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A B S T R A C T

Porous carbons have drawn significant scientific interest, mainly due to carbon’s chemical stability, affordability, 
and exceptional surface area. These materials find applications in diverse areas such as energy storage devices, 
water contaminant adsorption, and gas separation. Emulsion templating followed by pyrolysis is a promising 
method to fabricate hierarchically porous carbon materials with interconnected pores at various scales and high 
surface areas. Combining this technique with additive manufacturing, in particular vat photopolymerization, 
offers opportunities for creating intricate, inherently porous materials with hierarchical porosity, including 
carbon lattice structures.

Using high internal phase emulsions (HIPEs) as resin for vat photopolymerization allows for the fabrication of 
templates with multiscale (10 μm and 100 μm) porosity— which is challenging for 3D printing.

This study investigated the use of inherently porous 3D-printed polymerized High Internal Phase Emulsion 
(polyHIPE) lattice structures to fabricate hierarchically porous carbonized High Internal Phase Emulsion (car-
boHIPE) lattices. Surfactant-stabilized water-in-oil emulsions, based on 2-ethylhexyl-acrylate and isobornyl- 
acrylate as a 3D printing resin, were used to produce polyHIPE lattices with three distinct porosities (80 %, 
85 %, and 87.5 %). The inherently porous lattice-shaped polyHIPEs were pyrolyzed at various temperatures 
(500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C) to fabricate carboHIPE lattices.

Overall, this study introduced a novel method for fabricating hierarchically porous carboHIPE lattice struc-
tures using a combination of emulsion templating and additive manufacturing, followed by pyrolysis. This 
approach highlighted the challenge of directly achieving micro-sizes in the final shape but also demonstrated that 
the shrinkage during pyrolysis could be beneficial for creating hierarchically porous microlattice carbon 
structures.

1. Introduction

In recent decades, there has been growing interest in the production 
of porous polymer structures due to their versatility in design and 
relatively cost-effective manufacturing process [1–3]. The research fo-
cuses on porous polymers and creating polymers with adjustable phys-
ical properties, well-defined porosities ranging from micrometer to 
millimeter sizes, and high surface areas. This has opened up various 
potential applications, including filter materials, catalyst supports, and 
scaffold materials for tissue engineering and 3D cell culture [1]. Porous 

polymers can also serve as templates for manufacturing porous metals, 
ceramics, carbons, and composites. Moreover, by mimicking the con-
figurations found in naturally occurring porous materials, diverse 
porous arrangements have been created, including foams, honeycombs, 
and lattices [4–7].

Porous materials possessing substantial surface areas, particularly 
within the category of porous carbons, have attracted considerable sci-
entific attention [8]. This interest primarily stems from carbon’s 
chemical stability and affordability. Porous carbons can be used in 
various applications, including their use as electrodes in energy storage 
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devices like lithium-ion batteries [9] and supercapacitors [10], as ad-
sorbents for water contaminants [11,12], and materials for gas separa-
tion [13].

Numerous conventional methods have been devised for creating 
carbon-based materials, including carbonization and activation pro-
cesses [14,15]. Carbonization involves high-temperature decomposition 
of carbon precursors under inert conditions, leading to porous carbon 
materials [16,17]. Various techniques, including pyrolysis [18], hy-
drothermal carbonization (HTC) [19], chemical vapor deposition (CVD) 
[20], ball milling [21], and arc discharge [22], are employed, influ-
encing the resulting structure, morphology, and composition of the 
porous carbons. Activation processes, chemical and physical, play a vital 
role in restoring porosity, with chemical activation introducing nano 
porous carbon structures [23].

Nonetheless, conventional techniques produce porous carbons with 
restricted adjustability in terms of porous structure, pore sizes. In 
contrast, emulsion-based approaches, such as emulsion templating, 
emulsion polymerization/microencapsulation, and emulsion freeze 
drying, are emerging as promising methods to fabricate hierarchically 
porous carbon materials with interconnected pores at various scales and 
high surface areas [14,24].

Emulsion templating is a manufacturing technique used to create 
porous interconnected polymeric materials, with a particular focus on 
polymerized high internal phase emulsions, commonly referred to as 
PolyHIPEs [1,2]. In this process, two immiscible liquids, one forming the 
continuous (organic) phase and the other the internal (droplet) phase, 
are mixed and stabilized through the addition of surfactants [25,26] or 
colloidal particles [27–29]. An emulsion is classified as a high internal 
phase emulsion (HIPE) when the internal phase is more than 74 % of the 
total volume, which represents the maximum volume that can be 
occupied by uniform spheres [30]. The production of PolyHIPEs in-
volves further polymerization of the continuous phase and subsequent 
removal of the internal phase.

Emulsion-templated polymers exhibit significant potential as pre-
cursors for customizable carbon foams [31–33]. They allow for precise 
control over the emulsion droplets used as templates, thereby enhancing 
control over structural characteristics. Additionally, they maintain a 
monolithic structure and have the advantage of originating from liquid 
precursors, enabling them to be shaped into virtually any form. By 
subjecting polyHIPEs to carbonization, emulsion-templated carbon 
foams, referred to as carboHIPEs, can be created [33–35].

Various carbon precursors derived from polyHIPEs have been re-
ported, including lignin [36], polyacrylonitrile [37], 
resorcinol-formaldehyde [38], and tannins [39]. So far, extensive in-
vestigations have focused on styrene-co-divinylbenzene (ST-co-DVB) 
copolymers and DVB-based polymers for creating porous carbons 
through emulsion templating followed by pyrolysis [8,32,34,35,40–46]. 
Nonetheless, to fabricate carboHIPEs from ST-co-DVB/DVB-based pol-
yHIPEs, additional stabilization is required due to their relatively 
limited thermal stability [47]. In addition, dicyclopentadiene 
(DCPD)-based polyHIPEs have recently been explored as a promising 
precursor for producing carboHIPEs, which exhibit unique properties 
and have shown potential in advanced applications, such as Li–O2 [48] 
and Li–S [49] batteries.

Broadening the scope of porous materials can be achieved through 
the fabrication of inherently porous complex structures using polyHIPEs 
to achieve hierarchical pore constructs. The combination of additive 
manufacturing and emulsion templating opens up opportunities for 
creating inherently porous materials in intricate forms with hierarchical 
porosity. Among various additive manufacturing (AM) techniques, vat 
photopolymerization stands out for its ability to directly fabricate 3D 
intricate structures from design files with minimal effort. Recently, a 
polymer resin with inherent porosity through emulsion templating was 
developed in our group [50–52], and we have reported its use as a resin 
for vat photopolymerization based commercial 3D printers [53]. Addi-
tionally, in our previous study, we successfully demonstrated the 

creation of intricate hierarchical porous architectural designs using 
HIPEs through additive manufacturing [54]. This approach enables the 
utilization of PolyHIPEs as templates for creating inherently porous 
carbon lattice structures.

In this study, we employed a surfactant-stabilized water-in-oil 
emulsion, based on 2-ethylhexyl-acrylate and isobornyl-acrylate, as a 3D 
printing resin. This resin was utilized to produce polyHIPE lattices with 
three distinct porosities (80 %, 85 %, and 87.5 %) via vat 
photopolymerization-based 3D printing using an Elegoo Saturn 2 8 K 3D 
printer. Following this, inherently porous lattice-shaped polyHIPEs were 
subjected to pyrolysis at various processing temperatures (500 ◦C, 
600 ◦C, 700 ◦C, and 800 ◦C). The macrostructure of the bare polyHIPEs 
remained intact after pyrolysis. Subsequently, we conducted a detailed 
characterization of the resulting carboHIPEs derived from the acrylate- 
based polyHIPEs. Finally, the mechanical properties of the carboHIPE 
lattices with different porosities were assessed.

2. Experimental

2.1. Materials

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethy-
lolpropane triacrylate (TMPTA), a photoinitiator; diphenyl (2,4,6- tri-
methyl benzoyl)-phosphine oxide/2-hydroxy-2-methyl propiophenone 
(blend), beta carotene (synthetic, ≥93 % (UV), powder), and tartrazine 
(dye content ≥85 %) were all purchased from Sigma Aldrich. The sur-
factant Hypermer B246–SO-M was received from Croda.

2.2. Methods

2.2.1. Preparation of high internal phase emulsions
The combination of EHA/IBOA/TMPTA monomers was first used in 

2006 by Pierre et al. [55]. A continuous organic phase was prepared by 
mixing 39.70 wt% of 2-ethylhexyl acrylate (EHA), 39.70 wt% of iso-
bornyl acrylate (IBOA), 15.90 wt% of trimethylolpropane triacrylate 
(TMPTA) as the crosslinker, and 4.70 wt% of Hypermer B246–SO-M as 
the surfactant (Table S1). To dissolve the surfactant completely, the 
mixture was heated to 50 ◦C. Beta-carotene and tartrazine, previously 
reported in our prior research, were incorporated at concentrations of 
0.02 wt% and 0.06 wt%, respectively, within the continuous organic 
phase, as light-absorbers [54]. The photoinitiator was then added at 5 wt 
% into the continuous phase. To create an emulsion, distilled water 
(dH2O) was added drop by drop while stirring the mixture at 300 rpm 
using a SciQuip-Pro 40 stirrer. HIPEs were prepared using 80 vol%, 85 
vol%, and 87.5 vol% of dH2O to create polyHIPEs with 3 different 
porosities.

2.2.2. 3D printing of polyHIPE lattices
PolyHIPE structures were manufactured using a commercial 3D 

printer, the Elegoo Saturn 2 8 K, which employs digital light processing 
technology. This 3D printer is equipped with an 8 K monochrome LCD 
screen boasting a resolution of 7680 × 4320 pixels and a XY resolution 
of 28.5 μm [56]. It is further enhanced with a chip-on-board lens com-
bined with integrated UV LED lights and a Fresnel lens, which collab-
oratively provide a consistent 405 nm light source for printing. The 
Fresnel collimating light source comprises 48 highly integrated UV LED 
lights that, in conjunction with the FCL system and Fresnel lens, emit a 
uniform 405 nm wavelength light, resulting in exceptional printing 
precision and a smoother surface finish.

The lattice structure consisting of tetrahedral octahedral vertex 
centroid unit cell configuration (to be mentioned as “lattice structure” or 
“lattice” in the text) was obtained from thingiverse.com [57]. Autodesk 
Fusion 360 was used to add a base to the lattice structure (Fig. S1). The 
3D design was formatted as.stl file and then sliced using CHITUBOX 
Basic.

24 mm × 24 mm × 20 mm lattice structures including 25 mm × 25 
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mm × 3 mm of the base were 3D printed with a layer thickness of 60 μm 
(Fig. 1B–D). The pore sizes of the 3D-printed 80 %, 85 %, and 87.5 % 
porous polyHIPEs were 21.20 ± 6.11 μm, 26.26 ± 7.33 μm, and 34.63 
± 13.15 μm, respectively (Fig. S3). The 3D printing parameters 
including exposure time, bottom layer count, and bottom exposure time 
etc. were presented in Table S2. It is essential for the initial layers to 
have a longer exposure time compared to the standard exposure time to 
ensure proper adhesion of the structures to the printing platform. The 
entire 3D printing process took approximately 3 h to produce 15 lattices 
in a single batch.

Following the completion of the 3D printing process, the printed 
structures were rinsed with methanol to remove any materials eluting 
from the polyHIPE, such as uncured resin. They were then placed in an 
oven at 65 ◦C for a 24-h period for drying.

2.2.3. Carbonization of 3D printed polyHIPE lattices
The PolyHIPE lattices to produce hierarchically porous carboHIPE 

lattices were pyrolyzed under N2 atmosphere in a high-temperature 
oven (Elite tube furnace, Elite Furnaces, UK). 4 different processing 
temperatures, 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C were used to inves-
tigate the carbonization mechanism of PolyHIPEs under various tem-
peratures as determined by their TGA analysis, where the decomposition 
initiates at 500 ◦C (Fig. S2). The temperature was raised to the pro-
cessing temperature at a rate of 5 ◦C/min, and it was held at that tem-
perature for a period of 2 h.

2.3. Characterization

2.3.1. Mercury intrusion Porosimetry
The degree of porosity and the bulk densities of the polyHIPE and 

carboHIPE lattices were measured using a mercury intrusion poros-
imeter (AutoPore V, Micrometrics). The highest applied pressure and the 
contact angle of mercury were 60000 psi (414 MPa) and 130◦, 
respectively.

2.3.2. Scanning electron microscopy (SEM)
An FEI Inspect F scanning electron microscope (SEM) was employed 

to visualize both the macrostructure and microstructure of carboHIPEs. 
Imaging was performed with an accelerating voltage of 5 kV. Pore sizes 
were quantified using ImageJ. 70 pores measured from each category 
and the images used for pore size measurements were presented in 
supporting information (Figs. S3, S5, S7 and S9). To address potential 
underestimation of pore diameters resulting from uneven sectioning, a 
statistical correction factor (2/√3) was applied to the pore size mea-
surements [58].

2.3.3. Raman spectroscopy
The carboHIPE samples were analyzed by Raman spectroscopy 

(Renishaw InVia) using a 20 mW, 514.5 nm laser and a 50 × objective, 
between Raman shifts of 100 cm−1 and 4000 cm−1. The exposure time 
was 10 s, with 8 accumulations collected per sample. Baseline correction 

Fig. 1. (A) 3D design of tetrahedral octahedral vertex centroid lattice and digital images of 3D-printed polyHIPE lattices from (B) 80 % inherently porous HIPEs, (C) 
85 % inherently porous HIPEs, and (D) 87.5 % inherently porous HIPEs from top view. Scale bars are 10 mm in all images. (A colour version of this figure can be 
viewed online.)

N. Sengokmen-Ozsoz et al.                                                                                                                                                                                                                    Carbon 234 (2025) 119933 

3 



and data normalization was applied to the spectra in Origin Pro 2023. 
Additionally, polyHIPE samples were also examined as controls.

2.3.4. X-ray diffractometer (XRD)
The 85 % porous carboHIPE samples were analyzed by XRD using a 

PANalytical Aeris, operating at the 10 min scan measurement method 
(Cu tube 30 kV 40 mA, ¼◦ divergence slit, a 0.15 mm Ni filter, 0.02 Rad 
soller slits). The measurements were taken over at diffraction angles 
(2θs) from 0◦ to 100◦ with a step size of 0.02◦.

2.3.5. Mechanical testing
Compression testing was performed to evaluate the mechanical 

properties of the 80 %, 85 %, and 87.5 % porous carboHIPE lattice 
structures fabricated at 800 ◦C (n = 4). A Mecmesin Multitest 2.5-dV 
mechanical testing machine equipped with a 250 N load cell was used 
at a rate of 1 mm/min. The data were collected using Vector Pro 
software.

2.3.6. Statistical analysis
Statistical analysis was conducted using Origin Pro 2023. To deter-

mine means, standard deviations, and significant differences, one-way 

ANOVA with Tukey’s multiple comparison analysis was employed. 
Differences were considered significant when the p-value was less than 
or equal to 0.05. The specific number of replicates used in this study can 
be found in both the Materials and Methods section and the figure 
legend.

3. Results and discussion

3.1. Examination of the macro- and microstructure of inherently porous 
carboHIPE lattices

Before presenting the results of porous carboHIPE lattices, it is 
essential to examine the relationship between the internal phase ratio 
and 3D printing resolution. This understanding is crucial for accurately 
interpreting the structural changes that occur during pyrolysis, as the 
internal phase ratio has a direct impact on 3D printing resolution based 
on our findings.

3D-printed inherently porous polyHIPE lattice structures from their 
top view were presented in Fig. 1. Samples were named based on their 
nominal porosity (80 %, 85 %, and 87.5 %), which is the amount of 
internal phase used while preparing HIPEs to prevent confusion, 

Fig. 2. Digital images of the 3D-printed polyHIPE and carboHIPE lattices from various perspectives. 80 % inherently porous (A) polyHIPE lattices and carboHIPE 
lattices pyrolyzed at (D) 500 ◦C, (G) 600 ◦C, (J) 700 ◦C, and (M) 800 ◦C. 85 % inherently porous (B) polyHIPE lattices and carboHIPE lattices pyrolyzed at (E) 500 ◦C, 
(H) 600 ◦C, (K) 700 ◦C, and (N) 800 ◦C. 87.5 % inherently porous (C) polyHIPE and carboHIPE lattices pyrolyzed at (F) 500 ◦C, (I) 600 ◦C, (L) 700 ◦C, and (O) 
800 ◦C. Scale bars are 10 mm in all images. (A colour version of this figure can be viewed online.)
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although it is different from their measured porosity. Fig. 1 exhibited the 
comparison in 3D printing resolution based on changing internal phase 
ratio.

The 80 % porous polyHIPEs feature a 1:4 ratio of external to internal 
phase, which is the optimum amount to 3D print lattice structures 
without overcuring. In our previous research, it was successfully 
demonstrated that the cubic vertex centroid lattice structure could be 3D 
printed without encountering overcuring issues by employing 80 % 
porous HIPEs [52]. The 85 % porous polyHIPEs employ a 1:5.67 ratio of 
external to internal phase while 87.5 % porous polyHIPEs have 1:7 ratio 
of external to internal phase. Some instances of overcuring were noted in 
the 85 % and 87.5 % porous 3D-printed polyHIPEs as marked with red 
circles in Fig. 1C–D. In addition to this, incomplete curing was observed 
in 87.5 % porous polyHIPEs, highlighted as green circles in Fig. 1D. This 
is due to the phase separation between the continuous phase and the 
internal phase during 3D printing. Based on these findings, as the in-
ternal phase ratio increased, the printing resolution decreased due to 
overcuring and/or incomplete curing, as illustrated in Fig. 1B–D.

3D-printed inherently porous polyHIPE lattice structures and their 
respective carboHIPE versions, subjected to various carbonization 
temperatures, specifically 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C were 
presented in Fig. 2. These images provide visual representation and 
serve as a basis for the examination of these materials as the macro-
structure is one of the main focuses of this study. This comprehensive 
collection of images, labeled from Fig. 2D–O, provides insight into the 
alterations of the hierarchically porous lattice structures resulting from 
different carbonization temperatures while Fig. 2A–C demonstrates 
inherently porous lattice structures with 80 %, 85 %, and 87.5 % 
porosity.

In addition to the visual inspection of shrinkage, the quantified data 
calculated shrinkage rates are presented in Table 1. The data in this table 
supplements the images in Fig. 2, providing a deeper insight into how 
the material behaves and changes during pyrolysis.

The volumetric shrinkage in all examined conditions is approxi-
mately 97 %. Interestingly, despite this significant shrinkage, the 
macrostructure was retained during isotropic contraction, preserving 
the integrity of the 3D strut network. Neither the degree of porosity nor 
the pyrolysis temperature exhibited a difference in the shrinkage 
behavior. Based on their standard deviations, a remarkable consistency 
in the shrinkage process is observed in all experimental conditions. 
Furthermore, the strut shrinkage within the lattices was measured at 
approximately 70 %, whereas the pore shrinkage was observed to be 
around 50 %. This disparity likely arises from the overall volume 
shrinkage being influenced by the combined contributions of both struts 
and pores. While the substantial reduction in strut dimensions contrib-
utes significantly to material shrinkage, the porosity remains relatively 
unchanged, with the pores exhibiting a less pronounced decrease in size. 

The observed volumetric shrinkage can be predominantly attributed to 
the cumulative reduction in strut thickness and density across the lattice 
structure, which exerts a more substantial influence on the total volume. 
The reduction of strut thickness is a convolution of densification during 
carbonization in combination with material evaporation.

A significant volumetric shrinkage (>80 %) is typically expected 
when carboHIPEs are derived from bare polyHIPEs. Researchers have 
successfully reduced this shrinkage to approximately 50 % using various 
strategies, including hyper-cross-linking [8,32], employing 
Pickering-stabilized HIPEs [34,35], sulfonation [59], porogen incorpo-
ration [60], and PEDOT-coating [40]. On the other hand, achieving such 
micro-sizes directly in the final shape is particularly challenging, espe-
cially for hierarchically porous carbon lattice structures. Therefore, the 
shrinkage can be advantageous for producing hierarchically porous 
microlattice carbon structures.

Figs. 3 and 4 presented SEM images of all carboHIPE lattices at 
various magnifications. These SEM images confirmed the observations 
from digital images concerning printing resolution. Overcured regions, 
indicated by red circles, are evident in the 85 % and 87.5 % porous 
carboHIPEs (Fig. 3), while no overcuring is observed in the 80 % porous 
carboHIPEs. Additionally, some distortion was noted in the 85 % and 
87.5 % porous carboHIPEs at all pyrolysis temperatures (Fig. 4), iden-
tified by the bent appearance of the struts. A higher internal phase ratio 
resulted in regions of carboHIPEs that are not sufficiently robust to 
support their own weight. In contrast, the optimal internal phase ratio of 
80 % did not exhibit such distortions.

The pore sizes determined by analyzing SEM images measure 21.20 
± 6.11 μm, 26.26 ± 7.33 μm, and 34.63 ± 13.15 μm in 80 %, 85 %, 87.5 
% porous polyHIPEs. Higher porosity polyHIPEs exhibited larger pores. 
The mean pore sizes of carboHIPEs range between 11.66 and 16.63 μm, 
with more porous samples exhibiting more shrinkage of the pores. The 
pore size distributions, plotted against relative frequency (%), and their 
Gaussian fits were presented in the Supporting Information (Figs. S4, S6, 
S8, and S10). According to these analyses, polyHIPE samples exhibited 
pronounced positive skewness, indicating dominance of smaller pores, 
while 80 % and 85 % porous carboHIPEs showed a mix of skewed and 
balanced distributions at different temperatures. In contrast, 87.5 % 
porous carboHIPEs had more symmetric distributions at all 
temperatures.

Additionally, the degree of porosity stands at 64.02 % in 80 % porous 
polyHIPEs, 76.96 % in 85 % porous polyHIPEs, and 65.92 % in 87.5 % 
porous polyHIPEs. Interestingly, a notable difference exists between 
nominal porosity and measured porosity, which can be attributed to the 
decreasing stability of HIPEs during the 3D printing process [53]. On the 
other hand, the porosity of the carboHIPEs is between 59.13 and 75.09 
% in 80 % porous carboHIPEs, 59.89 and 79.43 % in 85 % porous car-
boHIPEs and 55.38 and 73.48 % in 87.5 % porous carboHIPEs. 

Table 1 
Porosity (%), Density (g/cm3), Shrinkage (vol. %), and Pore size (μm) values of the 80 %, 85 %, and 87.5 % porous polyHIPE lattices and carboHIPE lattices fabricated 
at 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C.

Samples Porosity (%) Bulk density (g/cm3) Shrinkage (vol. %) Pore size (μm) Char yield (%)
80 % porous polyHIPE 64.02 0.36 n/a 21.20 ± 6.11 n/a

500◦C 75.09 0.48 97.19 ± 0.10 15.12 ± 5.12 4.56
600◦C 59.13 0.41 97.39 ± 0.06 15.24 ± 5.14 4.98
700◦C 70.59 0.34 97.60 ± 0.03 16.63 ± 5.56 5.50
800◦C 68.61 0.19 97.47 ± 0.04 14.47 ± 4.50 5.54

85 % porous polyHIPE 76.96 0.22 n/a 26.26 ± 7.33 n/a
500◦C 59.89 0.35 97.44 ± 0.04 14.66 ± 5.06 4.37
600◦C 74.45 0.25 97.39 ± 0.07 13.91 ± 4.56 3.02
700◦C 64.09 0.26 97.54 ± 0.02 12.49 ± 3.56 3.39
800◦C 79.43 0.14 97.70 ± 0.03 13.12 ± 3.65 4.35

87.5 % porous polyHIPE 65.92 0.17 n/a 34.63 ± 13.15 n/a
500◦C 55.38 0.22 97.37 ± 0.08 13.04 ± 3.27 6.05
600◦C 73.48 0.24 97.19 ± 0.09 12.07 ± 2.98 4.62
700◦C 69.98 0.25 97.69 ± 0.01 12.21 ± 3.40 4.84
800◦C 71.04 0.14 97.19 ± 0.03 11.66 ± 2.82 6.05
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Furthermore, there is no significant difference in porosity between 
polyHIPEs and carboHIPEs, indicating that porosity remains consistent 
throughout the pyrolysis process. In addition, bulk densities of poly-
HIPEs and carboHIPEs range from 0.14 to 0.48 g cm−3. While there is no 
direct correlation between density and pyrolysis temperature, it is 
noteworthy that the highest temperature resulted in the lowest density. 
As expected, a higher degree of porosity led to lower density, as indi-
cated in Table 1. The carboHIPE lattice structures developed in this 
study exhibit a highly porous architecture and low density. When 
compared to other very low-density carbonaceous materials, pyrolytic 
carbon lattices are typically fabricated at densities ranging from 0.6 to 
1.4 g cm−3 [61–63]. In contrast, the inherently porous carboHIPEs 

demonstrated densities in the range of approximately 0.15–0.6 g cm−3 

[34,40,42]. This comparison highlights that the carboHIPE lattice 
structures produced in this study reflect the typical density character-
istics observed in carboHIPEs while being lighter than nonporous py-
rolytic carbon lattices, as expected. In addition, the char yield of 
polyHIPEs ranges from 3 % to 6 %, which aligns with the TGA data (~11 
%–2 % from 500 ◦C to 800 ◦C, respectively).

Although N2 sorption analysis was not performed due to sample 
quantity limitations to measure specific surface area, previous studies on 
ST-co-DVB-based polyHIPEs suggest that the specific surface area 
significantly increases after pyrolysis, reaching approximately 500 m2/g 
or higher [34,35,42].

Fig. 3. SEM images of carboHIPE lattices. 80 % inherently porous carboHIPE lattices pyrolyzed at (A) 500 ◦C, (D) 600 ◦C, (G) 700 ◦C, and (J) 800 ◦C. 85 % 
inherently porous carboHIPE lattices pyrolyzed at (B) 500 ◦C, (E) 600 ◦C, (H) 700 ◦C, and (K) 800 ◦C. 87.5 % inherently porous carboHIPE lattices pyrolyzed at (C) 
500 ◦C, (F) 600 ◦C, (I) 700 ◦C, and (L) 800 ◦C. (A colour version of this figure can be viewed online.)
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3.2. Carbonization mechanism of acrylate-based polyHIPEs

To investigate the degree of graphitization of carboHIPEs, Raman 
spectra were collected, and the corresponding data for 80 %, 85 %, and 
87 % porous carboHIPEs were presented in Fig. 5A, B, and C, respec-
tively. All samples demonstrated characteristic D and G bands at ~1349 
cm−1 and ~1599 cm−1, respectively. These peaks are indicative of the 
production of pyrolytic carbon and indicate the degree of carbonization 
(Fig. S7). The G band arises from the stretching vibrations of sp2 carbon 
atoms whereas the D band is associated with the breathing modes of sp2 

carbon atoms in rings or chains, and its presence indicates structural 
defects or disorders [64]. Moreover, to calculate the D/G ratio, we used 

the relative height values of the peaks, determined from the normalized 
data. It was observed that, with the increase in the pyrolysis tempera-
ture, the intensity ratio of D to G exhibited an increase across all three 
distinct porosities (from ~0.6 to ~0.80). Furthermore, as anticipated, 
although porosity did not have a significant influence on these observed 
trends, the most highly porous samples displayed the lowest D/G ratios. 
To validate the carbon structure, XRD was conducted on 85 % porous 
carboHIPE samples manufactured at 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C. 
The corresponding data is illustrated in Fig. 5D. The obtained XRD 
pattern exhibits characteristic broad peaks at 24◦ and 44◦, correspond-
ing to the (002) and (100) diffraction modes of pyrolytic carbon, 
respectively [65]. In addition, the difference in the peak positions 

Fig. 4. SEM images of carboHIPE lattices at various magnifications. 80 % inherently porous carboHIPE lattices pyrolyzed at (A) 500 ◦C, (D) 600 ◦C, (G) 700 ◦C, and 
(J) 800 ◦C. 85 % inherently porous carboHIPE lattices pyrolyzed at (B) 500 ◦C, (E) 600 ◦C, (H) 700 ◦C, and (K) 800 ◦C. 87.5 % inherently porous carboHIPE lattices 
pyrolyzed at (C) 500 ◦C, (F) 600 ◦C, (I) 700 ◦C, and (L) 800 ◦C. Scale bars are 50 μm in all the insets. (A colour version of this figure can be viewed online.)
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compared to those of polyHIPE serves as evidence of successful 
carbonization (Fig. S7).

3.3. Mechanical properties of carboHIPEs

The final analysis aimed to assess the mechanical properties of car-
boHIPEs. Lattices with 80 %, 85 %, and 87.5 % porous configurations 
were fabricated at 800 ◦C for an investigation of their compressive 
mechanical properties.

The stress-strain curve of all samples (4 replicates in each category) 
and their representative comparison with each other are presented in 
Fig. 6. All samples were taken to failure as exhibited in Fig. 6D.

As seen the compressive response shows several peaks and troughs in 
the resulting stress as the strain (displacement) is increased. This can be 
attributed to regions of the material under a significant load which then 
reaches the failure point. This region of material will fail under the 
localized load, temporarily reducing the stress in the system as it re- 
distributes. As the strain rises, the stress increases to a different region 
of the material, which then repeats until the material can no longer 
support any loads and eventually fails completely. Due to this process, 
the materials elastic moduli (Young’s modulus) were determined by 
fitting the gradient up to the first peak [66].

The Balshin model [67], has primarily been used to describe strength 
reduction in metals and cements due to porosity and states 
σ = σ0(1 − P)a 

Where σ is the compressive strength of the solid material and σ is the 

reduced strength due to porosity P. The factor of a is an empirical 
constant above 1. This shows that as the porosity rises, the strength of 
the material will decrease quickly, reducing the failure of the resulting 
internal structure.

Results of the samples show that the 85 % porous lattices exhibited 
the highest Young’s modulus (1.28 ± 0.43 MPa). Furthermore, the 85 % 
and 87.5 % porous structures also exhibited fewer peaks in their 
compressive data compared to 80 % porous lattices.

To the best of our knowledge, previous production of carboHIPEs, 
carbon foams, and porous carbons has been limited to basic shapes [8,
32,34,40] such as cubic or cylindrical forms, or carbon lattice structures 
fabricated from non-porous polymers [68,69] or fibers [70]. This study 
presents a novel approach where hierarchically porous carboHIPE lat-
tice structures are fabricated for the first time by combining emulsion 
templating and vat photopolymerization, followed by pyrolysis.

4. Conclusions

In conclusion, this study systematically investigated the use of HIPEs 
with various porosities (80 %, 85 %, and 87.5 %) as 3D printing resins to 
fabricate inherently porous polyHIPE lattice structures and followed by 
the examination of macro- and microstructure, shrinkage behavior, pore 
characteristics, carbonization mechanisms, and mechanical properties 
of 3D-printed hierarchically porous carboHIPE lattices. While polyHIPEs 
with 85 % and 87.5 % porosity exhibited some overcured regions, the 
87.5 % porous polyHIPEs also showed areas of incomplete curing. The 
examination of lattice structures at different carbonization temperatures 
showed consistent volumetric isotropic contraction. However, some 

Fig. 5. Raman spectra of (A) 80 %, (B) 85 %, and (C) 87.5 % porous carboHIPEs and (D) XRD analysis of 85 % porous carboHIPEs fabricated at 500 ◦C, 600 ◦C, 
700 ◦C, and 800 ◦C. (A colour version of this figure can be viewed online.)
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distortions were observed in 85 % and 87.5 % porous carboHIPEs due to 
the high internal phase content, with external to internal phase ratios of 
1:5.67 and 1:7, respectively. Quantified data on shrinkage rates com-
plemented visual inspections, showing approximately 97 % volumetric 
shrinkage with remarkable consistency across all conditions. SEM im-
ages displayed well-defined structures with varying pore sizes. Raman 
spectra indicated successful carbonization, with increasing intensity 
ratios of D/G bands (from ~0.6 to ~0.80) with increasing carbonization 
temperatures.
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