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Overcoming the Transport Limitations of
Photopolymer-Derived Architected Carbon

Kjetil Baglo,* Marco Sauermoser, Markus Lid, Thomas Paschke, Abdulla Bin Afif,

Markus Lunzer, Andreas Flaten, Martin Steinert, Robert Bock, and Jan Torgersen*

Photopolymer derived carbon grows in popularity, yet the range in available
feature sizes is limited. Here the focus is on expanding the field to low surface
to volume ratio (SVR) structures. A high temperature acrylic
photopolymerizable precursor with FTIR and DSC is described and a thermal
inert-gas treatment is developed for producing architected carbon in the mm
scale with SVR of 1.38x10~% um~". Based on thermogravimetric analysis and
mass spectrometry, two thermal regimes with activation energies of ~79 and
169 k) mol~! are distiguished, which is reasoned with mechanisms during the
polymer’s morphologic conversion between 300 and 500 °C. The temperature
range of the major dimensional shrinkage (300-440 °C, 50%) does not match
the range of the largest alteration in elemental composition (440-600 °C, O/C
0.25-0.087%). The insights lead to an optimized thermal treatment with an
initial ramp (2 °C min~" to 350 °C), isothermal hold (14 h), post hold ramp
(0.5 °C min~" to 440 °C) and final ramp (10 °C min—" to 1000 °C). The
resulting carbon structures are dimensionally stable, non-porous at the um
scale, and comprise an unprecedented variation in feature sizes (from mm to
pum scale). The findings shall advance architected carbon to industrially

relevant scales.

1. Introduction

Pyrolysis derived carbon material from photo polymeric precur-
sors that preserves its predefined shape is linked to the field of
architected carbon.!! This field is currently gaining momentum
for creating novel electrode designs, for carbon microelectrome-
chanical systems (MEMS), for nanostructures with exceptional

mechanical properties, AFM tips and X-
ray optical lenses.l'8] The rapidly grow-
ing number of publications and appli-
cations in the field signify the great po-
tential of this research. However, the re-
ported structures are yet limited by their
amenable range of feature sizes ranging
from 160 pm to 200 nm.["*1% The car-
bonization of polymers is said to be lim-
ited by the diffusion of exiting species.
The diffusion limitation is expected to
increase with an increase in transport
distance and the boundary conditions
which determine the degrees of freedom
in transport directions. In this sense the
term “feature size” and “surface to vol-
ume ratio (SVR)” is used to describe
the transport distance and its degrees
of freedom in this work. Although pho-
topolymeric systems have been investi-
gated intensively for their suitability as ar-
chitected carbon precursor materials, the
role of the pyrolysis process itself for ob-
taining larger dimensional features has
been overlooked.[*!!] Some preliminary work has been done in
the field of carbon MEMS already back in 2013, addressing fea-
ture sizes in the single digit pm dimension.['!! Martinez-Duarte
divides the carbonization process into two main stages; in the
first stage between 300 and 500 °C, in which hetero atoms get
eliminated and a conjugated network forms. In the later stage be-
tween 500 and 1200 °C, non-carbon atoms are fully removed and
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the aromatic content increases.’] The existence of these regimes
are supported by findings from other fields, such as carbon fiber
production.['?] However, little has been reported on the mecha-
nistic effects said to dominate the process, particularly related to
the geometry and impact of feature sizes. Natu et al. carbonized
UV lithography derived SU-8 pillar structures of different di-
mensions and geometries and found that the architecture signif-
icantly impacts shrinkage during carbonization.l"¥] Empirical re-
lations were given that relate feature sizes to dimensional shrink-
age, yet the mechanism by which this occurs was not described.
Rezaie et al. investigated the suitability of five different commer-
cial polymers to produce a architected carbon electrodes with 160
pm thick features.l”) They found that a highly temperature stable
formulation was best suited for obtaining dimensionally stable,
highly porous carbon electrodes and stated that the degassing of
volatiles limits the achievable feature size.

In conventional glassy carbon production, diffusional trans-
port of volatiles through the converting polymer matrix during
carbonization is said to set the upper bound of non-porous fea-
ture sizes.['*1°] This is linked to the transport distance and the
degrees of freedom in transport directions within the polymeric
feature.l') In the field of architected carbon, the SVR is in the
range of 1.5 to 0.01 um™!, with only highly porous architectures
achieved for the lowest SVR thus far.[191718] To address the de-
mand within electrode production and to benefit from archi-
tected carbon in other fields, researchers point out the need for a
greater span of feature sizes. Leveraging from the existing knowl-
edge in carbon fiber and glassy carbon production, we believe that
the necessary progress in this field can emerge from a better un-
derstanding and control of the carbonization process, which we
aim to address in this study.

Here, we first investigate the composition and mechanical
properties of a commercial high temperature photopolymer.
Then we study the effects of the heating rate and isothermal
holds in the temperature program used to carbonize two-photon
polymerized (2PP) architectures. Further, we explore the kinet-
ics and the nature of ongoing processes during carbonization.
Using iso-conversional kinetic analysis, we determine the appar-
ent activation energy and discuss its relation to the diffusional
transport of volatiles. The composition of the derived carbon ma-
terial and the dimensional shrinkage are investigated by energy
dispersive X-ray spectroscopy (EDS) and scanning electron mi-
croscopy (SEM), and interpreted with respect to the temperature
program employed. The insights gained allow us to create a di-
mensionally stable architecture of significant volume as well as
varying feature dimensions within one part. The suitability of an
acrylic precursor (UpCarbon) for architected carbon production
is demonstrated, and the mechanism of degradation is discussed.
The mm scale features achieved in this study, to the best of our
knowledge, exceeds those reported in the literature by a factor of
ten, making architected carbon accessible and more relevant for
fields where large features are required.

2. Results and Discussion
2.1. Choice and Characterization of the Precursor

The number of polymeric precursors suitable for pyrolytic car-
bon production is vast, with some authors stating that almost any
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polymer could be converted into a carbon material.l'”) When it
comes to the carbonization of free-standing polymer structures,
the choice of precursor becomes limited. Not only must it de-
compose in such a manner that carbon material remains, but it
also needs to retain its dimensional stability. These prerequisites
make thermosets the best-suited precursors as thermoplastic ma-
terials tend to melt before they degrade. In this work, precursor
refers to the polymer used to obtain the architected carbon. There
are several fields working on the production of carbon from or-
ganic precursors and the morphology of the precursor differs de-
pending on the application.>!21] It is known from the degrada-
tion of organic compounds that alow hydrogen content in combi-
nation with high aromaticity and in particular multi-substituted
aromatic compounds are good charge generators.!?’l The system
used in this work is a commercial acrylate-based photopolymer
(UpCarbon) developed for architected carbon production and vat
polymerization. It has been designed with a high aromatic con-
tent as well as a high carbon to oxygen and high carbon to hydro-
gen ratio, while still allowing for vat polymerization as the pat-
terning technique. The material can be processed either by stere-
olithography (SLA), digital light processing (DLP), or two-photon
polymerization (2PP) depending on the photoinitiator and addi-
tives used.?!]

2.1.1. Composition of the Precursor

The Fourier transform infra-red (FTIR) spectrum for the UpCar-
bon Clear resin and photopolymerized UpCarbon are shown in
Figure S1, Supporting Information with spectral details found in
Table S1, Supporting Information. The monomer blend is highly
aromatic and based on acrylate functional groups. It consists of a
blend of mono- and difunctional aromatic compounds. The Up-
Carbon formulation should be well suited for carbonization as
a high aromaticity and unsaturated bonds are reported to pro-
mote stable pyrolysis, while the lack of long spacer units or pend-
ing side chains is intended to mitigate mass and hence volume
shrinkages in the course of carbonization.["]

2.1.2. Workflow and Choice of Sample Geometry

The workflow chosen to produce the samples was vat polymeriza-
tion of predefined CAD geometries. There is a trend of leverag-
ing on the geometric freedom 3D printing offers and by utilizing
such a technique we demonstrate that carbon also can play an im-
portant part as an additive manufacturing material at the macro
scale. Figure 1 shows the workflow for the production process
of architected carbon used in this work, as well as 3D illustra-
tions of sample geometries. It is common to use a stabilization
step in oxygen for thinner structures like carbon fibers, however
in this study no such step was taken in order to mitigate poten-
tial differences in the bulk and subphase material of the samples
which may arise from the diffusion limitations of the stabiliza-
tion process.[?!

The sample geometry has a significant impact on the car-
bonization protocol and the expected dimensional stability.'3] In
this study, three sample geometries were chosen to investigate
the effects of the temperature program, namely a simple cubic
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Figure 1. a) Workflow for producing architected carbon structures. After creating the desired structure by computer aided design (CAD), it is fabricated
from the acrylic photopolymer by 3D printing using either digital light processing (DLP) or two-photon polymerization (2PP). The polymer part is then
carbonized in inert atmosphere, resulting in a shrunken geometry comprised of a carbon allotrope. CAD models of b) rod, c) simple cubic lattice (SCL),
and d) rabbit used in the experiments presented in this work. The rods and SCLs were fabricated using 2PP, whereas the rabbit was produced by DLP.

lattice (SCL), single cylindrical rods with 1.0 and 1.5 mm in diam-
eter and lengths of 30 and 40 mm, as well as a rabbit model (Fig-
ures 1b-d). These structures were selected for their large span
in SVR. The lattice was printed via two-photon polymerization
(2PP) using a low magnifying 5x objective (NA 0.25). The overall
size of the 2PP printed lattice was 20 mm in the length-width
plane and 0.8 mm in the height direction, with a pitch of 200
um in all three directions, 60 um strut width in the XY-plane
and a 100 um strut width in the Z-direction (Figure 1c). The sim-
ple cubic lattice was designed with thicker struts oriented in the
Z-direction to support the structural stability during carboniza-
tion. These thicker struts also help reveal any geometry depen-
dent shrinkage, as other work suggests that the distance chemical
species emerging in the course of degradation need to traverse
effects the shrinkage.l'*! The SCL with feature sizes of 60 and
100 um and calculated SVR of 0.041 um™!, not including edge
effects, were used as the starting point for our investigations as
this is comparable to the current state of the art in architected
carbon lattices.[) The rods had a feature size of 1 and 1.5 mm, a
length of 3, 30, and 40 mm, with a respective SVR of 4.7x1073,
4.1x1073, and 2.7x1073 um™! for the 1 mm feature size, thus ex-
ceeding the state of the art by almost one order of magnitude
in SVR. For the thermogravimetric experiments performed, the
SCL served as starting point, since structures with comparable
SVRs have been demonstrated earlier.’! The rods were used to

Adv. Mater. Technol. 2023, 2300092 2300092 (3 of 12)

investigate the effect of an increase in transport distance. If the
process of carbonizing photopolymers is limited by the transport
of volatiles then a larger transport distance will make this lim-
itation more apparent. When developing and investigating the
thermal program, the approach was to start with the SCL to find
the crucial steps and then fine-tune the process using the rods
with a much smaller SVR. Last, a model of a rabbit with a large
span in feature sizes was used to demonstrate the capabilities of
the precursor temperature program combination presented.

2.1.3. Mechanical Properties of the Precursor

For thermoset polymers, the transport of chemical species
emerging in the course of degradation is dependent on the me-
chanical properties of the material. The largest change in the
transport rate occurs at the transition from glassy to rubbery
state (T,).["") Differential scanning calorimetry (DSC) is used to
estimate the T,, with the results from the DSC of 2PP UpCar-
bon heated at 5, 10, and 20 °C min™' from 35 to 320 °C shown
in Figure S2, Supporting Information. The T, was estimated at
half the heat capacity increase in accordance with ISO 11357-2,
and was found to be ramp dependent; 93.3, 99.7 and 100.4 °C for
5, 10, and 20 °C min~!. The polymer is in the rubbery state at
the relevant carbonization temperatures, as the onset of thermal
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Figure 2. a) Mass spectrum of the gas fraction of an SCL fragment heated at 5 °C min~". The temperatures at which the maximum abundance of the
detected volatiles occur are denoted with red circles. b) Thermogravimetric analysis (TGA) of four simple cubic lattices (SCL) and two rods. The mass
percentage versus temperature at four different heating rates from 25 to 600 °C and two sample geometries of 2PP printed UpCarbon are displayed. c)

SCL prior to carbonization. d) 1 mm rod prior to carbonization. e) SCL after a 1°C min~" heating rate. f) pitch like residue resulting from a 10 °C min

-1

heating rate of a SCL. g) Pitch like residue of a 1 mm rod heated at 1 °C min~'. Subfigure (c—f) illustrates how the process is sensitive to heating rate

and scale. All scale bars are 1T mm.

degradation for acrylic polymers is 250 °C.I”’l The T, is therefore
much lower than the relevant carbonization temperatures and
the effects of increasing diffusion constant should be small. In
this state, diffusion is reported to obey Fick’s law.[1¢]

The degree of crosslinking was estimated by Flory’s rubber
elasticity theory to 1.2x10* mol m~ using the dynamic mechan-
ical analysis (DMA) provided in Figure S3, Supporting Informa-
tion. The degree of crosslinking for photopolymers depends on
the temperature and light exposure during patterning and may
vary for different processes, especially when considering that 2PP
has a very high conversion compared to the more widely used
DLP based printers which often require additional post curing
steps.[21]

A low stiffness resulting from improper curing can result in
the structure deforming under its own weight or by the trans-
port of un-polymerized monomer, provided the polymerization
is not thermally activated prior to this. Another aspect to con-
sider is the relation between storage and loss modulus during
degradation, as both of them drop upon heating of the UpCar-
bon Polymer. A decrease in loss modulus is associated with less
internal resistance in the material, which again can be associated
with improved transport of exiting species due to an increase in
free volume.['®] On the other hand, the storage modulus of the
polymer is dropping and may cause deformations. We therefore
hypothesize that the stiffness of the polymer is a key property to
tune to get optimum results during carbonization.

Adv. Mater. Technol. 2023, 2300092 2300092 (4 of 12)

2.2. Effects of the Thermal Program

Using the sample geometries described, the observed effects of
the temperature program on the conversion to a carbon allotrope
will now be presented. The effects of the temperature program
are studied using thermogravimetric analysis (TGA) of the SCL
and rod samples.

2.2.1. Effect of Heating Rate and Transport Distance

The simplest approach for a temperature program described in
literature is a single step constant heating rate used in carbon
microelectromechanical systems (C-MEMS) production, which
will be the starting point for our exploration.l'!! Figure 2 shows
the relative mass loss of four SCL cut sections heated from 25 to
600 °C at rates of 1, 2, 5, and 10 °C min~', and the relative mass
loss of two cylindrical rods with a diameter of 1 mm and length
3 mm heated at rates of 1 and 2 °C min~'. A mass loss of ~3%
for the SCLs has been observed at 120 °C and 5% for the rods at
180 °C, respectively. This is attributed to the evaporation of non-
network constituents released when the material is undergoing
glass transition. The major mass loss is 86% to 88% recorded be-
tween 280 and 500 °C, followed by a low mass loss of 1 to 2% from
500 to 600 °C. The large mass loss shifts to higher temperatures
with a higher heating rate, this was attributed to the thermal lag.
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Figure 3. Schematic representation of the polymer network and the generated volatiles illustrating how the rate of degradation and subsequent gen-
eration of volatiles is limiting the conversion at lower temperatures, below 350 °C (1.6x1073 [K™"]) for a 1 °C min~! heating rate, and the transport
of said volatiles at higher temperatures. This hypothesis is supported by the Arrhenius plot showing the natural logarithm of the conversion rate from
the thermogravimetric data presented in Figure 2, versus the inverse temperature. The change between the two linear regimes with their estimated
activation energies of 156 and 79 k) mol~" are believed to be caused by a change in the limiting process. The two equations given in the figure describe
how the rate of transport, diffusion constant Dy, and rate of volatile generation kg change with temperature. The activation energies determine the rate
dependency of transport and volatile generation. The pre-exponential factors describe how frequently the transport and reactions take place, respectively.

When comparing the rods and SCLs, degradation occurs earlier
for the rods, with the inflection point for the rods heated at 1 and
2 °C min~! recorded at 394.25 and 404.82 °C, and for the SCLs at
399.16 and 417.6 °C, respectively. This indicates degradation ki-
netics that are sensitive to size, with accelerated degradation rate
for larger structures. The SCLs heated at 1 and 2 °C min™" pro-
duced dimensionally stable structures with a shrinkage of 38.6%
and 7% residual mass and 39.8% shrinkage and 9.2% residual
mass, respectively. All other samples degraded and produced a
film of solidified tar-like material on the inner surfaces of the
crucible (Figures 2f,g). This highlights the problem at hand, the
process is much more forgiving for short transport distances.
As the gas fraction generated during the degradation provides
insight to the degradation mechanism, it was analyzed by online
MS. Figure 2a shows the ion current for selected mass traces
and total mass fraction versus temperature for an SCL heated
from 300 to 500 °C at a rate of 5 °C min~!. The full spectrum
is provided in Figure S4, Supporting Information, and the TGA
data can be found in Figure S5, Supporting Information. Water,
carbon dioxide, methane, and toluene are the main degradation
products. The 91 AMU trace is plotted for toluene as it has the
highest ion current for this species and 15 AMU for methane to
prevent ambiguity with oxygen traces at 16 AMU. The presence
of toluene is consistent with the suspected mono-substituted aryl
group from the FTIR analysis, as the toluene side chain is easily
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removed from the acrylic backbone.[?*] The majority of volatile
species generated are simple gasses, such as CO,, H,0 and CH,,,
whose diffusive behavior has been studied for a wide range of
polymers.[°]

The Friedman method was used to estimate the apparent acti-
vation energy for the degradation processes at the heating rates
presented.!?] Figure 3 shows the natural logarithm of the con-
version rate versus the inverse temperature (K!) for the samples
ramped from 25 to 600 °C. The activation energy estimated us-
ing this approach is a weighted sum of all the activation energies
associated with the reactions or transport phenomena. A short
introduction to this is provided in the supporting information.

There are two distinct linear regimes observable in Figure 3,
one in the range of 322 °C (1.68 x 10~* K') to 352 °C (1.60 X
1073 K1) for all samples, and one that starts at higher tempera-
tures. The transition between those regimes depends on the heat-
ing rate, where samples undergoing lower heating rates seem to
experience this transition at quasi-static conditions. We estimate
the activation energy for the lower temperatures with a linear fit
of the data points from all six samples, providing us with an ap-
parent activation energy of 156 k] mol~!. The apparent activation
energy for the higher temperatures is estimated using a linear
fit in the respective ranges above the transition point. The 10 °C
min~! sample represents a special case, since no such upper lin-
ear regime could be detected and is hence left out from this as-
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Figure 4. TGA mass and temperature program for simple cubic lattices (SCL) treated with a) two different post hold ramps (1and 3 °C min~'), the slow
1°C min~! post hold ramp yielded no structure, b) for two different isothermal temperatures (280 and 320 °C). Light microscopy images of c) sample
320/1 h 3 °C min~" with 11% weight loss prior to the post hold ramp, d) sample 280/4 h 3 °C min~" with 4% weight loss prior to the post hold ramp,
and e) sample 320/4 h 3 °C min~" with 23% weight loss prior to the post hold ramp, scale bar 1 mm for all images. The dimensional stability of the
resulting structure increases with the thermal budget spent in the reaction limited regime.

sessment. The apparent activation energy evaluated similarly to
the lower temperature ranges provides us with an estimation of
79 k] mol~! for this range independent from the ramp.

The square error, 95% confidence bound, thermal range, and
fitted values are given in Table S2, Supporting Information. From
the MS of an SCLheated at 5 °C min~! (Figure 2a), itis shown that
most of the volatiles generated seem to be simple gasses, such as
CO, and CH,, where expected activation energies are reported
between 10 and 100 k] mol~.1?] This is lower than the estimated
156 kJ mol™! for the lower temperature ranges. We therefore hy-
pothesize that this activation energy is related to the degradation
of the polymer. Others reported degradation mechanisms of sim-
ilar (meth)acrylic polymers with activation energies as high as
276 k] mol~1.[?7] Furthermore the limitations caused by diffusive
transport and its ties to the crosslinking density is reported to
play a vital role in the degradation of (meth)acrylic polymers.®]

In the conversion process, it seems that degradation and
volatile production is the rate limiting factor at lower temperature
and not the diffusion rate of the produced volatiles. In the tran-
sition between the regimes, the activation energy of the process
becomes lower. As we are measuring weight loss in the TGA, we
can argue that another process is limiting weight loss above this
temperature range. Interestingly, the activation energy is now in
a regime that corresponds to the 10 to 100 KJ mol~' range, which,
as reported elsewhere, can be correlated to the transport of simple
gasses.[?>28] We hence believe that when overcoming this critical
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temperature, we are switching to a process that is transport lim-
ited, as illustrated in Figure 3.

2.2.2. Effect of Isothermal Hold and Post Hold Heating Rate

We now want to explore an isothermal hold time close to the tran-
sition between the explored regimes in the previous experiment.
The onset of degradation is within 280 and 320 °C. The effect of
an isothermal hold step in this temperature regime together with
different ramps past this hold was investigated. We varied hold
time, hold temperature, and post hold ramp, with a fixed initial
ramp of 2 °C min~! and fixed final temperature of 1000 °C. Ini-
tially the post hold ramp was set to 3 °C min~!. The Arrhenius
behavior of the conversion rate combined with the time spent at
a given temperature is referred to as thermal budget. It is used to
describe the thermal energy received and captures the behavior
that a long duration at a low temperature can have the same re-
sult as a short duration at a higher temperature when evaluating
the polymer’s conversion to carbon. Cut sections of the SCL were
used for this experiment.

Figure 4 shows a selection of TGA data, with the resulting
structures. We observe a significant effect on the weight loss rate
with the set hold temperature during the isothermal step, where,
as expected, a higher temperature results in a higher weight loss
rate (Figure 4a). At 280 °C, the weight loss from the isothermal
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step was only 4% prior to the post hold ramp for a sample held
at 4 hours, whereas when held at 320 °C for the same amount of
time (4 h), the weight loss was 23%. Also, the dimensional sta-
bility is visibly improved (Figures 4d,e). The hold duration also
has an effect. At 320 °C, an increase of the hold time from 1
to 4 h increased the dimensional stability visibly (Figures 4c,e).
The degree of conversion prior to the post hold ramp is lower
for the samples with the low hold time and hold temperature, a
greater mass loss therefore has to occur during the 3 °C min~!
post hold ramp, this we have also oberved in the previous exper-
iment. It is likely a result of a transport limited process.

Another critical aspect is the rate of the post hold ramp. We
looked into two different post hold ramps; 1 and 3 °C min~! for
all processes explored so far. After a low post hold ramp of 1 °C
min~', no material was left in the crucible. The sample seemed
to have converted to a gaseous or condensate state and exited the
TGA chamber. A post hold ramp of 3 °C min~! produced carbon-
like material independent of the prior processing.

For 1 °C min~' ramps, a reaction occurs that causes a disinte-
gration of the structure in the range between 600 and 1000 °C,
even if a dimensional stable structure was obtained in the ini-
tial ramping experiment from 20 to 600 °C (Figure 2e). When
reviewing the TGA data in Figure 4b of the sample heated at 1 °C
min~! from 320 to 1000 °C, we can clearly see a secondary mass
loss stage appearing between 650 and 800 °C. A similar secondary
mass loss stage can also be seen for the samples heated at 3 °C
min~!, however, here a residual mass remains. Reviewing liter-
ature in the field of acrylic photopolymer degradation kinetics,
we hypothesize that this observation can be linked to the rate of
radical recombination due to caging effects.[?®31 A cage is here
referred to as the space that confines radicals inside the network.
It is stated that radical pair formation upon thermal activation
is reversible. The generated radicals initiate chain degradation
but only if they first escape the cage. The probability that radical
pairs escape from the cage after their formation decreases with
crosslinking density (which lowers the radical diffusion rate) and
rate of radical generation (increases the density of radicals and
leads to radical collision). If both crosslinking density and rate
of radical generation is high, the probability of radical recom-
bination is increasing, a process which seems decisive for ob-
taining stable carbon structures. This is corroborated by findings
from the carbonization of other polymers, where it is stated that
highly crosslinked polymers are important to obtain high carbon
yield.[3132]

We conclude that a slower initial ramp and/or an isothermal
step in the temperature range where the process is limited by the
rate of degradation followed by a fast ramp up to 1000 °C is a
good strategy to obtain dimensionally stable carbon.

2.2.3. The Effect of Isothermal Hold Temperature and Transport
Distance

With the obtained knowledge, we aimed to explore even lower
SVRs reverting back to our initial attempts on carbonizing pho-
topolymer rods fabricated with two photon lithography. We at-
tempted to accelerate the transport and degradation kinetics by
raising the temperature of the isothermal step. The thermal bud-
get and hold temperature were increased to 340 °C for 24 h,
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350 °C for 14 h, and 360 °C for 6 h. The initial heating rate was
kept at 2 °C min~!, but an intermediate heating step of 0.5 °C

in~! to 440 °C before the final ramping of 10 °C min~! to
1000 °C was added. This intermediate step was added to ensure
full conversion of the main degradation reaction before transi-
tioning to the high post hold ramp. The three different hold tem-
peratures were tested using three SCLs and three rods of 1 mm
diameter. The resulting structures and the mass loss is plotted in
Figure 5. No bubble formation was observed, but the rods were
less dimensionally stable than their SCL counterparts. A lower
hold temperature resulted in a slower weight loss, Figure 5a. An
effect on the residual mass is likely, as a hold temperature of
350 °C gave the highest yield across geometries, however, the dif-
ferences are too small to provide a significant statement. Here,
further experimentation is necessary. For a diffusion-limited pro-
cess, the time needed for the structures to deplete would depend
on the transport distance and hence the SVR, such a dependency
cannot be observed here. This means that we still need to explore
the limiting factor during this stage in the polymer’s degradation.

The isothermal process was modeled using Iso-conversional
Kinetic Analysis, which is a useful toolbox for investigating the
processes described her. The article by Sergey Vyazovkin covers
this well and there is a short introduction that can be found in the
supporting information.!33] In Figure 5c, the degree of conversion
() is plotted versus the rate of conversion (&) for all samples dis-
played in Figure 5. We find the linear first order reaction model
presented the best fit out of the common transport and reaction
models.l****] The results of the fitting can be found in Figure 5c,
and Figure S6, Supporting Information, with the pre-exponential
factor A being e?*?? and an activation energy E of 167.8 k] mol~!.
Table S3, Supporting Information states the mean value, 95%
confidence interval, and R? for the fitted values. Comparing the
mass loss of the samples to the model, we observe that the first
30 to 40% of the conversion deviates, nevertheless, it captures a
good portion of the process. The first order reaction model does
not include diffusive behavior. This, together with the observed
similarity of the weight loss between SCL and rods, suggests that
the process might indeed not be limited by the diffusive transport
of gases.

Looking at the thermal degradation of methacrylic systems,
Lomakin et al. reports the following processes with correspond-
ing ascending activation energies above 15% weight loss un-
der isothermal conditions.”’”] A linear fragment is a fragment of
the polymer network originating from the monofunctional poly-
mer constituents while a network fragment is resulting from the
multi-functional constituents.

1) Depropagation of linear fragments with effective activation
energy of 118 to 124 k] mol~?!, and 74 to 83 k] mol~! for net-
work fragments.

2) The termination of linear polymer radicals with effective acti-
vation energy of 160 to 163 k] mol~'.

3) The initiation of random chain scission of the C-C backbone
with effective activation energy of 215 to 276 k] mol~'.

Our activation energy estimation of 168.7 k] mol™ fits very
nicely into the described range, however, cannot be ascribed to
one reaction only. There is apparently a large amount of pro-
cesses that have their activation energies in this range including
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Figure 5. a) Weight loss, b) temperature program, and c) conversion plot for the TGA of the three SCLs and the three 1 mm rods undergoing three
different isothermal temperature programs, residual mass in parenthesis. d—i) Light microscope images of resulting carbon structures treated at three
different hold temperatures, scale bar 200 um for all samples. There is no difference in depletion time between the SCL and rod samples indicating
that the process is not transport limited. This is further supported by the seemingly linear trend in the conversion plot which is indicative of first order

reaction kinetics.

diffusive transport of larger molecules.[**] Krongauz reports that
the degradation of acrylic photopolymers is determined by the
rate of polymer segment rotation leading to decarboxylation and
formation of chain segments with consequent formation of cyclic
intermediates (cyclization).I?”! The formation of volatile species
such as CO,, CH, and others are, according to literature, not rate
limiting as their diffusion rate is higher. The length of a polymer
available for rearrangement, in turn, is dependent on its glass
transition temperature and the degree of crosslinking, which we
hypothesize, are critical parameters for the suitability of a pho-
topolymer to retain its shape during carbonization. It has to be
noted, however, that detached fragments including monomers
may also influence the degradation if they do not take part in sta-
bilizing processes such as the formation of cyclic intermediates.

A larger upper bound in feature sizes is further substantiated
Dby literature in the field of carbon production, where non-porous
glassy carbon is reported to have an upper transport distance of
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4.5 mm prior to carbonization.['*3] Here, we deal with a 0.5 mm
transport distance, which is far from the reported limitation.

2.3. Shrinkage and Composition during Carbonization

The shrinkage and composition at different stages in the temper-
ature program was investigated using EDS of 3 mm long, 1 mm
in diameter rods heated to different stages in the temperature
program. The average shrinkage in diameter D and length L, and
the carbon and oxygen content are summarized in Figure S7 and
Table S4, Supporting Information. The largest shrinkage occurs
in the 20 to 440 °C temperature range, while the most significant
change in oxygen and carbon content occurred between 440 and
600 °C. It seems that the sum of volatiles responsible for the large
weight loss and shrinkage observed between 25 and 440 °C have
a carbon to oxygen ratio similar to that of the polymer precursor.
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Figure 6. a) End of Sample @ 1T mm 10 h showing pertruding material observed at the end of all samples. b) Sample @1.5 mm 14 h presenting with
extensive bubble formation likely caused by an excessive hold time. c) End of Sample @ 1 mm 14 h showing how the ends lift from the substrate during
carbonization. d) Sample @ 1.5 mm 10 h, showing the surface quality achieved in the middle of the rod. e) Sample @ 1 mm 14 h displaying the overall

size and shape of the carbonized samples.

This is consistent with the scission of monomer and cyclification
process suggested by Krongauz.[?! Following the published ar-
gumentation line, the drastic change in oxygen content between
440 and 600 °C is then likely related to the elimination of oxy-
gen from these cyclic intermediates however this cannot be con-
firmed by the given data. The SCL held at 340 °C for 24 h and
heated to 1000 °C in Figure 5, had a shrinkage in unit cell size of
64% and a shrinkage in thickness of 68%, compared to the rods
in Figure S7, Supporting Information, which had a shrinkage of
56% in thickness and 57% in length at 1000 °C. Less shrinkage
with a thicker structure is consistent with the proposed degrada-
tion mechanisms, as a longer path gives more time for carbur-
izable species to stabilize, for instance through cyclization. This
is further supported by the higher residual mass fraction for the
thicker structures which can be seen in Figure 5. It is therefore
expected that the residual mass and shrinkage will be dependent
on the feature size and SVR and will not be constant across ge-
ometries.

One argument that could be made regarding the similarity of
the weight loss between the SCL and the rods is that the network
we produce through this process is porous, which decreases the
transport distances. This we want to explore next.

2.4. Porosity of the Obtained Architected Carbon
Further decreasing the SVR, we looked at the carbonization of

30 and 40 mm long circular rods of 1 and 1.5 mm diameter. The
protocols employed are summarized in Table S5, Supporting In-
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formation, with the 30 and 40 mm long rods held for 10 and 14
h, respectively. There are four observations we can make and are
displayed in Figure 6.

® First, the ends of the rods, where the surface area is higher,
show protruding material independent on the processing con-
ditions, lengths and thicknesses (Figure 6a). However, the
main section of the rod appears of high quality with the indi-
vidual passes of the laser beam causing polymerization along
its trace still visible (Figure 6d).

® The length did not have any effect on the carbonization result.

® For the thicker samples with the lower SVR, longer isothermal
hold times led to bubble formation, Figure 6b,d shows 1.5 mm
rods with 10 and 14 h hold time at 360 °C.

o If the rod is not constrained on the ends, curling can be ob-
served, Figure 6c,e.

The results from a 4-point electrical conductivity measure-
ment of the rods presented in Figure 6, with the exception of
sample & 1.5 mm 14 h due to the large defects, are presented
in Table S6, Supporting Information. The resistivity varied from
0.95x107* to 1.37x107* Qm.

The rods were broken, and the resulting fracture surface was
examined using SEM. All samples showed the same type of frac-
ture surface, Figure 7. There is no apparent porosity that can be
resolved with the SEM, but there is a change in surface texture
when inspecting different parts of the fracture surface. Bulk ma-
terial as seen in Figures 7a—c is grainy but non-porous at the mi-
cron scale. The fracture surface seems unlike the one reported
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Figure 7. Fracture surface of Sample @ 1 mm 10 h. a) overview of the fracture surface. b) Grainy region of the fracture surface. c) Stepping on the fracture
surface. d) Edge of fracture surface. e) Closer view of the grainy region. The material presents as non-porous at the micron scale.

for glassy carbon, which usually has distinct striations or is com-
pletely smooth.l”] Figure 7e shows a closer view of the grainy
region which could be due to a porosity at the 100 nm scale. This
is far from the porosity reported by Rezaei et al. for other acrylic
photopolymers undergoing carbonization.” This can be related
to the different polymer, thermal processing and printing pro-
cess investigated here. For a detailed comparison further studies
involving other formulations are required. Interestingly, the frac-
ture zones close to the surfaces, Figure 7c, in contrast, seem sim-
ilar to those reported for glassy carbon, which may be indicative
that bulk material deviates from the one close to the surface.[’”]

2.5. Demonstration of Achievable Scale

Based on the thermal program and the outlined theory, the scale
at which architected carbon can be obtained should be much
larger than the current state of the art. To explore this, a model
of a rabbit, with a height of 8.37 and 127.4 mm? volume was
printed using a digital light processing (DLP) 3D-printer. The
resin is based on the same photopolymer mixture as for the 2PP
experiments but mixed with a different UV-photoinitiator and
UV-absorber.[?!] The rabbit had a SVR of 1.38x10~% um™!, mea-
sured from the scaled CAD model.[®! The employed carboniza-
tion strategy was 2 °C min~! to 350 °C, hold for 14 h before a
0.5 °C min~! ramp to 440 °C, then 10 °C min~! to 1000 °C. The
resulting carbon rabbit is shown in Figure 8. Similarly to the ex-
periments with the rod structure, the contour line pattern on the
surface of the rabbit caused by the layer-by-layer printing pro-
cess, is also visible here, despite in much lower resolution due to
the nature of the DLP process. Retaining these features through
the carbonization demonstrates how well they can be preserved.
The rabbit consists of various features vastly differing in their
SVR. Interestingly, the overall shape of the rabbit could be pre-
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served with nearly all features intact. However, the shape is some-
what deformed, which might be related to sagging under its own
weight. With further optimization on the stiffness of the poly-
mer and an improved understanding of the cyclization behavior
during carbonization as well as adaptions to the CAD prior to
printing, we hypothesize that quite close resemblance can be ob-
tained.

3. Conclusion

In the presented work, we have investigated and developed a ther-
mal program to carbonize the commercial acrylic photopolymer
UpCarbon to architected carbon. After discussing mechanical
properties and composition, the effect of heating rate, isothermal
hold time and temperature in the thermal treatment was investi-
gated and discussed with respect to the degradation process of the
polymer. Two distinct activation energies for the degradation pro-
cesses were described (79 and 169 k] mol~!) and discussed with
respect to the degradation mechanisms of the polymer. Given
the right conditions, the diffusional transport of volatiles is not
dominating, but rather the rearrangement rate determined by the
mobility of polymer fragments inside the degrading network. A
thermal program corresponding to these mechanisms was de-
veloped, the program consisted of: 2 °C min~ to 350 °C with an
isothermal hold for 14 h, followed by a ramp of 0.5 °C min~"! to
440 °C, and last a ramp of 10 °C min~! to 1000 °C. SEM micro-
graphs do not show any porosity at the pm scale and the orig-
inal geometrical relations are retained. The achieved structures
have SVRs of down to 1.38 X 10~* um~! and transport distances
of several millimeters, which proves that a deeper knowledge of
the dimensionally stable carbonization process may indeed en-
able architected carbon with features from mm to nm scale in
one part, at least theroetically . We show that geometrically sta-
ble CAD defined carbon structures ranging from 7 mm in thick-
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Figure 8. a) 3D-printed and pyrolyzed rabbit made from UpCarbon, scale bare 2 mm. b) Carbonized compared to the as printed geometry, scale bar 4
mm. Figure S8, Supporting Information shows the rabbit prior to carbonization. The temperature program utilized is 2 °C min~' to 350 °C, hold for 14

h before a 0.5 °C min~! ramp to 440 °C, then 10 °C min~' to 1000 °C.

Table 1. Printer settings used for the production of 2PP SCL and rod sample
geometries.

Object  Object  Scanning speed Infill ey d, Laser power
[mm s~ mode [um] [um] [mW]

SCL 5%/0.25 750 Coarse 10 10 250

Rods 4x/0.16 750 Coarse 10 10 350

ness to tens of microns (measured prior to carbonization) in one
part can be obtained. We believe that this work can serve as a
foundation for utilizing architected carbon in the macroscopic
domain.

4. Experimental Section

Materials:  2,4-dihydroxyazobenzene (Sudan Orange G, CAS: 2051-
85-6), phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, CAS:
162881-26-7), and acetone were purchased from Sigma-Aldrich (Oslo,
Norway) and used without further purification. The commercial two-
photon polymerization (2PP) resin UpCarbon was provided by UpNano
GmbH (Austria). Additionally, an unmodified base resin formulation of
UpCarbon without any two-photon active additives (UpCarbon Clear) was
provided.

Two-Photon Polymerization: 2PP 3D printed parts were fabricated us-
ing a NanoOne 1000 high-resolution 3D printing system (UpNano GmbH,
Austria) in vat mode.3°] Here, the laser (80 MHz repetition rate, 90 fs
pulse length, and 780 nm wavelength) was focused through a high-
precision cover glass into a material vat containing the resin and main-
tained at a constant height above the glass window. For layer-wise 3D
structuring, the laser was scanned along the xy plane by a galvanometer
scanner, and the objective together with the vat is lowered along the z axis
using a piezo stage. A 5X air objective (NA 0.25, Fluar 5x/0,25, Zeiss) and
a4x air objective (NA 0.16, UPlanSApo 4x, Olympus) were used for focus-
ing. Methacrylized borosilicate glass substrates were used.[?] Depending
on the objective different laser powers, scanning speeds, line distances
(d) and layer spacings (d,) were used (see Table 1).

DLP  Resin  Preparation and Printing: A solution of 2,4-
dihydroxyazobenzene (0.005 g) and phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (1 g) in acetone (20 mL) was prepared at 30 °C by mag-
netic steering. The solution was mixed with UpCarbon base resin (98.95
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g) in a Heidolph rotary evaporator at 150 RPM, 60 °C and atmospheric
pressure for 60 min, followed by solvent evaporation at 60 °C and 350
mbar for 5 h. A rabbit was printed on a Way2Production Solflex 650 DLP
3D printer (W2P Engineering GmbH, Austria) placed in a box with an
ambient temperature of 60 °C. The rabbit model was downloaded and
scaled by a factor of 0.1, then printed with a layer thickness of 50 um.[38]
The printed rabbit is depicted in Figure S8, Supporting Information.

Carbonization: Two instruments were used to carbonize the samples.
The SCL and rod sections, with the exception of the eight rods used for
EDS, were carbonized using the TGA as described below. The 30 and 40
mm long rods, the eight rods used for EDS, and the rabbit were carbonized
using the tube furnace (Carbolite 3508) equipped with a vacuum pump.
The eight rods were cut and ground to a length of 3 mm using 800 and
then 1200 grit abrasive paper, from a 30 mm rod. The TGA was flushed
with Nitrogen for 15 min at 250 mL min~" before all references and tests
and the tube furnace was evacuated to a pressure of 1072 Pa and filed with
Nitrogen three times before the temperature program was started.

TGA: The thermogravimetric data was recorded using a Netzsch STA
449 C Jupiter with 90 uL alumina crucible. The initial weight of each sample
was determined using a lab scale (Mettler AE 163) and analyzed in nitro-
gen atmosphere with a flow of 20 mL at 0.5 bar overpressure. The lattices
used in the analysis was cut using a scalpel to fit a cylindrical 90 pL crucible
suited for TGA.

FTIR: The spectrum of UpCarbon Clear monomer blend and polymer
was recorded using a Bruker Vertex 80v—FTIR spectrometer. The spectra
for the liquid monomer blend was recorded with 1 cm™' sampling rate,
and acquisition mode attenuated total reflectance (ATR). The spectra for
the 2PP polymerized UpCarbon were recorded using ATR with a sampling
rate of 3 cm™". The powder for the measurement was prepared by crushing
a piece of SCL in a glass mortar. The sample stage was cleaned with 96%
ethanol in between measurements, and a background was taken in the
evacuated empty stage.

DSC: The heat flow was recorded using a TA Instruments Discovery
DSC250 with aluminum Tzero hermetic pans and a nitrogen flow of 50 mL
min~'. The pan was filled with three @ 1 mm rods, cut from a 30 mm long
sample, weighing a total of 11.3 mg.

DMA: The data for the dynamic mechanical analysis was recorded on
a Rheometric Scientific DMTA V with a strain of 0.1%, auto tension with a
minimum force of 0.5 N, and a dynamic load oscillating at 10 Hz with an
amplitude of 0.4 times the static load.

Mass Spectrometry: MS experiments were performed in a TA In-
struments HP-TGA 7500 coupled with a Discovery Il quadrupole mass
spectrometer. A 3 mg SCL sample was analyzed in a 90 pL alumina cru-
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cible in 20 mL min~" Argon at 1.5 bar. The mass spectrometer operated
in electron impact ionization mode with a mass range of 1-100 amu.

Microscopy:  Optical microscope images were taken using a Hirox RH-
2000 Digital Microscope with a one to ten times optical zoom and 5x,
10x, and 35X objectives. SEM images were acquired with Thermo Fisher
Apreo SEM, with a standard secondary electron detector. The acceleration
voltage was 3 kV, and the beam current 50 pA.

Conductivity:  The conductivity of the graphitized rods was measured
using a FLUKE 8846 A precision multimeter with a custom 4-point prob-
ing station. The distance between the probes and the dimensions of the
rods were measured using a Hirox RH-2000 Digital Microscope while the
conductivity measurements were performed.

EDS: EDS was done with Thermo Fisher Apreo SEM, using X-MAX
80 from Oxford Instruments. The Aztec software compares the emitted
spectrum to referenced values to yield the sample composition. For the
experiment, a 20 kV beam was used. The samples were made by scraping
a section of a few square millimeters on the carbon rod surface with a blade
to remove potential thin layers of contamination. The EDS was mapped in
this scraped area and averaged to compute a compositional profile in this
region.
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