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In Situ Pyrolysis of 3D Printed Building Blocks for
Functional Nanoscale Metamaterials

Qing Sun, Christian Dolle, Chantal Kurpiers, Kristian Kraft, Monsur Islam,
Ruth Schwaiger, Peter Gumbsch, and Yolita M. Eggeler*

This study presents a novel approach for investigating the shrinkage
dynamics of 3D-printed nanoarchitectures during isothermal pyrolysis,
utilizing in situ electron microscopy. For the first time, the temporal evolution
of 3D structures is tracked continuously until a quasi-stationary state is
reached. By subjecting the 3D objects to different temperatures and
atmospheric conditions, significant changes in the resulting kinetic
parameters and morphological textures of the 3D objects are observed,
particularly those possessing varying surface-to-volume ratios. Its results
reveal that the effective activation energy required for pyrolysis-induced
morphological shrinkage is approximately four times larger under vacuum
conditions than in a nitrogen atmosphere (2.6 eV vs. 0.5–0.9 eV, respectively).
Additionally, a subtle enrichment of oxygen on the surfaces of the structures
for pyrolysis in nitrogen is found through a postmortem electron energy loss
spectroscopy study, differentiating the vacuum pyrolysis. These findings are
examined in the context of the underlying process parameters, and a
mechanistic model is proposed. As a result, understanding and controlling
pyrolysis in 3D structures of different geometrical dimensions not only
enables precise modification of shrinkage and the creation of tensegrity
structures, but also promotes pyrolytic carbon development with custom
architectures and properties, especially in the field of carbon micro- and
nano-electromechanical systems.

1. Introduction

With the advent of novel printing techniques, a vast majority of
ultra-complex micro- and nanoarchitectures are nowadays easily
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achievable.[1] 3D printing has even found
its way into everyday life and commercially
available tools allow the access to the fas-
cinating world of printing all conceivable
structures in a bottom up approach. In the
scientific community, several distinguished
approaches are used to bring the used pre-
cursor matter into 3D order.[2–6] One of
the most promising techniques is the light
stimulated polymerization of oligomeric or-
ganic precursor materials by two-photon di-
rect laser writing (DLW).[6,7]

In DLW printed architectures, a poly-
mer solution is spread on a surface and
the subsequent cross-linking is stimu-
lated by the application of focussed laser
light, thus allowing the construction of
3D structures with structural sizes close
to the diffraction limit of the employed
light source.[6] The versatility of this print-
ing technique was already used to con-
ceive microstructural architectures to be
employed in fields related to carbon mi-
croelectromechanical systems (C-MEMS),
building devices that act as biosensors,[8]

lab-on-a-chip,[9,10] drug delivery,[11,12] or tis-
sue engineering.[13,14] To further miniatur-
ize these printed microstructures, pyrolysis

in a vacuum or under an inert atmosphere is an established
processing step, leading to a structural shrinkage of up to
80%[6,15] and the accompanied evolution of the resulting ma-
terials’ parameters, such as electrical, optical, and mechanical
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properties.[6,13,16–19] 3D printed and pyrolyzed structures were
e.g., used for applications in life science or micromechanical en-
gineering, showing the broad applicability of the combination
of 3D printing and pyrolysis. The predominant size reduction
upon pyrolysis is already happening at relatively low tempera-
tures below 600 °C,[20,21] while pyrolytically converted materials
are usually heated to 900 °C and above to generate glassy car-
bon or graphenoid materials from the printed organic precursor
material.[22]

Here, we use in situ scanning electron microscopy (SEM)
to investigate the size defining shrinkage step of 3D printed
microstruts that are used as building blocks for mechanical
metamaterials[6] to observe and quantify the structural alteration
under real isothermal conditions and in different surrounding at-
mospheres. By unraveling the real-time structural shrinkage, we
are able to use the tracked deformation dynamics to extract effec-
tive activation energies.[23] Furthermore, by employing the capa-
bilities of environmental scanning electron microscopy (ESEM),
we expand our study to two defined pressure states, namely high
vacuum (10−5 mbar, HV) and low vacuum (3 mbar, LV) to ad-
dress the differences in the two predominant pyrolysis regimes
(in vacuum or inert atmosphere). The experiments are carried
out using a micro-electromechanical-system (MEMS) chip heat-
ing system that allows high heating rates of 20 °C s−1 to reach
the final isothermal setpoints of 450, 500, and 550 °C. We track
the longitudinal changes by SEM imaging and extract the effec-
tive activation energies by fitting a model-free master curve to the
obtained data.[23] Finally, a postmortem scanning transmission
electron microscopy (STEM) electron energy loss spectroscopy
(EELS) investigation gives deeper insights into the distribution
of carbon and oxygen. Our study is complemented by thermo-
gravimetric analysis (TGA) measurements, showing not only the
predominant weight loss at 500 °C but also helps to unravel the
composition of the volatile byproducts that are released during
the structural shrinkage.

The microstruts that we investigate in this study are the fun-
damental building blocks of complex architectured metamate-
rial cages that show unprecedented mechanical properties under
loading stress.[6,24–26] Their structural stability is hence directly
correlated to the properties of its individual constituents after
pyrolysis-induced shrinkage. To properly understand and predict
these properties, a thorough understanding of the material re-
sponse during the process of pyrolysis is therefore of utmost im-
portance. We expect to get a glimpse of the pure pyrolysis mech-
anism based on our study to pave the way toward a complete un-
derstanding of parameters and processes for a better predictabil-
ity of the resulting carbon materials’ properties.

For this study, we used a commercially available photore-
sist, referred to as IP-Dip, which is an acrylate-based pho-
toresist. It is known to comprise 60–80% of pentaerythritol
triacrylate (also known as 2-(hydroxymethyl)-2-[[(1-oxoallyl)oxy]
methyl]-1,3-propanediyl diacrylate), which is an oxygen-enriched
monomer.[15,27] On the one hand, using TPL DLW and a well-
known photoresist allows precise printing on the MEMS chip.
On the other hand, there is research on IP-Dip derived carbon
in different fields, from mechanical metamaterials,[6,24–26] and
photonic structures[15] to C-MEMS applications.[27,28] Addition-
ally, this in situ experimental pyrolysis design can be extended to
investigations of various other polymer precursors.

2. Results and Discussion

2.1. Sample Design and Fabrication

Regarding the sample morphology, previous studies reported
that different structures and especially the associated surface-to-
volume ratios have a strong influence on the degree of shrinkage
induced by pyrolysis.[29] However, structures fixed on a substrate
will experience non-uniform shrinkage in the vertical direction
due to the strong adhesion to the substrate.[29,30] We choose a se-
ries of microstrut structures with 10 μm length and use springs
and disc-shape pedestals as decoupling supports, as suggested in
the literature.[6,31] Their cross sections were designed with vary-
ing squares with lateral dimensions of 1 × 1, 2 × 2, 3 × 3, and
4 × 4 μm and are referred to in the following as G1, G2, G3, and
G4, respectively. A cross-sectional analysis of the as-printed mi-
crostruts reveals an elongation in Z-direction, see Figure S1 (Sup-
porting Information). The deviation of the perfect square shape
can be explained by the intrinsic ellipsoidal voxels of the TPL sys-
tem, where the vertical resolution is three times lower than the
horizontal resolution.[15] Moreover, thicker samples tend to have
some concave and convex shapes on their surfaces. This phe-
nomenon may be assigned to the uneven degree of cross-linking
caused by the overlapping of voxel lines in the printing process.

Figure 1 depicts the schematic workflow for the in situ pyroly-
sis study. The protruding “ears” at both ends of the microstrut (as
seen in Figure 1e) are used as tracking markers to better deter-
mine the actual (projected) lengths during shrinkage when ex-
posed to heating. Thermogravimetric studies have shown that
the mass loss and structural evolution mainly occurs in the ini-
tial temperature stage between 400–600 °C (see Figure 2a). It is
caused by the formation of volatile byproducts, which degas out
of the printed structures during pyrolysis. These volatile byprod-
ucts contain CH4, H2O, CO, HCOH, CO2, etc. as evident by com-
plementary mass-spectrometric measurements (see Figure 2b).
Hence, we conduct isothermal heating experiments at 450, 500,
and 550 °C to investigate the dynamics of the struts’ structural
evolution. Taking advantage of the rapid heating and precise tem-
perature control of the heating chip,[33] the temperature set point
is reached at a heating rate of 20 °C s−1 (Figure S2, Support-
ing Information illustrates the temperature-time profiles). It is
worth noting that pyrolysis studies are typically conducted un-
der an inert gas atmosphere at ambient pressure. Among the
used gases are nitrogen,[34,35] argon,[15] forming gas (5% hydro-
gen 95% nitrogen)[3] but also the behavior under high vacuum
atmospheres was already investigated.[6,27] To correlate the effects
of different atmospheric environments, we perform in situ ESEM
experiments in two pressure regimes: under high vacuum (HV)
of 10−5 mbar and in a reduced nitrogen atmosphere of 3 mbar
(LV) in order to extract the kinetic parameters as a function of
different surface-to-volume ratios and propose a pyrolysis mech-
anism in relation to the atmospheric conditions.

2.2. In Situ ESEM Pyrolysis

In order to study the real-time pyrolysis behavior and mechanism
of IP-Dip microstruts, we performed in situ heating ESEM exper-
iments. To determine the evolution of the isothermal pyrolysis-
induced shrinkage, we continuously recorded top-view images of
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Figure 1. Schematic representation of the microstrut preparation steps onto the micro-electro-mechanical systems (MEMS) chip by two-photon DLW
for in situ ESEM heating. a) MEMS heating chip with a centered heating zone of around 150 μm diameter printable area is utilized for in situ heating
experiments. b) IP-Dip photoresist is drop cast onto the heating zone. c) DLW enables 3D printing on any surface by moving ellipsoidal voxels in
lateral and vertical directions. d) Any unpolymerized photoresist is removed by rinsing in developing solvent. e) As-printed microstruts with varying
surface-to-volume ratios referred to as G1, G2, G3, and G4 are sitting in the heating zone center as indicated by the 3D rendering inset. f) In situ ESEM
heating experiments are conducted by continuous image recording in different environments: high vacuum (HV) and low vacuum (LV) with nitrogen
gas. Adapted with permission.[32] Copyright 2018, Springer Nature.

the microstruts by secondary electron imaging, as presented in
Figure 3. Figure 3a–c represents a collection of SEM micrographs
obtained at progressing times during isothermal exposures at
450, 500, and 550 °C, respectively, in high vacuum (HV) of
10−5 mbar (The full datasets are presented as Movie S1–S3, Sup-
porting Information). The same isothermal in situ pyrolysis ex-
periment was also performed an inert atmosphere with increased

partial pressure (LV) by introducing nitrogen gas into the ESEM
chamber, referred to as “low vaccum” (LV) experiments. To avoid
redundancy, only the series of micrographs for the HV experi-
ments are presented here, while the LV data are presented in the
Figure S3 and Movie S4–S6 (Supporting Information). As men-
tioned above, for both isothermal in situ experiments, 3D-printed
microstruts connected to springs on a pedestal were directly

Figure 2. TGA of UV-cured IP-Dip polymer heated from room temperature to 820 °C with mass spectroscopy. a) Mass loss in % and its derivative during
nonisothermal heating with 5 °C s−1 ramp rate in Ar atmosphere showing that the extremum of mass reduction happened at 458 °C with an onset of
mass loss of 385 °C. b) Mass-spectrometric measurement of pyrolysis-induced volatile byproducts as a function of temperature indicating the formation
of CH4, H2O, CO, HCOH, CO2, etc.
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Figure 3. The evolution of 3D printed IP-Dip microstruts upon isothermal pyrolysis for one hour in a high vacuum. Montage of SEM images showing
temporal sections of the pyrolysis-induced shrinkage process from a top view at a) 450, b) 500, and c) 550 °C, respectively. G1, G2, G3, and G4 represent
microstruts with different as-printed cross-sectional dimensions, namely 1 × 1, 2 × 2, 3 × 3, and 4 × 4 μm, respectively. Timestamps indicating the
pyrolysis duration are given in each subimage. The initial state of the microstruts at 500 °C is depicted in the first column of c), as it was observed that
the first shrinkage caused by pyrolysis occurred at this temperature, before reaching the desired target temperature of 550 °C. Scale bars correspond to
10 μm.

printed on the chips. To also study the effective surface area, the
tetragonal microstruts differ in widths and heights, referred to
as G1, G2, G3, and G4, corresponding to 1 × 1, 2 × 2, 3 × 3, and
4 × 4 μm, sharing the same as-printed length of 10 μm.

At the beginning of isothermal heating, we observe the syn-
chronous shrinkage of the disc pedestal and the microstruts over
time while the microstruts remain upright without apparent de-
flection toward the substrate. As the degree of shrinkage pro-
gresses, the springs start to tilt, as apparent from the top view,
while the pedestal shrinkage is restricted due to its adhesion to
the substrate. By comparing the experiments at different tem-
peratures in Figure 3a–c, it is evident that the higher the tem-

perature, the faster the shrinkage. Moreover, the final lengths at
steady state conditions are smaller at higher temperatures. From
a SEM perspective, imaging insulating materials, such as the
polymer materials used here, without a metal coating is chal-
lenging due to the charging effect.[36] However, at higher tem-
peratures, the transport of excess electrons is facilitated, making
the direct imaging of the pyrolysis dynamics possible (See also
Figure S4, Supporting Information). Nevertheless, the substrate
still exhibits charging effect induced contrast inhomogeneities
along the scan direction (e.g., scan direction from top to bottom
in Figure 3) of the electron beam, especially in the regions be-
tween the disc pedestals where increased intensity is observed.
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Moreover, apparent contrast differences between the microstruts
themselves and the pedestals are due to differences in electron
charge transport. While the pedestal is directly connected with
its largest area to the substrate, which in turn is connected to the
ground potential and therefore can better compensate electrically,
the microstruts have only two points of contact with the substrate,
namely via the spring feet. This slows down the electron trans-
port and makes the microstruts appear brighter. In addition, the
edge effect[36] makes the edges of the 3D-printed structures ap-
pear brighter than their insides because of the higher electron
yield. Disregarding the local contrast variations explained above
and considering the general contrast decrease from left to right,
i.e., with increasing pyrolysis duration in Figure 3), this con-
trast change may give a direct indication of the pyrolysis-induced
phase transformation from polymer to conductive carbon during
in situ heating. For example, from the image series in Figure 3a, a
polymer to conductive carbon transition is expected to take place
after 1800 s at 450 °C , in Figure 3b after 600 s at 500 °C and
in Figure 3c after 8 s at 550 °C. Although this contrast change
is consistent with the expected tendency for this phase transfor-
mation to occur more rapidly at higher temperatures, we can-
not ignore the fact that carbon contamination during continuous
electron beam scanning can also change the overall contrast.[37]

Similar observations were obtained for in situ pyrolysis in low
vacuum (LV) conditions and the according image series are pre-
sented in Figure S3 (Supporting Information). The general ob-
servations for both atmospheres are: 1) the simultaneous shrink-
age of the microstruts and the disk pedestal with increasing
time; 2) the microstruts share a similar temperature dependence,
namely the higher the temperature, the faster and higher the
shrinkage. 3) Compared to HV, where the overall image con-
trast change indicates the phase transformation from polymer
to conductive carbon, in LV this transition is not as pronounced.
Only the in situ pyrolysis LV experiment at 550 °C indicates a
transition within one hour, which however occurs at later times
compared to HV. This implies a slower carbonization process in
LV than that in HV, because the higher environmental pressure
slows down the out-diffusion of volatile byproducts and in turn
the polymer-to-carbon transition. More details are discussed in
Section 2.5.

Tilting from the top view to a perspective view analysis,
Figure 4a, one observes that not only the microstruts but also
the springs and pedestals experienced structural deformation as
well as bending. The original morphology of the springs has
changed in that the windings are compressed and form a tubular
structure. This is due to the softening of the material above its
glass transition temperature (Tg), which lies around 100 °C (see
Figure S5, Supporting Information) combined with the shrink-
age in the axial direction. The observed bending phenomenon
in the microstruts can be explained by the semi-rubbery state
above Tg and the mechanical stress caused by anisotropic shrink-
age in the pedestal-spring-strut architecture. When the pedestal
shrinkage is constrained early by the substrate contact, two forces
induced by shrinkage act on the connection nodes of the mi-
crostruts and springs. This can be observed in the schematic
force analysis of the G1 structure of the HV450 column in Figure
4a). There are two shrinkage-induced forces at the connection
nodes of the microstruts and springs. The first is the force Fm, re-
sulting from the shrinkage of the microstrut and directed toward

its center. The second is the force Fs derived from spring shrink-
age, which points along the spring toward the substrate. The re-
sulting total force Ft is mainly directed downward toward the sub-
strate, causing bending of the microstruts. In particular, the mi-
crostruts with the small cross sections, for example, G1 and G2 in
Figure 4a, are more susceptible to this type of thermo-mechanical
stress.[38] This bending phenomenon has not been previously ob-
served in nanoarchitectured metamaterials, which usually con-
sist of multiple interconnected microstrut building blocks, sug-
gesting an isotropic mechanical stress distribution.[6] As men-
tioned above, since the pedestal is directly connected to the sub-
strate, its shrinkage at elevated temperatures is correspondingly
limited. The degree of shrinkage of the pedestals is identical at
450 and 500 °C in HV condition, and degassing from above leads
to sagging of the inner regions of the surface.[29] Notably, the py-
rolyzed pedestals disappeared upon heating to 550 °C,[27] leaving
a thin carbon residue layer on the substrate. At 550 °C of HV
experiments, an elongation of the springs (due to the high de-
formation rate) resulted in different final dimensions of the in-
dividual microstruts: G1 (40%) and G2 (30%) show less shrink-
age, while G3 and G4 are reaching the minimal sizes of 20%,
which is similar to the shrinkage reported in other published
works.[6,15]

In addition to the qualitative analysis, the projected length of
the struts was tracked using the in situ videos to quantitatively
describe the morphological evolution with respect to different
temperatures, environments, and effective surfaces, shown in
Figure 4b–g. Figure 4b,d depicts the kinetic relationship between
the normalized length of the microstruts and the heating dwell
time in HV environment. The different surface-to-volume ratios,
G1–G4, show similar pyrolysis kinetics when exposed to heat un-
der a high vacuum, including shrinkage rate and final length with
extracted linear shrinkage of 45% (HV450) and 30% (HV500), re-
spectively. Accordingly, Figure 4e–g represents the same results
under LV conditions. The normalized length over time curves
show an expected temperature dependency, namely the shrink-
age rate is higher and the degree of shrinkage is increased with
rising temperature. While the effective surface area of the mi-
crostruts (G1–G4) does not influence the shrinkage in HV envi-
ronment, a noticeably effect of the surface-to-volume ratio is ob-
served for the LV atmosphere, see Figure 4e–g. Higher surface-
to-volume ratio (SV) of the microstruts lead to a higher shrinkage
rate and degree. In addition, the overall observed rate and de-
gree of shrinkage in the nitrogen atmosphere are lower than in
high vacuum condition. For example, at 500 °C, G1–G4 under
LV remain at 32%, 39%, 42%, and 45% of their initial lengths,
respectively; in comparison, G1–G4 of HV experiments at the
same temperatures have similar final lengths of 30%. The py-
rolysis behavior change can be assigned to the varying diffusion
process when desorbing volatile byproducts to the surrounding.
Therefore, by controlling the arrangement of the building block
dimensions in a microlattice, one may achieve unidirectional,
multidirectional, or even more complex preferential shrinkage.
Controlled pyrolysis with the help of atmospheric pressures re-
quires a deep understanding of the interplay of shrinkage and
intermediate mechanical properties. Additionally, it is impor-
tant to consider that the length measured from above and at
a right angle to the microstrut is actually a projection of the
true length. This may result in a slight overestimation of the
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Figure 4. Comparison of microstrut shrinkage during isothermal pyrolysis in high vacuum (HV) and low vacuum (LV) conditions. Panel a) shows a
postmortem analysis of the pyrolyzed microstruts at 450, 500, and 550 °C in both HV and LV environments, viewed from a 52° perspective angle. A
schematic force analysis is depicted for the G1 structure of the HV450 column showing two shrinkage-induced forces at the connection nodes of the
microstruts and springs. The force Fm is directed toward the center of the microstrut, while the force Fs derived from spring shrinkage points along its
axis toward the substrate. The resulting total force Ft is mainly directed downward toward the substrate, causing the observed bending of the microstruts.
Scale bars represent 5 μm. b-d) Pyrolysis kinetics of high vacuum in situ heating experiments for the three temperatures: normalized length (projected)
of each microstrut with respect to heating time in one hour. The inset in (d) showcases the initial stage of heating from room temperature up to 550 °C.
The negative time range, which corresponds to the temperature ramp, reveals that the microstruts undergo thermal expansion until 500 °C, followed by
structural shrinkage that saturates within about 30 s at 550 °C. e–g) Corresponding pyrolysis kinetics for the low vacuum in situ heating experiments.
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Figure 5. Effective activation energies derived from a model-free master curve approach. a–c) An example of master curve approach procedure by a
curve rescaling to determine characteristic rates 1/𝜏 of each heating temperature. a) Normalized length of microstrut G2 at different temperatures as
a function of heating duration. b) Y-axis rescaling to conversion fraction. c) Time rescaling of the 450- and 550-°C curves onto the 500-°C curve, the

master-curve. Arrhenius plottings of high d) and low e) vacuum pyrolysis to extract effective activation energies (Eeff
a ) of each microstrut from the slope

of the fitted lines. f) Bar chart comparing the extracted Eeff
a for the microstruts with different cross-sections (G1– G4) in high and low vacuum conditions.

absolute length change and subsequent shrinkage. However, this
does not affect the overall trend of the kinetic curves and will
only marginally be influenced by the deviation in the slightly bent
structures.

2.3. Master Curve Approach and Effective Activation Energy

In addition to the qualitative analysis of the pyrolysis-induced
morphology kinetics, the effective activation energy (Eeff

a ) of dif-
ferent microstrut sizes can also be derived from the kinetic data.
Therefore, we introduce the model-free master curve method to
derive the Eeff

a .[23] A commonality is clearly seen from the kinetic
curves of HV and LV: the curves fall at different speeds to different
constant values for the different temperatures. The prerequisite
for the master curve method is the similarity of the kinetic curves,
that is, the time-temperature equivalence of the pyrolysis process.
Note that quantitative statistical results can only be accepted if
the beam damage is negligible. A comparison of electron beam
irradiated and non-irradiated heated samples concluded a cutoff

temperature for electron beam damage at around 450 °C at the
given electron beam parameter, see Figure S6 (Supporting Infor-
mation).

The basic idea of how the master curve approach is applied
to extract the Eeff

a is illustrated in Figure 5a–c. The Arrhenius law,
used to determine the relationship between the rate of a chemical
reaction k and temperature T in Kelvin, is expressed as:

k = A e−Ea∕kB T (1)

where A, Ea, and kB are pre-exponential factor, activation
energy, and Boltzmann constant, respectively. We rescaled the
curves l(t) of a single microstrut (G2) with the expression:

( t − tm

𝜏

)
→

( l − l∞
l0 − l∞

)
(2)

to obtain the characteristic rate at different temperatures. First,
we extracted three different temperature curves from LV in situ
experiments as shown in Figure 5a. By rescaling the y-axis, the
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Figure 6. Cross-sectional characterization of the pyrolyzed microstruts. a) Bright-field STEM images of cross-sections of G2 microstruts after exposure
to various pyrolysis conditions (e.g., temperature and environment). Comparison of the degree of linear shrinkage in cross-sectional (lateral) b) and
axial c) direction between high and low vacuum pyrolysis with respect to the different microstruts.

normalized length l is converted into the conversion degree(
l−l∞
l0−l∞

)
of the actual time t, starting from 1 and ending at 0, as

shown in Figure 5b. Here l, l0, and l∞ represent the normalized
length of the actual time t, the initial and final lengths, respec-
tively. In this way, the three temperature curves of G2 share the
same span. For the x-axis rescaling, one of the heating experi-
ments is chosen as a reference, i.e., the master curve. The other
curves are rescaled to overlap with the master curve by adjusting
the characteristic time 𝜏 and offset tm by least squares fitting. In
our case, the curve with the intermediate temperature of 500 °C is
selected as the master curve for the best curve overlap (Figure 5c).
The pyrolysis kinetic information is then extracted as the charac-
teristic time 𝜏 and its characteristic rate 𝜏

−1. Finally, Arrhenius
plotting of the characteristic rates and subsequent linear fitting in
Figure 5d,e are performed to retrieve the slope and Eeff

a of G1–G4
in different environments as shown in Figure 5f. All calculation
procedures and details are shown in the Supporting Information.

The results indicate a SV-independent activation energy in HV
with a value around 2.6 eV and SV-dependent activation ener-
gies in LV, ranging from 0.5 – 0.9 eV. It is remarkable that the
value of Eeff

a changes significantly with the varying pressure by
a factor of four. This points out a change in the overall mecha-
nism of pyrolysis, which can be addressed by the kinetic model
of typical polymer pyrolysis. In this model the chemical reactions
are happening on the materials’ surface and is referred to the so
called geometric shrinkage model.[39] During the structural evo-
lution, several reactions occur in parallel or succession, such as
the pyrolysis-induced formation of volatile byproducts and a se-
ries of physical molecular transports: from the microstrut core
to its surface, from the solid interface to the surrounding envi-
ronment, leading to the complexity of the pyrolysis reaction. An
important factor is the residence time of volatile byproducts in
the solid, including water vapor, carbon monoxide, carbon diox-
ide, and various hydrocarbons (determined by TGA-MS analysis
in Figure 2b), which are influenced by the surrounding atmo-
sphere. The mobile gas molecules can undergo exothermic sec-
ondary reactions with their surroundings or effectively transfer
heat to their neighboring molecules, resulting in the decomposi-
tion of polymer precursors and the formation of carbon.[40] An in-

creased atmospheric pressure slows down the gas diffusion pro-
cesses and facilitates more second-order reactions, which can be
associated with the different extracted Eeff

a in low vacuum exper-
iments. This can also explain why thicker samples have smaller
activation energies and more carbon residues due to a longer
gas residence time. However, to evaluate morphological evolu-
tion precisely, one has to consider the interface and surface en-
ergy of each component (polymer, volatile gas, and carbon).[41]

2.4. Cross-Sectional TEM Study of the Pyrolyzed Microstruts

To get more insights into the influence of surface-to-volume ratio
(SV), temperature, and environmental pressure on the pyrolysis-
induced morphology evolution, we investigate the microstruc-
ture and elemental distribution from cross-sections of the heated
samples. Lamellae of pyrolyzed microstrut samples for TEM
studies were prepared by a focussed ion beam (FIB)-lift-out tech-
nique. Figure 6a reveals bright field-STEM micrographs of the
cross-sections of the pyrolyzed G2 microstruts (originally having
as-printed lateral dimensions of 2x2 μm) for the different heating
and environmental pyrolysis conditions. We refer to the differ-
ent environment and temperature conditions as HV450, HV500,
HV550, and LV450, LV500, LV550. The cross-sections of the mi-
crostruts appear bright in the center of the images and due to
sample preparation reasons are embedded in platinum-carbon
deposits. As mentioned above, the elongation in z-direction is
due to the printing resolution limitation in the vertical direction
of TPL.

We observe a special behavior for the HV550 sample series,
where the heated microstruts ended up coming into contact with
the substrate due to the failure of synchronous contraction of
the support structures. Rapid heating up to 550 °C might lead
to the disappearance of the pedestal and the rapid collapse of the
spring. The merging of the strut and pedestal indicates that the
polymer undergoes a rubbery state during the pyrolysis process.
Besides, this semi-solid intermediate material is also responsi-
ble for the final smooth and spheroidized surfaces to minimize
the surface energies.[42] This rubbery material state induces a
flow on the substrate, yielding a wider base, see Figure 6a HV

Adv. Funct. Mater. 2023, 2302358 2302358 (8 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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550 °C. When comparing samples with different thicknesses
under the same heating conditions (See Figure S10, Support-
ing Information), we found that the thinner samples showed
more elliptical and smoother surfaces. The lower curvature of
the downward facing positions closer to the substrate can be at-
tributed to downward bending. Another notable phenomenon
is a rough contour on the surfaces of G3 and G4 heated under
LV450 and LV500 conditions. This may be caused by the reten-
tion and bursting of volatile gases during rapid heating under at-
mospheric pressure. This phenomenon was also reported on the
surface of macroscale samples pyrolyzed with a high heat ramp of
50 °C min−1.[22]

Image segmentation was utilized to accurately extract the
cross-sectional area of the distorted and as-printed microstruts.
The lateral shrinkage under various geometries and heating con-
ditions was determined (as shown in Figure 6b by calculating the
equivalent length of the square’s side using the square root of the
cross-sectional area, assuming a semi-square design to account
for the distorted cross-sectional shapes. It can be concluded that
the shrinkage in lateral direction under HV conditions is higher
than that of LV conditions, which is consistent with the tendency
in the axially directed shrinkage. By comparing the degrees of
shrinkage in lateral and axial directions (Figure 6c), we find in-
teresting phenomena. In HV, the shrinkage in the lateral direc-
tion, which is SV-independent, is smaller than that of the axial
direction, minimizing the surface energy. However, in LV con-
dition, there is a reversed relationship between SV and the lat-
eral shrinkage, i.e., thick struts have a higher degree of cross-
sectional shrinkage compared to that of thin struts. This results
in a competition between shrinkage degrees in lateral and ax-
ial directions with respect to the aspect ratio. Moreover, the LV
surface-to-volume ratio effect is less pronounced in the cross-
sectional shrinkage than on axial, which may be explained by the
inhomogeneous cross-sectional sizes due to bending and an in-
accurate estimate of the initial cross-sectional area. However, the
axial shrinkage determines the shrinkage of the nano architec-
tured lattice structures composed of multiple microstruts. Atten-
tion should be assigned to the possible anisotropy of pyrolytic
shrinkage in an inert atmosphere when using struts of different
thicknesses. Here, we suggest performing high vacuum pyrol-
ysis for precise structural control by excluding the influence of
gas desorption reactions based on an altered chemical potential
in low vacuum conditions.

We analyzed the chemical fingerprint and elemental distribu-
tion of cross-sectional samples by STEM-EELS spectrum imag-
ing. Figure 7a shows the core-loss EELS (C-K edge with O-K
edge as insert) of the residual carbon derived from the IP-Dip
microstruts after pyrolysis at 550 °C from HV and LV, respec-
tively. All spectra from high and low vacuum heating at 450 °C
and 550 °C share similar amorphous features: ionization of the
K-shell electrons with transitions into 𝜋* orbitals (C=C, sp2) at
284 eV and a transition to 𝜎* orbitals (C-C, sp3 hybrid) as broad
contribution starting at around 290 eV. In contrast, glassy carbon
or graphenoid materials would feature a sharp first loss peak at
284 eV and an increased sp2/sp3 ratio larger than one, which are
not observed in the in situ heated microstruts in the tempera-
ture range of 450 to 550 °C. The EELS results are consistent with
the literature, that pyrolytic carbon from IP-Dip below 700 °C is
predominantly amorphous.[43]

Figure 7. Local chemical analysis of pyrolyzed microstruts under different
heating conditions by STEM-EELS. a) Core-loss EELS spectra of HV550
and LV 550 samples containing carbon and oxygen K-shell ionization
edges. b) Two columns of spectrum images showing the carbon (left) and
oxygen (right) distribution in the micorstruts cross-sections. Interestingly
an oxygen accumulation close to the surface of the samples under low
vacuum conditions is observed.

Figure 7b shows spectral images of carbon and oxygen (the
main elemental constituents of IP-Dip) from different pyrolysis
conditions. To obtain the elemental mappings, inelastically
scattered electrons are collected with a spatial resolution of
2–6 nm over the range of ionization energies for the K shells of
the desired elements. The results show a uniform carbon distri-
bution in all heated samples, except the HV450 case, due to the
low intensity of the thickness-dependent EELS signal at the thin
edge. Surprisingly, we observed a different distribution of the
oxygen signal. In spite of the noisy footprint of oxygen due to the
limited acquisition time, we found an accumulation of oxygen
at the edges of the low-vacuum heated samples, which was not

Adv. Funct. Mater. 2023, 2302358 2302358 (9 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Schematic of IP-Dip polymer precursor pyrolysis mechanism in high vacuum and low vacuum conditions. An increased partial pressure hinders
gas desorption and thus promotes second-order reactions, which result in more carbon yield and an oxygen ring at the sample surface.

observed in high-vacuum samples. This result indicates that the
oxygen-containing volatile byproducts, mainly carbon monoxide
and carbon dioxide, were indeed released slowly in the material,
and desorption of these volatile components is hindered by the
increased pressure in the surrounding environment.

2.5. Morphological Mechanism During Pyrolysis

We systematically evaluated the morphological evolution and
chemical footprints of IP-Dip-derived microstruts under various
heating temperatures in high and low vacuum modes. The dis-
cussion leads to a morphological mechanism from several as-
pects. The inherent volumetric reduction during pyrolysis of the
polymer precursor is predominantly caused by degassing,[29,38]

followed by the desorption of the generated volatile gases. It has
to be noted that the degassing process is affected by the conver-
sion rate of cured polymer into volatile byproducts, as well as
physical diffusion from the interior of the structures toward the
surfaces and the subsequent desorption. The former is mainly
controlled by heating temperature, while the latter is an interplay
between several parameters, such as the environmental pressure
and an effective surface area.

Heating a polymeric structures above its degradation temper-
ature leads to volatilization of the formed gaseous components
and results in a carbon reconfiguration that can create a non-
graphitic carbon, namely pyrolytic carbon (PyC).[20,42] Increasing
temperature is hereby responsible for different pyrolysis stages
that can be summarized as degassing, radical activation, C-C
bond formation, and further graphitization. Our work focuses on
the initial temperature stage from 450 to 550 °C, where signifi-
cant mass loss and, therefore, structural shrinkage occurs. Upon
increasing the heating temperatures, a dramatic acceleration of
size reduction was observed for both vacuum modes (HV and
LV), which resulted from the boosted degassing rate. Neverthe-
less, it is believed that pyrolysis at moderate temperatures leads
to the formation of dangling bonds, which in turn can rearrange
and anchor together, leading to less mass loss, ending shrinkage

and achieving a steady state.[34] The evolution of graphene-like
fragments, formed in pyrolyzed carbon microstructures, upon
heating above 1000 °C is extensively studied by in situ TEM.[21,44]

Moreover, molecular dynamic simulations confirm that phenol
rings and non-six-membered rings form at elevated tempera-
tures, as studied for the pyrolysis of 16 monomeric precursors
in [45].

The environmental pressure for the pyrolysis process plays
an important role in degassing, as it directly influences physi-
cal diffusion[29] and possible subsequent exothermic reactions,
as shown in Figure 8. High vacuum pyrolysis yields a faster
and higher shrinkage than heating in a nitrogen atmosphere
with increased partial pressure by five orders of magnitude. This
implies a rapid desorption process from the interface between
the sample and the surrounding environment in a low-pressure
condition (HV). In contrast, for LV, the slowed diffusion and
desorption or, in other words, the extended residence time of
the volatile byproducts within the 3D-printed structures entails
a higher probability of second-order reactions, leading to two
further consequences: 1) a higher yield of pyrolytic carbon oc-
curs and 2) the formation of an oxygen-enriched surface shell is
promoted. The additional energy source of the system, such as
second-order exothermic reactions[40] and the heat transfer from
the gas to the sample[46] is consequently reflected in the reduction
of the effective activation energies in low vacuum mode.

We have investigated how the surface-area-to-volume ratio (SV)
affects structural degradation during pyrolysis. It is generally be-
lieved that a higher SV can lead to faster shrinkage due to faster
degassing,[29,38] which is in line with our experiments in low vac-
uum. However, we found that when a high vacuum atmosphere
is used, the different SV instead experience identical shrinkage,
hence the SV effect on shrinkage behavior is missing in HV.
These findings can be used to prevent thermally induced unde-
sired deformation in complex structures.

The use of TPL in conceiving structures for pyrolytic ex-
periments has boosted the complexity of geometry,[1] while
the material choice is limited to cross-linkable polymers,[47]

such as the acrylate-based IP-series and the epoxy-based SU-8
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photoresist, which are widely used in pyrolytic carbon fabrica-
tion. A lower carbon yield and a more pronounced size reduction
of IP-Dip-based structures, in comparison to structures made
from SU-8, have been ascribed to a larger fraction of bonded
oxygen in IP-Dip.[27] Last but not least, a simulation work in liter-
ature examined the significant effect of the interface energy and
surface energies of each component (polymer, carbon, volatile
byproduct) on the morphological evolution during pyrolysis.[41]

Thus, further work can include not only the experimental studies
of the effect of different pyrolysis parameters on morphological
evolution and material properties but also simulation work on the
influence of surface and interface energies on the final structure.

3. Conclusion

In summary, the morphological dynamics of 3D microstruts with
different surface-to-volume ratios during isothermal heating un-
der two environmental conditions, high vacuum and nitrogen at-
mosphere with low vacuum, were investigated by in situ ESEM
heating of supported microstruts, fabricated by TPL from IP-Dip.
By evaluation of the pyrolysis-induced size reduction, a faster
and higher shrinkage was observed with increasing tempera-
tures from 450, 500, to 550 °C, decreasing partial pressure from
three to around 10−5 mbar and higher surface-to-volume ratio.
In our proposed degassing-based morphological mechanism, the
structural shrinkage and deformation are tunable by a chemical
reaction rate coupled to a physical diffusion process, which is
linked to several processing parameters, including heating tem-
perature, environmental pressure, surface-to-volume ratio, and
degree of cross-linking. A model-free master curve approach was
used to calculate the effective activation energy of high vacuum
pyrolysis with 2.6 eV and nitrogen atmosphere heating with 0.5–
0.9 eV from axial shrinkage kinetics data. Furthermore, an oxy-
gen accumulation on the edge of low-vacuum pyrolyzed sam-
ple was revealed by the postmortem STEM-EELS analysis of the
microstruts’ cross-sections, which strengthens the hypothesis of
second-order reactions for the desorption of volatile gases, con-
taining CO and CO2, resulting in a lower effective activation en-
ergy in low vacuum heating. The missing surface-to-volume ra-
tio effect in high vacuum experiments demonstrated a parame-
ter competition on pyrolysis behaviors, which can be utilized to
develop isotropic shrinkage of complex structures. While in the
atmospheric environment, controlled pyrolysis of structures with
different geometrical dimensions will allow to specifically tailor
shrinkage during pyrolysis and create tensegrity structures. Our
study offers a way for the fundamental understanding of the mor-
phological evolution under different pyrolysis conditions and can
be employed to design and fabricate precise carbon structures
feeding the need for miniaturized C-MEMS and NEMS.

4. Experimental Section
Fabrication: 3D microstruts were fabricated on the SiNx membrane of

heating nano-chips (Lightning 4h2b type, DENSsolutions) using 3D-DLW
(Photonic Professional GT2, Nanoscribe) Dip-in laser lithography configu-
ration. The commercial photoresist IP-Dip (Nanoscribe) was chosen as a
case-study precursor due to its high resolution and successfully pyrolyzed
structure.[6] DLW was conducted using a 63x objective lens (Nanoscribe)

for fine structure printing. The printing parameters utilized were as fol-
lows: microstruts were printed layer-by-layer with a constant distance of
200 nm between two adjacent voxel lines in all three dimensions. A con-
stant laser power of 40% (approximately 10.6 mW) and a constant scan
speed of 3000 μm s−1 were used.

A series of tetragonal microstruts were designed with dimensions of
10 × 1 × 1 μm to 10 × 4 × 4 μm to study surface-to-volume ratio depen-
dence upon pyrolysis. These microstruts were anchored on a cylindrical
pedestal base with a height of 3 μm for an isotropic structural shrinkage
during heating. They were supported by two coil springs with six windings
and a size of 10 μm to support them on the surface elastically. This design
helped obtain a pure material response to the thermal stimuli within a spe-
cific contraction range. The printing codes of microstruts were published
via zenodo platform with DOI 10.5281/zenodo.7405219.

After printing, the sample was developed by PGMEA for 20 min and
subsequently by isopropanol for 5 min to wash away the unpolymerized
photoresist. The final drying procedure was carried out by a critical point
dryer (Leica EM CPD300) to maintain the structure.[48]

In Situ Pyrolysis in ESEM: In situ heating experiments were performed
on the DENSsolution TKD holder and Lightning chip. It used a high ramp-
ing rate of 20 °C s−1 to reach temperature set points (450, 500, and 550 °C)
rapidly (nonisothermal heating) by climate software (Denssolutions). The
structural evolution was monitored in a top-view geometry by continuous
secondary electron image acquisition.

Two vacuum conditions were used to perform in situ heating experi-
ments: high vacuum (10−5 to 10−6 mbar) and low vacuum of 3 mbar with
nitrogen gas in ESEM mode. In high vacuum mode, ETD was used as a
secondary electron detector. It switched to GSED with a smaller aperture
size in low vacuum mode.

To purify the inert atmosphere, the low vacuum experiment was first
set to high vacuum to pump out air molecules. To discuss electron beam
damage on polymer samples, two identical structures were printed on the
same heating chip, one for electron irradiation and another one was kept
outside movie frame (beam nonirradiated). Both were characterized after
heating and compared in supporting information.

Post TEM Characterization: Heated samples were characterized at
FIB-SEM (FEI Strata 400S) instead of an SEM with a large tilting angle of
52° for side view. After pyrolysis, samples were sputtered with 5 nm Pt for
sufficient electrical conductance and minimized electron charging effect
during measurement by Leica ACE600 coater.

In a cross-sectional TEM study, thin TEM specimens were prepared
from heated microstruts by the FIB lift-out technique (FEI Strata 400S
dual-beam system and Thermo Fisher Helios G4 FX NanoLab). To pro-
tect the structure and fill the gap between the SiNx substrate and heated
struts, Pt electron beam deposition and FIB deposition were performed
with a height of around 5–7 μm. Thin TEM cross-sections were character-
ized by BF and DF STEM imaging with a FEI Titan3 80–300 operated at
300 kV. Chemical analysis of carbon and oxygen elements was carried out
by STEM-EELS technique with a post-column Gatan Imaging Filter (GIF)
(Tridiem 865 ER) and a Gatan CCD camera (Ultrascan 1000).

Thermogravimetry-Mass Spectrometry (TG-MS): TG-MS analysis was
performed by SENSYS evo TG-DSC (Setaram) equipped with Pfeiffer Om-
nistar GSD 320 mass spectrometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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