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Volumetric additive manufacturing of SiOC by xolography 

 

Abstract 

Additive manufacturing (AM) of ceramics has significantly contributed to 

advancements in ceramic fabrication, solving some of the difficulties of conventional 

ceramic processing and providing additional possibilities for structure and function of 

components. However, defects induced by the layer-by-layer approach on which 

traditional AM techniques are based still constitute a challenge to address. This study 

presents volumetric AM of a SiOC ceramic from a preceramic polymer using 

xolography, a linear volumetric AM process that allows to avoid the staircase effect 

typical of other vat photopolymerization techniques. Besides optimizing the trade-off 

between preceramic polymer content and transmittance, a pore generator was 

introduced to create transient channels for gas release before decomposition of the 

organic constituents and moieties, resulting in crack-free solid ceramic structures even 

at low ceramic yield. The viscosity of the resin formulation was optimized without 

compromising transmittance by addition of fumed silica, leading to optimized viscosity 

of 5.3 Pa·s and transmittance of 52.7 and 32.4 % at 600 and 405 nm, respectively. 

Meanwhile, formulation optimization alleviated sinking of printed parts during printing 

and prevented shape distortion. With the optimization of printing parameters, including 

UV irradiance and moving speed, solid and porous ceramic structures with a smooth 

surface and sharp features were fabricated. This work provides a new method for the 

AM of ceramics at μm/mm scale with high surface quality and large geometry variety 

in an efficient way, opening the possibility for applications in fields such as 

micromechanical systems, including transmission systems, reducers, automotive 

engines, bearings, and microelectronic components. 
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1. Introduction 

Additive manufacturing of ceramic components from preceramic polymers has 

recently garnered considerable attention due to the favorable processing features of the 

precursor systems as well as the range of interesting properties of the resulting 

materials[1-4]. In particular, photocurable systems have enabled the fabrication of parts 

with complex structure and high resolution, using Digital Light Processing (DLP) and 

Stereo Lithography Apparatus (SLA)[5-14] or Two Photon Polymerization (TPP)[15-

21]. For DLP and SLA, processing involves selective layer-by-layer curing of a liquid 

photopolymer under irradiation (usually UV light)[22], enabling the fabrication of 

rather large and sophisticated parts with sub-millimeter details. However, as demands 

continue to rise for high surface quality and fast fabrication of increasingly intricate and 

detailed structures, there are still some challenges to address. For instance, in SLA and 

DLP process, a specific procedure is required for leveling the liquid surface or refilling 

the printing area between photopolymerizations of successive layers. This typically 

results in an anisotropy associated to the layers’ interfaces and suboptimal surface 

quality attributed to the stair stepping effect[23, 24]. Although the recently developed 

continuous liquid interface production (CLIP) technique[25-27] allows for continuous 

and fast manufacturing, the solid 3D structures are difficult to print because of the slow 

refilling of the photocurable liquid. In addition, when building parts with overhangs, 

the adding and removing of support structures during and after printing complicate the 

processing and may induce damages to the manufactured components. In the case of 
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TPP, despite a much higher resolution at the sub-micron scale, the components 

fabricated by this method are typically smaller than 1 mm3, which is inadequate for 

macro-scale applications. 

Recently, a linear volumetric additive manufacturing (VAM) technique named 

xolography was developed, enabling the rapid fabrication of objects with complex 

structural features and high resolution.[28, 29] The technology is based on dual-color 

photopolymerization and intersecting of light beams of different wavelengths, in which 

image patterns generated by visible light are projected on the excited printing zone of 

a sheet of UV light[28, 29]. Owing to the continuous linear and relatively fast 

movement of the cuvette containing the photocurable resin, the typical limitations of 

other vat photopolymerization technologies, such as slow speed and geometric 

constrains (poor surface quality and impossibility of printing enclosed parts), can be 

overcome. Furthermore, the use of a viscous resin, which is necessary to mitigate 

undesired displacement of the part during printing, facilitates the fabrication of large 

overhangs without any support. Differing from other VAM techniques such as 

computed axial lithography (CAL)[30-37], where selective solidification of the 

building volume is achieved in a rotating resin container by the superposition of light 

exposure from multiple angles, and feedback optimization is required for compensating 

the non-linear response of the resin to light, xolography operates by combining the 

intersection of orthogonal lights with the linear movement of the build volume. 

Therefore, there is no need for feedback optimization, and higher resolutions can be 

achieved (about ten times than CAL).[28, 29] Recently Corrigan et al.[38] developed 

different applicable resins for polymeric multi-material VAM with xolography to 

achieve materials with tunable fluorescence. However, this indirect two-step 

overprinting strategy didn’t release yet the full potential of xolography, as more types 
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of materials suitable for the technology other than polymers need to be tested and 

developed. Considering the demand of sophisticated ceramic architectures with fine 

details and overhanging features for advanced applications, employing xolography for 

ceramic fabrication using preceramic polymers could provide significant advantages. 

Although volumetric AM of SiOC ceramic was recently reported by Kollep et al[39] 

using the CAL technique, crack issues and surface quality of the printed parts are 

definitely still a challenge. 

Here in this work, ceramic components with smooth surface and complex 

structures were fabricated by xolography for the first time using a preceramic polymer. 

The cuvette containing the photocurable resin moves in the printing direction (parallel 

to the visible light projecting the image to be printed), while a fixed UV light sheet 

shines perpendicularly through the cuvette inducing local polymerization inside a 

confined monomer volume (Figure 1a). Within the irradiated material, a dual-color 

photo-initiator (DCPI) undergoes a transition from the ground state to an excited state 

upon exposure to UV irradiation. Subsequently, it absorbs the visible light coming from 

a projector containing the information relative to the shape to be printed, thereby 

enabling selective curing at the place where UV and visible light intersect. The 

continuous movement during printing without pause facilitates the retention of the 

structural integrity and the creation of a smooth surface without the formation of layer-

to-layer interfaces. Figure 1b shows a hollow cubic cage with a ball suspended inside 

that was printed in a cuvette by xolography. With supporting for the ball provided by 

the surrounding un-polymerized resin, such a separate and suspended structure could 

be fabricated without the need for supports and the risks associated to their removal, as 

typical for traditional vat photopolymerization methods. After extraction from the 

cuvette, cleaning, freeze drying and pyrolysis, the sample maintained the given shape 
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and a SiOC ceramic part without cracks nor residual pores was obtained.  

A commercially available polysiloxane resin (H44) with a high ceramic yield was 

used as the ceramic source, and mixed with two photocurable resins (diurethane 

dimethacrylate (UDMA) and poly (ethylene glycol) diacrylate (PEGDA)). UDMA is 

the main photopolymer, able of fast crosslinking under the activation of produced free 

radicals and of imparting higher rigidity to the printed part, favoring its later removal 

from the vat. However, the solubility of H44 in UDMA is low while it is high in PEGDA, 

and therefore PEGDA was added to increase the content of H44 without decreasing the 

ability of crosslinking during photopolymerization. Some fumed silica was also added 

to optimize the viscosity, and camphor acted as a transient pore generator for the release 

of decomposition gases during pyrolysis. As type Ⅱ photo-initiator, a proprietary DCPI 

was employed according to previous literature[28], to enable polymerization with the 

assistance of 1-dimethylamino-2-propanol as co-initiator. This amine was selected due 

to its ability to act as a proton donor and its high chain transfer reactivity in 

polymerization[40]. In addition, the aminyl free radical tends to react with hydrogen to 

form peroxyradical, which in turn reacts with amine to restart chain propagation[41] 

(see Figure S1). Figure 1c illustrates the mechanism of free radical production 

including excitation under UV and visible light, fast electron transfer and proton 

abstraction. Notably, it is the amine radical produced from the co-initiator that possesses 

high reactivity to activate polymerization, whereas the radical from the photo-initiator 

does not react significantly, due to steric effects and resonance stability[42]. The 

schematic evolution of the chemical structure of the material is presented in Figure 1d, 

from curing to pyrolysis. 
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Figure 1. a) Schematic diagram of the printing process: a cuvette is installed on a 

mobile stage with a UV light sheet passing through in the X-Y plane and moves in the 

Z direction, while visible light patterns are continuously projected along the Z direction 

to selectively and locally cure the photopolymer system at the intersection with the UV 

light sheet. b) 3D model of a ball-in-cage structure and printed sample suspended inside 

the cuvette, after extraction and pyrolysis. c) Mechanism of radical production: DCPI 

transfers from the ground state to an excited state under UV light and then absorbs 

visible light to produce an intermediate, with which the co-initiator reacts to produce 

aminyl (responsible for initiation) and ketyl radicals. d) Chemical structures and 

schematics of the feedstock components, as well as the evolution from curing to 
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pyrolysis.  

 

2. Results and Discussion 

2.1. Formulation optimization with respect to transmittance and viscosity 

Differing from the printing of a polymer material, which typically requires no 

heating post-treatment, the aim of this work was to fabricate a ceramic from a 

preceramic polymer using xolography, achieved through pyrolysis of a printed green 

body. Therefore, a high ceramic yield of the processed material is required generally to 

avoid cracking which may occur due to the large gas release and volume shrinkage 

during pyrolysis. However, to enable xolography, the resin should be as transparent as 

possible at the working wavelengths (405 and 600 nm for xolography) to avoid the 

absorption and scattering of light, otherwise the resolution of the printed parts would 

be severely decreased or the part would not be printed due to insufficient radiation 

penetration within the cuvette. Consequently, there is a trade-off between obtaining a 

crack-free ceramic and a high-resolution and printable part as a function of the content 

of H44. It is difficult to solve this problem by only adjusting the ratio between the 

photopolymer and H44, especially when a solid structure with ~1-10 mm thickness is 

desired. In fact, Figure S2 reports images of the pyrolyzed samples with different 

content of H44 varying from 33 to 57 wt%, showing both the presence of cracks after 

pyrolysis and an increased loss of resolution. To solve this challenge, camphor was 

introduced into the resin formulation to act as generator of transient porosity, facilitating 

the release of gases from the decomposition of the photopolymers during pyrolysis[43]. 

It was anticipated that camphor would be eliminated by freeze drying before the heat 

treatment, and at low temperature during pyrolysis. It is well known that transient, not 

permanent porosity is generated also during the pyrolysis of a preceramic polymer 
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component, due to the release of decomposition gases, but at temperatures higher than 

that of the volatilization of camphor.[44] Thermogravimetric data (Figure 2a) indicates 

that camphor volatilizes in the ~100 to 200℃ temperature interval, well ahead of the 

decomposition of UDMA and PEGDA, occurring in the 200-450℃ and 270-430℃ 

range, respectively. Figure 2b,c shows SEM images of the samples without and with 

camphor after freeze-drying and a thermal treatment at 200°C for 1h in nitrogen. It 

reveals the presence of nanopores in the hundreds of nanometers range, confirming the 

formation of a network of channels created by the removal of camphor. In contrast with 

a feedstock without camphor (Figure S3a), pyrolyzed samples (shamrock structures 

(Φ4.3 × 0.8 mm3 after pyrolysis)) produced from a feedstock containing camphor 

(Figure S3b) possess a crack-free and smooth surface as well as a good resolution, also 

in the printing direction. No staircase effect is visible perpendicular to the printing 

direction, which always occurs in traditional layer-by-layer printing technologies, 

indicating the superiority of this method for producing high quality structures. It’s 

worth noting that no defects like pores or cracks are observed in the cross-section of a 

fracture (Figure S3c), indicating that the pores created from camphor are healed during 

ceramization at high temperature after the removal of all organic constituents. 

 

 

Figure 2. a) TG analysis of two formulations and each individual component: camphor 

decomposes completely at 200 ℃, before UDMA and PEGDA, confirming its function 

of creating channels for the release of decomposition gases to avoid crack formation. 
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The two printable formulations had a ceramic yield of 30.6 and 27.7 wt%. b) and c): 

SEM of the fracture surface of printed samples without and with camphor, freeze-dried 

and thermally treated at 200℃ for 1h. 

 

With the assistance of camphor, it is possible to obtain crack-free ceramics with 

xolography using a limited amount of H44 to further enhance the resolution. Here, 

formulations with different amounts of H44 were investigated in terms of their 

transmittance in the wavelength region of interest. As reported in Figure 3b, 

transmittance at 600 and 405 nm shows a 19 and 28.5% increase, respectively, with a 

5% decrease in the H44 content (comparison between formulations with 34.3 (sample 

4H44-0.17R106) and 39.5 wt% H44 (sample 5H44-0.17R106)), leading to higher 

resolution of the printed structures (see Figure S4). Indeed, the printed bust of Galileo 

Galilei produced using the feedstock containing the lower amount of H44 shows finer 

facial details, such as recognizable eyes and nostrils, although the ceramic conversion 

occurs with a larger linear shrinkage of 46 % and a small ceramic yield of 27.7 wt%. 

Notably, the Galileo Galilei statue is a solid structure with a thickness of 3.5 mm (6.5 

mm before pyrolysis) and a specific thickness over ceramic yield ratio of 126.4 μm/wt%, 

which is generally very difficult to obtain without cracks using preceramic 

polymers[43]. We can therefore conclude that the introduction of camphor not only 

reduces the preceramic resin content needed to achieve higher resolution, but also helps 

to produce thicker, bulk ceramic parts free of cracks. 

In addition to a suitably high transmittance, an appropriate viscosity in the range 

of 1-20 Pa·s is also required to enable xolography, especially when building non-

supported overhang structures. In fact, a too low viscosity leads to the sinking of the 

printed part during printing and distorts the suspended features, considering that the 
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sinking rate is inversely proportional to the viscosity according to Stokes’s law.[45] 

With addition of a very limited amount of fumed silica, viscosity becomes high enough 

(5.3 and 7.9 Pa·s in this case, respectively) (see Figure 3c) to provide efficient support 

during the whole printing process, with neglectable sinking speed in terms of the 

printing time (see Figure 1b and 3c, green body inside cuvette). Although xolography 

of photocurable systems with higher viscosity can also be carried out, the extraction 

from the cuvette and cleaning of the printed part might then become challenging. 

Moreover, a high viscosity hinders the diffusion of reactive species reducing the 

polymerization speed. 

 

Figure 3. a) Transmittance tests show that lower H44 content helps to increase 

transmittance at 600 and 405 nm from 44.3 and 25.2 to 52.7 and 32.4 %, respectively. 

b) Flow curve: viscosity of the two formulations was 5.62 and 7.9 Pa·s at shear rate of 

1 s-1, respectively. c) Examples of printed structures including 3D model, printed 

sample in cuvette, green body extracted and pyrolyzed: (Ⅰ) gyroid, (Ⅱ) shamrock, (Ⅲ) 
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bust of Galileo Galilei, (Ⅳ) screw and gear. Scale bar is 1 mm. 

 

2.2. Printing speed and UV irradiance 

Using an optimized formulation, it was possible to print a wide range of different 

geometries, which were then successfully converted to ceramic parts with complex 

macroporous or solid structures (see Figure 3d). We can observe that the samples 

maintain the designed shapes and incur no damage both after extraction from the 

cuvette and pyrolysis. This suggests that the photocurable organic polymers 

decomposed within an appropriate temperature range for supporting the preceramic 

polymer during its polymer-to-ceramic conversion, enabling its thermal crosslinking 

without softening and associated flow, consistent with other similar blends.[46] As 

expected, the produced ceramic parts are constituted of a SiOC ceramic material, as 

revealed by XRD and FTIR analyses (see Figure S5 and S6). XRD analysis indicates 

the presence of an amorphous phase after pyrolysis at 1000℃, without the formation 

of crystalline phases such as SiO2 or SiC, which is typical for the preceramic polymer 

precursor used in this work[47]. The FTIR spectrum of the pyrolyzed sample reveals 

the characteristic peaks attributed to Si-O-Si and Si-C. In addition, the raw materials 

and as printed samples, both before and after freeze drying, were characterized as well, 

and the corresponding bond-peak location is listed in Table S1. Additionally, following 

freeze drying, the reduction of the relative intensity of the peak attributed to the C=O 

bond within camphor correlates well with the elimination of most of the camphor after 

freeze-drying (Table S2). 

The gyroid structure (Figure 4a) possesses a smooth surface without showing the 

evidence of any stair stepping effect, which would be typical for structures printed by 

DLP[48, 49]. The hollow cage (Figure 4b) is composed of trusses with a ~500 μm size, 
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and contains a ball that remains attached to the cage after pyrolysis. To avoid adhesion, 

in a further experiment a small sheet of paper was interposed between the ball and the 

hollow cubic cage prior to pyrolysis, and it was easily removed afterwards by blowing 

with compressed air due to its carbonization. Figure S7 shows that the ball within the 

cage exhibits unhindered mobility after pyrolysis. It should be pointed out that, to 

enable the printing of a truss structure, a stronger intensity of the UV light was 

employed to alleviate the light loss on the path through the cuvette, leading to scratch-

like lines (not caused by any staircase effect) on the surface of the ball-in-cage structure 

due to the scattering and fluctuations of UV light along the printing path. This could be 

mitigated by the further optimization of the resin transmittance through an additional 

reduction of H44 and an increase of camphor. The printed screw-gear structure with 

feature size of 50 μm suggests that this method for fabricating ceramic components at 

the micrometer scale could be of potential interest in the field of micromechanical 

systems. 
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Figure 4. Microstructure of pyrolyzed samples: a) gyroid with smooth surface, b) 

ball-in-cage, c) screw and d) gear. 

 

Besides the optimization of the photocurable preceramic resin, the effect of printing 

parameters on the printability and surface quality of the printed parts was also 

investigated, including the moving speed and UV irradiance. In general, three regions 

exist in the UV irradiance-moving speed map, as shown in Figure S8. When the UV 

irradiance exceeds a necessary threshold for a given moving speed, as determined by 

achieving the designed shapes and without overcuring and UV hardening on the wall 

(region Ⅰ at lower speed), excessive UV curing near the walls of the cuvette results in 
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adhesion of printed parts to the cuvette. This presents difficulties in extraction and the 

formation of unwanted cross-linked sheets on both sides of the cuvette. Furthermore, 

features of printed parts tend to be incorrect in size, due to overcuring. In contrast, 

incomplete parts or no solidification are observed when using a smaller UV irradiance 

at higher moving speed (region Ⅲ). This is attributed to the insufficiently activated 

photo-initiator failing to produce the requisite quantity of free radicals essential for 

initiating polymerization. Therefore, printability could only be achieved when 

irradiance and moving speed are within a certain range of values, depending of course 

on the chemistry and characteristics of the material system (region Ⅱ). A bust of Galileo 

Galilei was printed using parameters located in region Ⅱ, at a moving speed of 1 

mm/min and different UV irradiance values. Comparing the different printed samples, 

it becomes evident that a lower irradiance level results in the absence of some of the 

facial features, such as a portion of the beard (Figure 5a). At the same time, increasing 

the irradiance facilitates the production of a complete printed part with clear features 

and a smooth surface (Figure 5b). Further increasing in the irradiance leads to a poorer 

surface quality resulting from overcuring (Figure 5c). In addition to a solid part, porous 

gyroid structures with the finest feature of 73 μm after pyrolysis (Figure S9) is obtained 

after pyrolysis, and an increase in the thickness of the sample with increasing UV 

irradiance is observed, indicating again that the printing parameters influence the 

accuracy of the printed part. Nonetheless, compared with a designed thickness of 400 

μm, printed parts possess thickness varying from ~300 to ~500 μm (~150 to ~250 μm 

after pyrolysis considering a linear shrinkage of ~ 46%, as indicated in Figure S9), 

confirming the good geometric fidelity achievable at a given moving speed, by 

irradiance optimization. It’s noteworthy that a low degree of cross-linking from 

inadequate irradiance will result in a green body that is too fragile for handling, being 
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prone to distortion during extraction and cleaning (Figure S9a), especially for parts 

with fine features. Although the moving speed shown here is 1 mm/min, higher speeds 

(3-5 mm/min, namely volumetric speed of 9-15 mm3/min regarding cuvette size) could 

be possible by using a higher irradiance as well as by further optimization of the resin 

formulation. For the gyroid sample of 8 mm thickness in the printing direction (Fig. 

S7), the printing time with xolography is 8 min at a moving speed of 1 mm/min. In 

contrast, employing DLP technology for printing the same structure would require 

significantly longer durations, notably 44 min and 22 min for layer thicknesses of 25 

and 50 µm, respectively. Such printing technology is time-consuming and leads to 

samples exhibiting poor surface quality (see in Figure S10). Furthermore, it is 

noteworthy that recent advancements in continuous feedstock feeding for xolography 

makes the process highly efficient[29], indicating that significant scalability 

opportunities exist. 
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Figure 5. Bust of Galileo Galilei printed with different values for the UV irradiance, in 

green body (scale bar is 1 mm) and pyrolyzed forms (scale bar is 0.5 mm for digital and 

SEM images): a-c) 0.83, 0.86 and 0.88 mW/mm2, respectively. Moving speed was 1 

mm/min. 

 

3. CONCLUSIONS  

xolography was employed to achieve volumetric additive manufacturing of 

ceramic parts from a preceramic polymer. With camphor as the pore generator allowing 

for the release of decomposition gases during pyrolysis, complex ceramic structures 

with a high ratio of specific thickness over ceramic yield and without cracks were 
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produced, when using a suitable preceramic formulation. Smooth surfaces without stair 

stepping effect were obtained thanks to the continuous movement of the cuvette 

containing the photopolymerizable material during printing, offering relief from defects 

due to the formation of interfaces occurring when using traditional layer-by-layer vat 

photopolymerization technologies. In addition, this method extends the range of 

printable geometries which may be difficult to achieve without the presence of supports 

using other AM techniques, such as a ball-in-cage architecture. Although the minimum 

feature size in these experiments was ~100 μm, additional optimization of the resin 

formulation and light source system would enable to further improve resolution.  

 

EXPERIMENTAL PROCEDURE 

A commercially available silicone resin (SILRES® H44, Wacker-Chemie GmbH, 

München, Germany) was used as the ceramic precursor. Diurethane dimethacrylate 

(UDMA, Merck KGaA, Darmstadt, Germany) and poly (ethylene glycol) diacrylate 

(PEGDA) were employed as the monomers for photopolymerization, coupled with a 

proprietary dual-color photo-initiator (DCPI, XC471, xolo GmbH, Berlin, Germany) 

synthesized according to literature and provided by the company, and 1-dimethylamino-

2-propanol (Merck KGaA, Darmstadt, Germany) as co-initiator.  

Photocurable systems were prepared by dissolving H44 (4 or 5 g) into a mixture of 

1.5 g PEGDA and 5 g UDMA, followed by adding 0.04 wt% DCPI and 9 wt% co-

initiator (with respect to total weight of UDMA and PEGDA). Then, 0.17 g of fumed 

silica R106 (Aerosil® 106, Evonik Industries AG, Essen, Germany) for viscosity 

optimization and 1 g camphor (Merck KGaA, Darmstadt, Germany) as pore generator 

were added into the mixture, followed by mixing in a planetary mixer (ARE 250, 

Thinky, Japan) at 2000 rpm for 10 min. Finally, the prepared photocurable system was 
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transferred into a 50 ml transparent cuvette followed by 5 min centrifuging at 4000 rpm 

to remove residual air bubbles. The cuvette was installed on a linear stage which could 

move the cuvette continuously away from the projector through the optical setup using 

a xolographic printer (xube, xolo GmbH, Berlin, Germany). Printing parameters were 

optimized by varying the moving speed (from 1 to 3 mm/min) and UV irradiance (from 

0.8 to 3 mW/mm2) in different ranges of values. The feedstock used for producing 

samples by DLP for comparison, was identical to that employed with xolography, 

besides replacing 0.04 wt% DCPI with 0.1 wt% TPO (Diphenyl (2, 4, 6-

trimethylbenzoyl) phosphine Oxide, TCI, Japan) and adding 0.02 wt % Sudan R (TCI, 

Japan) as photo-absorber.  A DLP printer (Asiga Max 2, NSW, Australia) was used to 

fabricate the samples. For sample with layer thickness of 50 μm, UV intensity was 25 

mW/cm2 and exposure time was 1.5 s; for sample with layer thickness of 25 μm, UV 

intensity was 20 mW/cm2 and exposure time was 1.5 s. 

The printed samples were cleaned using isopropanol with manual agitation for 1 

min and blow dried using compressed air. After removal of the uncured liquid, the 

samples were transferred into a freeze dryer (FreeZone2.5, Labconco, Kansas, USA) 

for a night, at a temperature of -52 ℃ and a pressure of 0.25 mbar. Following freeze 

drying, samples were then pyrolyzed at 1000°C in a tube furnace in flowing nitrogen 

(99.99%), according to the heating schedule reported in Figure S11.  

The morphology of the printed structures before and after pyrolysis was 

characterized by optical stereomicroscopy (Stemi 2000-C, Carl Zeiss, Oberkochen, 

Germany) and scanning electron microscopy (FEI Quanta 200 ESEM, Eindhoven, The 

Netherlands). The ceramic yield was investigated by thermo-gravimetric (TG) analysis 

(STA409, Netzsch, Germany) from room temperature to 1000℃ with a heating rate of 

5℃/min, under N2 atmosphere. Transmittance curves were obtained using a 
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spectrometer (V-650 UV-VIS Spectrophotometer, Jasco, Germany). X-ray diffraction 

(XRD, AXS D8 Advance, Bruker,Germany) was employed to investigate the phase 

composition. Fourier-transform infrared spectrometry (FTIR, Is10, Nicolet, Thermo 

Scientific, USA) was used to characterize raw materials, as printed and pyrolyzed 

samples. Sample sizes before and after pyrolysis were measured with a digital caliper.
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