotubes (CNTs) and
graphene. Even though these devices exhibit exceptional perfor-
mances, they majorly feature 2D geometries. Higher-order pat-
terning of CNTs and graphene requires mixing these nanoma-
terials into a polymeric matrix.[17,18] However, such a nanomate-
rial/polymer composite often compromises the desirable prop-
erties of these carbon materials. One effective alternative way of
structuring carbon materials is the patterning of an organic poly-
meric precursor, followed by pyrolysis at a high temperature.[19]

The resulting pyrolytic carbon (PyC) contains a mixture of sp3-
hybridized amorphous carbon and sp2-hybridized graphene lay-
ers, and the sp2/sp3 ratio varies with the precursor materials
and pyrolysis conditions. The often cited properties of PyC in-
clude high mechanical strength and stiffness, wide potential sta-
bility window, excellent chemical inertness, high biocompati-
bility, high thermal stability, and tunable electrical and electro-
chemical properties.[20,21] Initial efforts in micro/nanopatterning
of PyC majorly relied on the UV photolithography-based pat-
terning of the precursor material, which is popularly known
as carbon micro/nano-electromechanical systems (C-MEMS and
C-NEMS).[19,22] However, the C-MEMS/C-NEMS predominantly
led to the fabrication of 2D and 2.5D structures. Recent ad-
vances in additive manufacturing of polymeric materials have
demonstrated fabricating 3D complex architectures with a res-
olution in the micro- and nanoscale. A subsequent pyrolysis step
converts such micro/nano-architected polymeric structures to
micro/nano-architected PyC. Notably, a significant geometrical
shrinkage occurs during the pyrolytic conversion. The shrink-
age further facilitates achieving significantly higher resolution
compared to the polymeric additive micro/nanomanufacturing
process. Combining the interesting properties of PyC with com-
plex architectures, the design-controlled fabrication of archi-
tected PyC has already been demonstrated to exhibit exceptional
properties for several applications. Even though the field of ar-
chitected 3D PyC is relatively new, the exceptional properties of
architected PyC have been attracting more and more attention in
the scientific community. This article reviews the current litera-
ture on 3D architected PyC materials fabricated using different
additive micro/nano-manufacturing technologies.

The key factor in fabricating 3D architected PyC is the polymer-
to-PyC conversion during pyrolysis. This article presents a brief
overview of the pyrolysis mechanism to understand this material
conversion. The physicochemical properties of 3D micro/nano-
architected PyC are significantly different than that of the
bulk PyC materials. The size effect, particularly in nanoarchi-
tected PyC, plays a significant role in this dissimilarity. The re-
sulting physicochemical properties of 3D PyC are further en-
abled by structural complexity. We discuss the current additive
micro/nano-manufacturing for architected PyC and describe the
achievable scale and structural complexity. The current applica-

tions of 3D PyC materials are next detailed, showcasing their
exceptional performances. Finally, current challenges in this
“young” field of 3D micro/nano-architected PyC are addressed
with the intention of painting the future direction of the field.

2. Pyrolyis and Pyrolytic Carbon

In general terms, pyrolysis refers to the thermochemical decom-
position of an organic precursor under the exclusion of oxygen,
not limited to only polymers. Pyrolysis of a gaseous hydrocarbon
leads to chemical dissociation of the hydrocarbon, followed by de-
position of the resulting carbon, which is most popularly known
as chemical vapor deposition (CVD).[23,24] Furthermore, pyroly-
sis is widely used for producing biofuel and biogases from waste
polymers.[25,26] However, these processes are not related to the
fabrication of architected PyC. This article focuses only on the
pyrolysis processes leading to the conversion of a polymer pre-
cursor into carbon materials.

The pyrolysis mechanism and the nature of resulting
PyC are highly dependent on the chemical composition
of the precursor,[28] structural dimensions,[28,29] heating
conditions,[30,31] external stresses,[32] and the extent of crosslink-
ing in the case of epoxy resins.[33] Therefore, it is challenging to
decipher the pyrolysis mechanism. Over the years, many exper-
imental and theoretical efforts have been made to understand
the pyrolysis mechanism for different polymeric precursors. Ar-
chitected PyC typically uses epoxy resins as precursor polymers.
One notable study of gaining an understanding of the pyrolysis
mechanism at the molecular scale includes the in situ trans-
mission electron microscopy (TEM) heating investigation of
SU-8 epoxy photoresist, an epoxy resin widely used in C-MEMS
and C-NEMS technologies for fabricating architected carbon
structures, by Sharma et al.[27]. The general scheme of pyrolysis
features the following events. In the first stage of pyrolysis,
the precursor polymer thermochemically decomposes within a
temperature range of 300–500°C, depending on the chemical
composition of the polymer, resulting in a significant amount
of volatile byproducts, and leaving behind a carbon-rich highly
disordered amorphous material. The release of the volatile
byproducts yields a significant geometrical shrinkage of the ma-
terial. Upon further heating, carbon-heteroatom bonds within
the carbon-rich material start to cleave, followed by the formation
of new carbon-carbon bonds.[34] The pyrolysis-induced evolution
of the highly disordered carbon material at the molecular level
for temperatures above 500°C was investigated by in situ heating
in the TEM, as shown in Figure 1. Above 750°C, many of the
carbon atoms start rearranging themselves to form networks
of graphene fragments (shown in the high-resolution TEM
image for 800°C in Figure 1).[27] Along with the graphene frag-
ments, many fullerene-like closed-loop carbon structures also
start to form, which tend to migrate within the carbon matrix
with increasing temperature, as indicated by the blue arrow
shown in Figure 1. The increasing temperature further leads to
the reconstruction of the graphene fragments, increasing the
graphene crystallite size (La) and stack thickness (Lc). At a tem-
perature between 900 and 1200°C, the resulting PyC material
contains a significant amount of highly disoriented long-range
and short-range graphene layers and a small amount of curved
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Figure 1. in situ high resolution TEM pyrolysis investigation of SU-8 photoresist. The approached temperature heating steps are indicated in the upper
left corner of each sub-figure and the scale bar corresponds to 1 nm. In the images of 600 and 800°C, the formation of fullerene-like closed-loop graphene
layers is indicated by arrows, while the arrows in the image for 1200°C indicate the final positions of these fullerene-like structures. The red ellipse in the
TEM image for 800°C indicates the formation of long-range graphene layers. Adapted under the term of CC–BY license .[27] Copyright 2018, the Authors,
published by Springer Nature.

fullerene-like carbon structures.[27,35] Such PyC is also referred
to as glassy carbon.

Recent advances in computation methods have also enabled
studying pyrolysis mechanisms at the atomic level. For exam-
ple, Reactive Molecular Dynamics simulations have been used by
several researchers to gain a deeper understanding of the pyroly-
sis processes. In the interest of architected PyC, Montgomery–
Walsh et al. modeled the pyrolysis of SU-8 for studying the
changes on the molecular level at different stages of pyrolysis,
namely the temperature ramping stage, the isothermal holding
stage, and the ramp time stage.[36] The findings on the molec-
ular transformation at different stages of pyrolysis are summa-
rized in Figure 2. They found that during temperature ramping
(7 K ps-1) to 3100 K, after the thermochemical breakdown of SU-
8, carbon atoms started to rearrange themselves to form com-
plex structures with 5-, 6-, and 7-membered carbon rings. The
small graphene flakes with 6-membered carbon rings continued
growing larger and longer through ring formation on their edges
with further temperature increase. During the isothermal hold-
ing stage, long chains of sp-carbons were also formed at the dan-
gling bond of the graphene chains. The isothermal exposure re-
sulted in forming of a complex carbon structure containing flat
graphene-like sheets and curved and cage-like carbon structures
of sp2 carbons driven by non-6-membered carbon rings. Dur-
ing the cooling stage, these complex structures continued con-
solidating into multi-layer and more complex structures with a
tubular core and long graphene sheets. In particular, the dura-
tion of the isothermal heating had the most significant role in
forming the curved and stacked graphene layers. Furthermore,
the formation of several functional groups was also observed
at the edge of graphene sheets. This study gives an excellent
overview of the molecular transformation of the pyrolysis pro-
cess. However, this study is specific to SU-8 epoxy resins. It is
well-established that the chemical composition of the polymer
plays the most important role in determining pyrolysis behavior.
Molecular dynamic studies of other epoxy resins used in differ-

ent 3D micro/nano-manufacturing processes of PyC are yet to be
performed.

As mentioned earlier, significant geometrical shrinkage occurs
during pyrolysis, which is attributed to the release of volatile
gaseous byproducts during the thermochemical decomposition
of the precursor material. The shrinkage is highly dependent on
the precursor materials,[37] heating conditions,[38] geometry and
dimensions of the architectures,[38,39] and their kinematics.[40]

For a given precursor and heating condition, the surface area to
volume ratio of any architectured structure plays the most cru-
cial role in determining the shrinkage,[38,39] as the degassing of
the volatile pyrolysis byproducts is expected to occur from the
surface of the structure. For architected PyC, a typical shrink-
age of individual structural elements ranges from 60% to 85%,[41]

whereas a maximum volumetric shrinkage of up to 97% has been
reported.[42]

3. Additive Micro/Nano-Manufacturing Processes
for Carbon

3.1. Carbon Microelectromechanical System (C-MEMS)

The classical route for C-MEMS relies on the patterning of an
epoxy photoresist using UV photolithography followed by car-
bonization in an inert atmosphere.[43] Photolithography is the
main process in microelectronics and microelectromechanical
systems (MEMS) technologies and refers to the patterning of a
polymer using light. Therefore, UV light is typically projected
through a shadow mask onto an uncured resin layer. The light
solidifies the resin where it hits, while the uncured parts can be
washed away. This allows easy and highly parallel creation of poly-
mer structures on a substrate; through pyrolysis, these structures
become durable carbon. The first demonstration of using pho-
tolithography for patterning photoresist-derived carbon was re-
ported in 1983 by Lyons et al. at AT&T Bell Laboratories, where
the authors used this process for depositing carbon films as an
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Figure 2. Results from Reactive Molecular Dynamic Simulations of the pyrolysis of SU-8 epoxy resins, showing the molecular transformation at the
different stages of pyrolysis. The black spheres represent carbon atoms, whereas the red spheres are oxygen atoms. Note that the temperature employed
in this simulation study is much higher than that used in a typical pyrolysis process for PyC (3100 K in simulation vs 900°C in experiments) to accelerate
the process in simulations, allowing the reaction energy barriers to overcome easily. Reprinted with permission.[36] Copyright 2021, Elsevier.
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Figure 3. a) Schematic illustration of the multistep photolithography process leading to the fabrication of suspended pyrolytic carbon structures.
b) Examples of suspended SU-8 structures, and c) their corresponding carbonized structures. Carbonization of (bi,ii) leads to (c,i,ii), respectively. It
should be noted how the carbonization-assisted shrinkage led to the stretching of the suspended structures after carbonization. (b,c) are reprinted with
permission.[49] Copyright 2016, Institute of Physics.

alternative to chemical vapor deposition.[44] However, it took un-
til the early 2000s that this process started getting more popu-
larity for patterning carbon structures, mainly for 2D patterning.
In 2004, Prof. Marc Madou and his team reported the fabrica-
tion of high aspect ratio (>10) carbon structures using negative
tone photoresists as the carbon precursor.[45,46] They coined the
term “C-MEMS”, and since then, most of the works involving the
structuring of carbon using photolithography and pyrolysis have
been identified as C-MEMS.

The most popular photoresist used in C-MEMS is SU-8 due
to its low shrinkage, high adhesion to different substrates, ease
of curing and processing, and the capability of fabricating high
aspect ratio structures.[47] SU-8 is an epoxy-based negative tone
photoresist and gets crosslinked when exposed to light, typically
with a wavelength of 365 nm. The basic process, based on a single
patterning of photoresist, can be considered an additive micro-
manufacturing route, although the obtained geometries would
be normally described as 2.5D. Typical 2.5D structures are arrays
of pillars with various cross-sections.[38,43,48] The height of such
pillars ranges from a few micrometers to 100 mm. However, mul-
tistep photolithography prior to the pyrolysis step leads to even
taller carbon pillars.[22]

The multistep photolithography process further facilitates the
fabrication of suspended structures, such as bridges, wires, and
meshes, over two adjacent supporting pillars.[49–51] A schematic
of the process is illustrated in Figure 3a, whereas examples
of SU-8 and derived PyC suspended structures are shown
in Figure 3b,c, respectively. The dimensions of these sus-

pended structures are determined by the capability of the
UV-photolithography systems. Madou and colleagues further
implemented electrospinning of SU-8 as the tool to fabri-
cate suspended nanofibers with a diameter down to ≈40 nm
between two supporting posts fabricated using traditional
photolithography.[52,53] It should be noted here that traditional
electrospinning in far-field mode was not applicable here, as it
does not allow adequate control in positioning and in the num-
ber of deposited fibers. Therefore, near-field electrospinning,
where the distance between the spinneret and the collector is
small (typically <1 cm [54]), was used for the fabrication of the
suspended fibers due to its ability to directly write nanofibers.
In comparison to the multistep process, Giogli et al. further
demonstrated one-step photolithography for fabricating 3D sus-
pended structures.[48] In this study, the authors used longer ex-
posure of the UV light than the optimized exposure duration
to initiate the cross-linking of SU-8 on the top layer of the un-
exposed area adjacent to the exposed area. Such cross-linking
led to the formation of suspended structures, including bridges
and wires, between two adjacent pillars. The morphology of the
suspended structures depended on the shape and size of the
cross-section of the pillars, the orientation, and the gap between
the pillars. The most crucial challenge in fabricating the sus-
pended carbon structures, regardless of the process, is the shrink-
age during pyrolysis. High shrinkage can induce higher residual
stress within the structures, resulting in deformation, delamina-
tion, and collapse of the structure during pyrolysis. Proper spac-
ing design of the supporting pillars often considerably improves
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the quality and reproducibility of the desired suspended carbon
structures.[48,50]

3.2. Stereolithography

Stereolithography (SLA) is an additive manufacturing process
that facilitates the fabrication of 3D objects of nearly arbitrary
shapes using the corresponding 3D model and through layer-
by-layer photopolymerization of a photosensitive resin. The pro-
cess starts with a standard tessellation language (STL) file of the
designed 3D object, which is used in most additive manufac-
turing processes. The STL file is next sliced to convert the 3D
model into 2D layers that contain the information of the cross-
sections. Layer-by-layer photopolymerization in SLA printing was
typically achieved by scanning a laser beam over the liquid resins,
followed by pre-programmed vertical movement of the build
stage, as originally patented by C.W. Hull.[55] A schematic of
an SLA printing system is presented in Figure 4a. To enhance
the printing efficiency and increase printing speed, projection-
based SLA printing has been developed, where digitally masked
UV light with cross-sectional details is projected onto the liquid
resin for photopolymerization.[56] Digital light processing (DLP)-
based SLA printing uses a digital light projector for flashing im-
ages of sliced layers to a matrix of digital micromirror devices
(DMDs), which selectively redirects the light into the photoresin.
To further advance, some DLP printers use a liquid crystal display
(LCD) instead of DMD-based light redirection for projecting the
light. This shift from a serial Laser-based approach to a parallel
UV diode concept dramatically increases the speed while signif-
icantly reducing the cost. Details of the different SLA printers
have been reviewed elsewhere.[56,57]

In recent years, stereolithography has been getting more and
more interest in the research community for facilitating the
fabrication of 3D pyrolytic carbon structures with a resolution
of around 50 μm. This is particularly due to the availability of
low-cost (as low as ≈$100) commercial SLA printers with rea-
sonable resolution and printing quality, the least required in-
frastructure (particularly for the portable benchtop printers), a
straightforward fabrication approach, availability of a wide vari-
ety of carbonizable commercial resins, and the possibility to cus-
tomize the resins. Typically an acrylate-based photoresin is used
in SLA printing for carbon structures. Most of the published ar-
ticles used commercial resins as the starting photoresin,[41,59–62]

whereas customized resins, including biopolymer-based resins,
have also been demonstrated for SLA-based 3D PyC.[63,64] The
precursor material plays the most important role in determining
the final shape, size, and macrostructural properties of the final
3D PyC. Since the composition of photoresin in most commer-
cial resins is not accessible to the user, it is difficult to general-
ize the carbonization process and the resulting properties of 3D
PyC based on the precursors. The pyrolysis process also depends
on the geometry and the heating protocol used for carbonization.
For example, a solid and bulky precursor design often results in a
complete collapse of the 3D PyC structure (Figure 4b top row).[30]

A bulky structure hinders the complete degassing of the precur-
sor during pyrolysis, as it builds up high pressure due to the
trapped gaseous products, which eventually leads to the collapse
and fracture of the structure. Therefore, designs with lattice ele-

ments providing high surface areas for degassing are preferred,
as shown in Figure 4b. Even if the lattice elements lead to the re-
tention of the precursor geometry, structural defects can still per-
sist due to incomplete degassing.[41] Typically a heating protocol
with ramping up to a final temperature >700°C in an inert atmo-
sphere is used for SLA-based 3D printed PyC. Additional steps in
the heating protocol, which include slow heating and prolonged
isothermal heating at the decomposition temperature, are useful
for complete degassing and thus avoiding bubble formation dur-
ing the carbonization of the structures.[30,65,66] Such a modified
heating protocol also results in higher carbon yield and lower ge-
ometrical shrinkage, leading to higher structural density.[30]

SLA-printed PyC majorly features hierarchical porosity with
visible surface meso- and macro-pores. The porosity of the 3D
PyC can be further enhanced by an additional activation step. For
example, Steldinger et al. demonstrated approximately 450% in-
crease in pore volume, resulting in approximately 300% increase
in surface area, when activating fabricated 3D PyC at 900°C for
10 h under a CO2 environment.[67] The enhancement of surface
porosity of SLA-printed PyC was further demonstrated by em-
ploying a joule-heating to the SLA-printed PyC (Figure 4c,d).[42]

The joule-heating converted the surface PyC to nano-graphitic
carbon, resulting in the generation of surface pores and a rougher
surface. The nano-graphitic coating and higher surface porosity
also enhanced the hydrophobicity of the printed structure.

Beyond 3D printing, innovative design for additive manufac-
turing strategies enables the stereolithographic creation of struc-
tures with movable components in connection with the emergent
4D printing field. These kinematic structures, if pyrolyzed un-
der special conditions, can lead to 4D PyC structures with shape-
morphing capabilities, which are otherwise extremely challeng-
ing to achieve due to the brittle nature of PyC. Our group has
recently reported the proof-of-concept structures of 4D PyC to
demonstrate the fabrication feasibility, as shown in Figure 4e.[58]

However, details of these 4D PyC are yet to be reported.

3.3. Direct Laser Writing or Multi-Photon Polymerization

The pyrolysis–induced shrinkage of polymeric precursors
printed using SLA and DLP techniques enables the creation
of intricate 3D PyC with fine details as small as approximate-
ley 50 μm. Even with cost–effective SLA printers utilizing laser
beams with probe diameters of around 150 μm, and DLP systems
with pixels of 40 x 40 μm2, it is possible to achieve trusses with a
width of 250 μm effortlessly. However, to reach architected PyC
with even smaller feature sizes, other alternatives are required.
Different options enable (sub-)micro(n)-stereolithography, such
as scanning using a microscopic objective lens to focus the
UV laser beam or the more complex two- and multi-photon
polymerization processes, also referred to as direct laser writing
(DLW).[68,69] The role of new synthesis photopolymers plays
an essential role in achieving the desired precision, together
with the hardware and software aspects, as has been studied
in detail.[70,71] In short, the simultaneous absorption of two
photons was proposed by Maria Göppert–Mayer in 1931,[72]

although its experimental demonstration was not achieved until
decades later.[73,74] The employment of two–photon polymer-
ization as a lithographic or 3D microstructuring technique
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Figure 4. a) Schematic illustration of a typical SLA-based 3D printing system. b) SLA-printed bulk (top row) and architected structures (middle and
bottom row) before and after pyrolysis, showing architected structure retaining the precursor geometry, unlike the bulk material. (a,b) are reprinted
with permission.[30] Copyright 2020, Elsevier. Surface porosity of SLA-printed c) PyC and d) joule-heated PyC, showing the higher surface porosity of
the joule-heated PyC material. Reprinted with permission.[42] Copyright 2020, Springer Nature. e) Sequential configurations of a shape-morphing SLA-
printed mechanism before and after carbonization, showing the retention of shape-morphing capabilities of PyC as a feasible approach for fabricating
4D architected PyC. Reprinted with permission.[58] Copyright 2022, Wiley–VCH GmbH.

became possible only with the advent of femtosecond lasers in
the 1980s. This breakthrough led to the development of true
micro–stereolithography.[75–77] Although the absorption of more
than two photons can occur simultaneously, the probability is
very low, resulting in a slower fabrication speed. Consequently,

most studies focus on two–photon polymerization and its
applications. Multi–photon and two–photon polymerization
methods are particularly notable for their ability to cross–
link within the focal volume of the laser, enabling genuine
three–dimensional writing. This approach avoids the tradi-

Adv. Funct. Mater. 2023, 2302068 2302068 (7 of 18) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Examples of DLW-fabricated nanoarchitected 3D PyC metamaterials based on different unit cells: a) tetrahedron, b) triangular, c) Schoen’s I-
graph-wrapped package (I-WP) shell, d) Neovius shell, e,f) cubic+octet plate, g,h) octet truss, i,j) iso-truss, and k,l) tetrakaidecahedron. (a,b) are reprinted
with permission.[85] Copyright 2016, Springer Nature. c and d are reprinted with permission.[88] Copyright 2022, National Academy of Sciences. (e,f) are
reprinted with permission.[87] Copyright 2020, Springer Nature. (g–j) are reprinted with permission.[86] Copyright 2019, National Academy of Sciences.
(k,l) are reprinted with permission.[90] Copyright 2021, Springer Nature.

tional layer–by–layer methods commonly employed in additive
manufacturing.[70,71]

Micro-stereolithography, mainly through two-photon polymer-
ization (2PP), has fostered very relevant discoveries in materials
science, especially regarding the emergent field of metamaterials
and metasurfaces,[78–80] and constitutes a very successful technol-
ogy for achieving complex-shaped MEMS/NEMS with innovative
features and integrated functionalities,[81,82] as well as for achiev-
ing multi-scale micro/nanodevices, by combining it with other
lithographic processes or molecular patterning techniques.[83,84]

As happens with SLA-based structures, 2PP or DLW objects
can be pyrolyzed to achieve PyC with highly precise design-
controlled features and to reach submicrometric feature sizes of
PyC, leading to nanoarchitected PyC. Examples of several nanoar-
chitected PyC, particularly mechanical metamaterials with differ-

ent unit cells (discussed in detail in Section 4.1), are presented
in Figure 5. Among pioneering studies, the combination of 2PP
and pyrolysis has led to glassy carbon structures with beam-
based nanolattices,[85,86] plate-based nanolattices,[87] shell-based
nanolattices,[88,89] and nanowires and nanobridges.[39] Again, the
pyrolysis–induced shrinkage in post–2PP printing surpasses res-
olution constraints, enabling exceptional dimensional details be-
yond typical technological limits.

4. Applications of 3D Pyrolytic Carbon Structures

4.1. Mechanical Metamaterials

Mechanical metamaterials can be defined as the architected
materials with counterintuitive mechanical properties that

Adv. Funct. Mater. 2023, 2302068 2302068 (8 of 18) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Ashby charts of a) compressive strength and b) compressive modulus (stiffness), comparing different micro/nano-architected 3D PyC meta-
materials.

originate from the geometry of the structure rather than the
properties of the constituting material (for example, negative
elastic moduli, negative effective mass densities, and non-linear
behaviors).[91] In recent years, architected 3D PyC structures en-
abled by 3D micro/nano-manufacturing methods have emerged
as high-performance mechanical materials. In 2016, in a pio-
neering work, Bauer et al. reported the fabrication of lightweight
PyC nanolattice mechanical metamaterials using two-photon
polymerization and subsequent carbonization.[85] They fabri-
cated PyC nanolattice metamaterials with tetrahedral unit cells
(Figure 5a) and honeycomb structures with triangular unit cells
Figure 5b) with single struts shorter than 1 μm and lattice diame-
ters down to ≈200 nm. The nanohoneycomb structure exhibited a
compressive strength up to 1.2 GPa at a structural density of 0.6 g·

cm−3, translating to a specific strength of 2 GPa· g−1 · cm3, leaving
diamond as the only bulk material with higher specific strength
at the time of publication. The compressive strength at fracture
was recorded up to 3 GPa, which was analogous to the theoreti-
cal strength of bulk glassy carbon. The authors argued that such
ultrastrong behavior of the PyC metamaterials was attributed to
the scaling effect, topological distribution, and strong constituent
PyC material. The topological distribution of the metamaterials
helped distribute the applied stress within the structure, which

majorly exhibited bending-dominated failure. On the other hand,
the smaller strut dimension restricted the bending failure up to
a high limit due to the scaling effect.

The pioneering work by Bauer and colleagues[85] inspired
the fabrication of several other lightweight ultra-strong 3D PyC
metamaterials with different unit cell designs. Examples of sev-
eral of such architected PyC with different unit cells are pre-
sented in Figure 5c-l. The aim of the majority of these mechani-
cal metamaterials was mainly to push the boundary of specific
compressive strength and compressive modulus (also known
as stiffness) of architected PyC to reach closer to the theoret-
ical strength of carbon. Figure 6a,b presents Ashby diagrams,
comparing the compressive strength and stiffness of all the re-
ported 3D PyC mechanical metamaterials, respectively. The up-
per and lower theoretical limits in the Ashby diagrams corre-
spond to the properties of graphene (the strongest and stiffest
known material at the nanoscale) and diamond (the strongest
and stiffest known material at the macroscale), respectively. It can
be clearly observed that plate (Figure 5e,f) or shell (Figure 5c,d)
unit cells favored achieving higher strength and stiffness in con-
trast to beam truss-based architectures. This is also supported
by the topology design principle. In contrast to beam-truss con-
figuration, plate and shell-based structures belong to closed-cell

Adv. Funct. Mater. 2023, 2302068 2302068 (9 of 18) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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configurations, which are composed of sheets and thus allow ma-
terial constrain in two directions, unlike the unidirectional behav-
ior of beams. Upon loading macroscopically, beam-based meta-
materials result in different modes of deformation, accommo-
dating large bending strains. In comparison, closed-cell results
in tensile membrane stress that efficiently utilizes material vol-
ume, independent of the loading direction. Furthermore, closed-
cell metamaterials significantly increase the materials intercon-
nectivity within their closed-cell unit cells compared to beam-
based unit cells, reducing configurational entropy and increasing
the storage of strain energy significantly.[92] The merging of the
topological advantages of closed-cell and the excellent material
strength and stiffness of micro/nanostructured PyC enabled ex-
ceptionally strong and stiff structures at low densities. For exam-
ple, the cubic+octet plate nanolattice-based metamaterials fab-
ricated by Crook et al.[87] exhibited a compressive strength up
to 3 Gpa at a density of 0.792 g· cm3, translating to a specific
strength of ≈3.75 GPa· g−1 · cm3. It surpassed the lower limit of
the theoretical strength of carbon, thereby surpassing any bulk
or architected material. The stiffness of the cubic-octet plate PyC
metamaterial was 21.6 GPa, which was also considerably higher
than any architected material.[87] Schoen’s I-graph-wrapped pack-
age (I-WP) shell-based 3D PyC metamaterial fabricated by Wang
et al.[88] further exceeded the strength and stiffness of cubic+octet
plate nanolattices. The I-WP nanolattices resulted in the highest
modulus and strength of 25.68 and 3.52 GPa, respectively, at a
density of 0.73 g· cm−3. The authors argued that along with the
advantages of closed-cell unit cells, the unique, smooth, and con-
tinuous topology of the I-WP shell yielded efficient load distri-
bution within neighboring members without resulting in stress
concentrations, leading to an even distribution of strain energy
and stress under compressive load. The highest specific strength
achieved by these nanolattices was ≈4.42 GPa· g−1 · cm3, making
them the strongest material reported to date, surpassing all bulk
materials (even certain diamond systems) and other architected
materials, as also indicated in Figure 6a.

Nanoarchitected 3D PyC indeed enabled a significant enhance-
ment of mechanical properties, as discussed in the previous para-
graph. However, these studies only accounted for mechanical
performances in quasi-static conditions. In contrast to previous
studies, Portela et al. studied the supersonic impact response of
nanoarchitected 3D PyC using a tetrakaidecahedron unit cell ar-
chitecture, featuring beam diameter ranging from 370 to 503nm
(Figure 5k,l).[90] The authors chose the tetrakaidecahedron unit
cells due to their bending-dominant response, which leads to a
non-catastrophic failure, post-yield softening, and constant col-
lapse stress under quasi-static loading, making them beneficial
for impact energy absorption. They characterized the extreme dy-
namic response of the nanoarchitected 3D PyC by accelerating
SiO2 microspheres (diameter=14 μm) using a pulsed laser and
making an impact with the metamaterial at a velocity ranging
from approximateley 30 m· s−1 to 1.2 km· s−1. The nanoarchi-
tected PyC metamaterial with a relative density (�̄�) of 0.37 exhib-
ited complete rebounding of the microsphere without any me-
chanical failure below an impact velocity of 50 m· s−1, whereas
a velocity within 50 to 550 m· s−1 resulted in the formation of
a crater due to localized brittle fracture, followed by rebounding
the microsphere. An impact velocity above 550 m· s−1 resulted in
fully capturing the microsphere within the crater, without pen-

etrating full sample thickness. The impact resistance energy (or
inelastic energy) calculated from the experiments fitted linearly
with the impact energy with a slope of 1.0, indicating an ideal en-
ergy dissipation response of the nanoarchitected 3D PyC meta-
material, as shown in Figure 7a. While comparing with other
materials under ballistic impact conditions, the specific impact
resistance of the nanoarchitected 3D PyC outperformed all the
traditionally used impact-resistant materials, including steel and
Kevlar, as shown in Figure 7b.

The current examples of architected 3D PyC metamaterials are
majorly populated with nanolattice architectures, utilizing the
scaling effect to achieve exceptional mechanical performances.
However, 3D PyC metamaterials with microlattice architectures
were also studied in a few reports, mainly utilizing the facile
and inexpensive fabrication approach of SLA 3D printing. Even
though the microarchitected PyC metamaterials could not com-
pete with the mechanical performance of the nanoarchitected
metamaterials, they exhibited comparable strength and stiffness
for a given density, as shown in Figure 6a,b, respectively.

4.2. Electrodes for Energy Devices

The electrode material in an electrochemical energy device is de-
sired to feature a high active surface area for facilitating electro-
chemical phenomena and to allow the control of the design and
architectural features of the electrode. Activated PyC originating
from various organic precursors has been extensively researched
as an ideal electrode material candidate due to its high surface
area.[93–95] However, in the majority of cases, the activated car-
bon is used as powder material and a binder is needed to prepare
the electrode. The binder often shields the actual surface area of
the activated carbon. Furthermore, this process only allows sheet
electrodes, which in many cases exhibit sub-optimal shelf-life. Ar-
chitected 3D PyC is beneficial in these cases, providing strong
mechanical resistance while simultaneously facilitating electro-
chemical reactions essential for energy storage. Further activa-
tion of 3D architected PyC can further result in superior perfor-
mances. For example, in a pioneering work, Wang et al. fabri-
cated a symmetric supercapacitor using SLA-printed 3D archi-
tected PyC as binder-free free-form electrodes (Figure 8a(i)).[59]

They further activated the 3D PyC electrodes through KOH/H2O
activation to enhance the porosity of the electrodes and compared
the electrochemical performances with the non-activated 3D PyC
electrode and other traditional electrode materials, including car-
bon paper with and without platinum loading. The activated 3D
PyC exhibited a 5.85-fold higher peak current density in the cyclic
voltammogram in comparison to the carbon paper compared
with carbon papers, as shown in Figure 8a(ii). It is notable that
the electrochemical behavior of the 3D architected PyC electrodes
also depended on the architectural features. Figure 8a(iii,iv)
shows the galvanostatic charge–discharge response and specific
capacitance of 3D PyC electrodes with varying distances between
adjacent pores. The electrochemical response and the resulting
capacitance increased as the designed pore distance decreased.
The architected activated PyC resulted in a maximum specific
capacitance of around 40 F.g−1. However, the specific capaci-
tance is still lower than other activated carbon-based superca-
pacitors. Toward enhancing the capacitance of 3D architected
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Figure 7. a) Impact energetics for supersonic impact experiments on nanoarchitected 3D PyC metamaterial, featuring a tetrakaidecahedron unit cell
shown in Figure 5k,l and �̄�=23%, demonstrating two regimes upon the high-speed impact of a SiO2 microsphere: formation of crater and rejection of
the microsphere, and partial penetration and particle capture. The inelastic energy or the impact resistance energy fits linearly with a slope of 1 with the
impact energy, showing excellent energy absorption. b) Comparison of specific inelastic energy (=inelastic energy/mass of the participant material) of
nanoarchitected 3D PyC with other traditionally used impact-resistant materials with specific impact energies (=impact energy/mass of the participant
material). It shows significant improvement in specific impact resistance in the case of nanoarchitected 3D PyC. Both the figures are reprinted with
permission.[90] Copyright 2021, Springer Nature.

PyC, Rezaei et al. decorated the SLA-printed 3D PyC surface with
electroactive manganese oxide (MnOx) nanoparticles.[61] Hybrid
architected electrodes were fabricated by wet chemical bath de-
position of MnO2 on SLA-printed 3D resin structures, followed
by a calcination/carbonization process, which led to the decora-
tion of highly electroactive crystalline hausmannite-Mn3O4 on
3D PyC (Figure 8b(i)). The electrochemical performances of the
hybrid electrode were significantly higher than pristine 3D PyC
and highly dependent on the loading of MnOx precursor, as
demonstrated by their cyclic voltammograms and electrochem-
ical impedance spectroscopy in Figure 8b(ii,iii), respectively. The
hybrid electrode yielded maximum gravimetric and areal capac-
itances of 186 F·g−1 and 968 mF·cm-2, respectively, and retained
the capacitance upto >92% even after 5000 cycles.

Besides supercapacitor applications, 3D architected PyC has
also been demonstrated for battery applications. For example,
Narita et al. used 3D architected PyC as a binder-free free-
standing electrode in a Li-ion battery.[96] The 3D PyC electrodes
exhibited the typical intercalation characteristics of Li-ion battery
carbon electrodes, as the galvanostatic cycling at 2 mA g-1 dis-
played a gradual change in voltage above 0.1 V, converging to a
plateau at lower voltages, as shown in Figure 9a. The electrodes
further exhibited a stable long cyclic test at 100 mA g-1 by retain-
ing the coulombic efficiency >99.9% for the 2nd through 500th
cycle (Figure 9c). However, the capacity decreased rapidly from
131 to 98 mAh g-1 by 10 cycles, followed by a gradual decline over
500 cycles. The 3D PyC electrode preserved its architectural fea-
tures, as shown in Figure 9d, and structural stability after the long
cyclic test, which allowed the recycling of the electrode by imple-
menting a simple washing step. In another example, microarchi-
tected activated 3D PyC electrodes were used in a vanadium re-
dox flow battery.[59] The hierarchical porosity of the activated 3D
PyC allowed the transport of the VO2 +/VO2 + species to the mi-

cropores, further facilitating the redox reactions at the micropore
surfaces. The superior response was observed for the architec-
tures featuring the minimum thickness and maximum porosity,
as these configurations allowed higher superior diffusion.

C-MEMS-driven 2.5D pillar structures have been re-
searched for battery and supercapacitor applications by several
researchers.[45,97–100] To date, 3D suspended PyC structures
fabricated using C-MEMS have not been investigated for any
energy application. However, Mantis et al. characterized the elec-
trochemical behaviors of the 3D suspended PyC and compared
them with 2D electrodes.[51] They found that 3D suspended PyC
with feature size below 25 μm exhibited three times stronger
current response when compared to a corresponding 2D pattern
during cyclic voltammetry due to enhanced surface area arising
from the suspended 3D configuration. Such a superior current
response is suitable for PyC-based high-performance electro-
chemical energy devices. However, their performance in energy
devices still needs to be thoroughly investigated.

4.3. Biomedical Applications

The singular combination of mechanical, electrical, chemical,
and biological properties of carbon materials and their adjustabil-
ity depending on the designed structures, manufacturing route,
and processing conditions make C-MEMS and C-NEMS systems
suitable for a wide set of biotechnological and biomedical applica-
tions, as has been recently reviewed.[47] Here specific biomedical
applications of 3D PyC are briefly discussed. Biomedical appli-
cations of C-MEMS and C-NEMS involving 3D PyC structures,
subsystems, or components, have emerged in parallel to devel-
opments in biomedical microfluidics and its application areas
and usual configurations, mainly for in vitro applications such
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Figure 8. a) Performance of micro-architected activated 3D PyC electrode in supercapacitor: (i) Schematic of the supercapacitor, (ii) Cyclic voltammetry
of activated 3D PyC in comparison to other popularly used carbon electrodes, showing a higher current response of the activated architected PyC, (iii)
Galvanostatic charge-discharge response and (iv) specific capacitance of the fabricated supercapacitor using activated architected PyC with the varying
gap between designed pores (for example, S10 refers to a designed gap of 1.0 mm). Reprinted with permission.[59] Copyright 2020, Wiley–VCH GmbH.
b) Supercapacitance performance of Mn3O4-decorated micro-architected 3D PyC: (i) A photograph of the architected PyC electrode and an SEM of
the Mn3O4-particles on the PyC surface, (ii) Cyclic voltammetry and (iii) EIS results of the architected PyC electrodes with varying concentration of
surface MnOx particles, and (iv) gravimetric and geometric capacitances of the architected PyC electrode with 5 mM concentration of MnOx precursor
at different current densities in a 1 M H2SO4 solution. Reprinted with permission.[61] Copyright 2021, American Chemical Society.

as biosensing platforms,[47] lab-on-a-chip and organ-on-a-chip
technologies,[101,102] dielectrophoretic[103,104] and cell-sorting or
trapping systems.[105–107] Recently, carbon electrodes for viruses’
protein detection against pandemics have been reported.[108]

Regarding biomedical devices for in vivo interactions, car-
bon micro-/nanoelectrodes and C-MEMS/C-NEMS show poten-
tial for human-machine interfaces, including neural probes and
health-monitoring implants. Among available examples of con-
temporary developments, it is important to mention a compre-
hensive review of carbon-based neural electrodes, dealing with
both monitoring and stimulating devices, as well as with 2D and
3D carbon micromanufacturing approaches.[109] In this area, the
long-term neural stimulation and low-noise recording of brain
activity with highly stable glassy carbon interfaces stand out.[110]

PyC micro-needles for drug delivery have also been proposed
and demonstrated.[111] Directly connected to in vivo monitoring,
glassy carbon electrodes have been developed for minimizing in-
duced voltages, mechanical vibrations, and artifacts in magnetic
resonance imaging.[112]

Furthermore, among the most remarkable incipient biomedi-
cal applications of architected 3D PyC structures, it is important
to highlight their potential as scaffolds for tissue engineering,
both for neural[114] and musculoskeletal (Figure 10a)[41,63] appli-
cations. During cell culture, architected PyC yields better cell ad-
hesion, as the intrinsic surface porosity of PyC provides abundant
anchor sites, promoting improved cell proliferation when com-
pared to the cell culture results with the precursor counterpart
(Figure 10c). The hierarchical construct of multi-scale 3D PyC
further provides favorable microenvironments for cell growth,
leading to 3D cell colonization,as shown in Figure 10b,[113] which

can be beneficial for complex articular reconstructions and osteo-
chondral regeneration. Furthermore, PyC materials typically con-
tain only approximateley 1% MRI-sensitive carbon isotope 13C,
which makes them almost transparent to the MRI signals and en-
ables the creation of MRI-compatible implants.[114] The feasibility
of fabricating architected PyC with ductile nature has also been
demonstrated by partial carbonization pathways.[63] The ductil-
ity of partially carbonized PyC could be utilized for fabricating
biomedical devices, such as coronary stents (Figure 10d).

5. Current Challenges

As discussed in the previous sections, additive micro/nano-
manufacturing technologies combined with pyrolysis have en-
abled the fabrication of micro/nano-architected 3D PyC struc-
tures with fascinating geometries and exceptional properties use-
ful for various applications. However, there are also several chal-
lenges, solving which may expand the versatility and usability of
architected PyC even more. We address some of the current chal-
lenges here so that future research can methodically tackle them.

5.1. Understanding the Pyrolysis Process

The most important part of the fabrication process for 3D archi-
tected PyC is the carbonization of an architected polymer precur-
sor by pyrolysis. Understanding the carbonization process has
been a topic of interest for a long time. Recent technological
advances, including molecular dynamic simulation and in situ
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Figure 9. Galvanostatic cycling of microarchitected 3D PyC in a Li-ion battery. a) First two discharge-charge curves at a low current of 2 mA g-1. b) Coulom-
bic efficiency (top) and discharge capacities (bottom) at step currents. c) Specific capacitance and coulombic efficiency for 500 cycles at 100 mA g-1.
d) SEM image of a representative microarchitected 3D PyC electrode after >300 cycles at 100 mA g-1. Scale bar is 500 μm for (d). Reprinted with
permission.[96] Copyright, 2021 Wiley–VCH GmbH.

heating under electron microscopes, have enabled looking into
the process in real-time both at the molecular level and at the
morphological and structural level, as discussed in Section 2.
However, the majority of the studies are not directed to archi-
tected PyC. For example, in situ TEM studies were only per-
formed for organic polymers not related to additive micro/nano-
manufacturing. Even though molecular dynamic simulations of
the carbonization of SU-8 photoresists are reported, their in situ
structural transformation is yet to be studied. Furthermore, the
current studies on pyrolysis mechanisms are disjoint from each
other, which is even more true in the case of architected PyC.
Therefore, the current literature does not allow establishing a cor-
relation among the existing studies to unravel the mechanism
for architected PyC. Pyrolysis-assisted shrinkage phenomenon
also needs serious consideration. Although a few reports explic-
itly characterized the shrinkage phenomenon for micro/nano-
architected PyC, these studies used simplified geometries, such
as cylinders or bars, as the model geometry. It is evident from
the existing literature on nano/micro-architected 3D PyC that the
volumetric shrinkage is significantly different than that of indi-
vidual lattice elements and majorly depends on the topological
distribution of the constituent lattice elements. There still exists
a huge knowledge gap between the shrinkage of individual units
and that of the overall 3D architecture. Additionally, the corre-
lations between molecular changes and structural transforma-
tions are yet to be investigated. Therefore, comprehensive stud-

ies focusing on the transformation from an architected polymer
resin to architected PyC correlating the molecular and structural
changes with respect to experimental parameters are needed to
address these issues to elucidate the pyrolysis process fully. Fur-
thermore, integrating pyrolysis studies of architected PyC with
novel methodologies, such as machine learning, can help under-
stand the pyrolytic phenomenon and predict the properties of the
resulting architected PyC material.

5.2. Property Driven Precursor Design

Unlike the C-MEMS process, where SU-8 is the standard precur-
sor for PyC, other micro/nano-manufacturing processes, namely
SLA and multi-photon polymerization, typically use commer-
cially available resins as the precursor material. The chemical
composition of these resins is often unrevealed to the users.
It is well known that the carbonization process and resulting
PyC properties are highly dependent on the precursor materi-
als. Therefore, the unavailability of information on the chemical
composition of the precursor resins makes it complicated to stan-
dardize the micro/nano-architected PyC obtained from them.
Sometimes changes as simple as the color of the precursor resin
could lead to changes in the properties of resulting PyC, restrict-
ing their uses in certain applications. Furthermore, the resins
are often equipment-specific and do not allow any chemical
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Figure 10. a) Osteoblast-like murine MC3T3-E1 cells cultured on microarchitected 3D PyC on day 3 after cell seeding, showing good cytocompatibility
of the architected PyC. Inset shows the microarchitected 3D PyC scaffold used in this study. Adapted with permission.[41] Copyright 2020, Wiley–VCH
GmbH. b) The murine MC3T3-E1 cells cultured within a multiscale 3D PyC, obtained by integrating carbon fibers and SLA-printed microarchitected 3D
PyC (inset showing the photograph of the multiscale 3D PyC scaffold). Cells proliferated along the PyC microlattices and PyC fibers and also established
inter-cellular connections within the microenvironment created by the PyC fibers, leading to a 3D cell colonization. Reprinted with permission.[113] Copy-
right 2021, Elsevier. c) Cultured cells on an SLA-printed precursor surface and a partially carbonized 3D PyC showing better cell proliferation and en-
hanced adherence on the PyC surface. d) Examples of coronary stents based on partially carbonized PyC materials utilizing their ductile behavior.
(c,d) are reprinted with permission.[63] Copyright 2022, Elsevier.

modifications, which further restrict the customization of PyC
properties. Therefore, it is necessary to develop process standard-
ization, where the carbonization and resulting PyC properties
can be directly correlated to the precursor resins with known
chemical compositions. The capability of precursor customiza-
tion can lead to pre-designed properties of PyC and even facil-
itate the fabrication of other carbonaceous materials, including
composites and carbides.

5.3. Fabrication of Large-Scale Structures

The applicability of micro/nano-architected PyC has been only
demonstrated so far at a lab scale, where a small sample foot-
print is sufficient for showing the proof-of-concept. However,
real-world problems often require a larger material footprint.
Therefore, the fabrication of large-scale architected PyC with
micro/nano-patterned features is also important. SLA printing,
particularly DLP printing, typically allows the fabrication of large-
scale architectures due to the availability of large printing areas
and fast printing speed. On the contrary, C-MEMS and C-NEMS
are predominantly favorable for 2D patterning, even for large ar-
eas. As they do not allow much control in the Z-direction, upscal-
ing in the Z-direction is extremely challenging for C-MEMS and
C-NEMS. Large-scale structuring is also challenging in multipho-
ton processes due to their slow printing speed. However, recent
progresses in two-photon polymerization have shown the feasi-

bility of fabricating centimeter-scale structures with micrometric
feature sizes.[80] The carbonization of these large structures is yet
to be reported. Depending on the dimension and structural com-
plexity, the carbonization behavior at the large scale may also be
different than the small-scale structures. Particularly, the shrink-
age phenomenon of non-isometric structures could be drastic or
even catastrophic. Different design adjustments, including addi-
tions of supports or microstructural filler designs, might be in-
corporated to avoid such complications. Therefore, it is impor-
tant to study the correlation among the carbonization process,
micro/nano-structured features, and overall structural volume.

5.4. Sustainability of Pyrolytic Process

With the worldwide concerns over climate change, technologi-
cal processes must be assessed based on the parameters relating
to sustainability throughout the product life cycle. As the field
of architected 3D PyC is still in its nascent phase, no study has
been dedicated to assessing sustainability issues for PyC. The
demonstrated sample volume of micro/nano-architected struc-
tures is generally small, which is supposed to have minimal
contribution to greenhouse gases. However, the fabrication pro-
cesses of architected PyC often use highly-complex and powerful
infrastructures, including additive micro/nano-manufacturing
platforms and high-power furnaces for pyrolysis. Furthermore,
many of the precursor materials are synthesized from petroleum

Adv. Funct. Mater. 2023, 2302068 2302068 (14 of 18) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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processing, which even asks more for life cycle-oriented carbon
footprint analysis. Even though very few studies are available for
evaluating the carbon footprint analysis of additive manufactur-
ing processes in general,[115,116] the addressed printing processes
haven’t been used for PyC materials. Furthermore, the sample
volume of architected PyC could significantly increase during its
transformation from lab-scale research to large-scale production,
which further tends to increase the production carbon footprint.
It is, therefore, essential to evaluate the carbon footprint of the
fabrication process of architected PyC during its entire life cycle,
even at this infant stage of this research field. This will help iden-
tify the current challenges in terms of sustainability and find ap-
propriate solutions to them, initiating a future research direction
toward “green” fabrication of PyC. To cite an example, more focus
could be given to developing bio-based precursors for PyC fab-
rication, whereas low-temperature pyrolysis of these functional
bio-precursors could be studied more intensively to achieve de-
sired properties. Such dedicated studies may also help in sustain-
able transformation for upscaling the fabrication process.

6. Conclusion and Future Perspective

Additive micro/nano-manufacturing of polymeric precursor
combining with a subsequent pyrolysis step enables the fabri-
cation of architected 3D PyC structures with complex architec-
tural details. Pyrolysis-assisted shrinkage further yields a struc-
tural dimension significantly smaller than the resolution limit
of the involved additive manufacturing technology. The material
properties of PyC combined with the 3D architectures enable
exceptional properties of the architected PyC compared to bulk
PyC material. The size effect, particularly in the case of nano-
architected PyC, further enhances the architectural properties.
These properties have already enabled architected PyC materials
in applications such as structural materials, energy, and health,
as reviewed in this article.

Despite impactful demonstrations, it should be noted that the
field of micro/nano-architected PyC is still in its infancy, which al-
lows plenty of room for future exploration in terms of fabricating
novel architectures and employing them in high-performance
applications. There is also a significant scope of improvement
within the demonstrated fields of application. For example, the
reported energy applications, both supercapacitor and battery,
used only micro-architected PyC materials, where the designed
pore sizes were still in the micron scale. Nano-architected PyC
can lead to PyC electrodes with pore sizes at the nanoscale, which
is expected to improve energy storage performances significantly,
as smaller pores would result in enhanced surface area, allow-
ing higher active electrochemical sites. Furthermore, judicious
designs of nanoarchitecture can facilitate better ion diffusion,
improving the performance even more. Furthermore, multiple
properties of architected PyC materials could be simultaneously
utilized for developing innovative multifunctional materials. For
example, architected PyC materials have exhibited exceptional
mechanical load-carrying capabilities. Combining such mechan-
ical properties with the electrochemical behavior of PyC could
lead to multi-functional sensors, which could sustain a mechan-
ical load and monitor the surrounding environment simultane-
ously. The multifunctionality of architected PyC can further lead
to their use in new application ventures. To give just one exam-

ple, architected PyC could be an important material for space
applications. Together with the intrinsic low material density of
PyC, the design-based approach of architected PyC makes them
highly lightweight, which could potentially replace metals for
centimeter-scale components in satellites. Particularly in cube
satellites, architected PyC could replace the metallic structures or
electronic housing, or even several electronic components utiliz-
ing their electrical properties, reducing the overall weight of cube
satellites significantly, saving required energy, and prolonging
the life of the satellite. The capabilities of such multifunctional
properties of architected carbon need to be studied methodically.
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