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Abstract

3D graphene foams exhibit immense degradation of mechanical properties. Microarchitecture 

can alleviate this problem, but no current technique meets the manufacturing requirements. 

Herein we developed a light-based 3D printing process to create hierarchical graphene structures 

with arbitrary complexity and an order-of-magnitude finer features, showing enhanced 

mechanical properties at decreasing density. 

 

Main Text 
 

Graphene is an atomically thin, two-dimensional (2D) carbon material with exceptional 

properties including a large specific surface area (2600 m2/g)1 and impressive electrical 

conductivity (8000 S/m)2 all while being one of the stiffest materials ever measured (1 TPa).3 

However, to fully exploit these properties for applications including catalysis,4 and energy 

storage,5 translation of 2D graphene into three-dimensional (3D) structures while maintaining 

its exceptional properties has been particularly challenging. 3D graphenes (3DGs) largely 

consist of randomly interconnected sheets with no topological control, resulting in a sharp 

degradation of mechanical properties compared to pristine graphene, anywhere from a factor of 

105 to 108 for elastic modulus (E).6,7 Understanding and overcoming this massive loss in 

mechanical properties is critical for 3DG application and development. 

Following Maxwell’s stability criterion in cellular structures, 3DG’s mechanical degradation 

arises from their stochastic, bending-dominated cellular layout, carrying load by flexure of the 

sheets instead of tension and compression.8–10 The severity of degradation intrinsically depends 
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on the density (ρ), and follows the proportion, 𝐸 ∝ 𝜌𝑛, where the scaling factor n for 3DGs is 

approximately 2.73, worse than stochastic polymer foams with 𝑛 = 2.10 

3D printing has been utilized to fabricate polymer foams with arbitrary, high-resolution 

architectures for a variety of advanced applications, and in particular, with stretch-dominated 

layouts. Stretch-dominated polymer architectures overcome traditional mechanical degradation 

and scale nearly linearly, 𝑛 = 1.1, with decreasing density. Techniques which utilize 3D 

printing including extrusion,7,11–13 ice-templating,14,15 laser templating,16 and casting17 have been 

used to create 3DGs with moderate structural control. However, they have all failed to achieve 

a truly arbitrary design space due to limitations in both the printing technique (e.g. toolpath 

requirement and serial writing) and feedstock materials which are largely not self-supporting. 

The resulting 3DGs are still limited in design to only a few bending-dominated geometries 

(wood-pile, square array etc.) and relatively large ligament feature sizes (>100 μm) precluding 

the vast design freedom to create 3D graphene mesoscale architectures for applications in energy 

storage and conversion.4,5 

Herein, we report a process to create 3DGs with essentially any desired architecture with 

feature resolutions an order-of-magnitude finer to apply the benefits of microarchitecture to 

3DGs. We designed and synthesized photocurable graphene oxide (GO) resins that can be 

sequentially patterned through a light-based 3D printing technique called projection micro-

stereolithography (PμSL). The complex hierarchical 3D micro-architected graphene (MAG) 

assemblies, Figure 1, have high surface area and are electrically conductive bringing all the 

desirable properties of 3DGs to a much broader design space. We utilize this ability to 

incorporate hierarchical stretch-dominated micro-architectures which mitigate the degradation 

in mechanical properties with decreasing density. Our process enables the fabrication of any 

designed 3D topologies with interconnected graphene foam as a base material, thereby enabling 

the use of design principles to incorporate structural hierarchies into the 3DGs. The resulting 

MAGs are lightweight, Figure 1, and can be designed and created with intricate 3D topologies 

having hierarchical structural features from a few microns to hundreds of microns, not 

achievable in previous state-of-the-art 3D printed 3DGs.7,18



  

 

 

Figure 1. A) Four "Green" MAG parts of differing unit-cell structures before pyrolysis from 

left to right octet-truss, gyroid, cubo-octahedron, and Kelvin foam; B) Optical image of 

pyrolyzed gyroid; C) SEM image of pyrolyzed gyroid with intricate overhang structures D) 

Zoomed image of pyrolyzed gyroid in "C"; E) Optical image of pyrolyzed MAG octet-truss, of 

a different design than shown in "A" supported by a single strawberry blossom filament; F) 

SEM image of pyrolyzed octet-truss MAG in “E”; G) Zoomed image of octet-truss in "E" 

showing the very high 10 micron resolution achievable in our process 

 

The main challenge to realizing MAGs was the development of a photocurable resin that  i) 

rapidly solidifies by light-initiated polymerization, and ii) sufficiently low viscosity to allow 

dipping and recoating for its layer-by-layer processing, Figure 2.18 The resin we developed is a 

dilute (1 wt%) graphene oxide (GO) dispersion in concert with a dilute amount of photocurable 

acrylates (12 wt%) and photoinitiator (2 to 4 wt%). We call it “XGO resin” as it consists of 

crosslinked GO particles (XGO) made by ultrasonically dispersing a GO hydrogel 



monolith.2,19,20 It was presumed that crosslinking GO in the XGO resin would lead to a MAG 

with textural properties (e.g. surface area) more similar to traditional aerogels than simply using  

neat GO flakes.  The acrylates and initiator allow PμSL printing by forming a temporary “green” 

structure that traps the XGO in the desired 3D architecture. The majority of the resin is solvent, 

N,N-dimethylformamide, DMF, as it maintains high quality GO dispersions, and solubilizes 

most acrylates and the photoinitiator.21 Our addition of DMF eliminates excessive amorphous 

carbon which could otherwise be introduced by using neat acrylates.22 The green structures are 

kept in solvent until dried either by supercritical or freeze-drying processes to maintain surface 

area. Pyrolysis of the “green” structures removes the majority of the photopolymer and reduces 

the GO green structure into a MAG. 

The GO concentration was selected to meet the viscosity requirements for PuSL printing and 

appropriate light absorption for high resolution printing. Optical microscopy of XGO revealed 

that after 24 hours of sonication, the dispersion consists largely of particles below 5 μm, with a 

few larger particles and agglomerates also present, (Supplementary Information Figure S1). 

The acrylic photopolymers, bisphenol A ethoxylate dimethacrylate (BisA-EDMA), and 

polyethylene glycol diacrylate (PEGDA700), were chosen through simple empirical tests. Using 

only BisA-EDMA at 12wt% produced a macroscopically brittle dust, while using only 

PEGDA700 produced a weak, solvent-logged gel. Equal amounts of each provided a relatively 

robust material considering the low overall amount of polymer. Increasing photopolymer 

concentration above 20wt% created excessive carbon filling the voids between the graphene 

sheets. (Supplementary Information Figure S2).  Therefore, a polymer concentration of 

12wt% was established as the minimum required to print 3D structures. 

 

Figure 2. Scheme of resin synthesis. GO is first crosslinked (XGO) into a hydrogel monolith 

then dispersed by sonication into a gel fragment dispersion. The addition of acrylates and 

photoinitiator creates the “XGO resin” and allows PuSL 3D printing, followed by drying and 

pyrolysis to the final microarchitected graphene (MAG) 



 

We investigated MAG’s hierarchical morphology through scanning electron microscopy 

(SEM). There is an approximate 50-60% shrinkage (Supplementary Table 1) in feature size 

due to polymer burn off and densification which is consistent with the expected uniform 

shrinkage of the printed structure. We have been able to attain high-resolution features with our 

smallest MAG features sizes on the order of 10 μm (Figure 1G), an order-of-magnitude finer 

than previous state-of-the-art 3D printed graphene aerogels whose finest features sizes are on 

the order of 100 μm.7,12 Importantly these structures maintain their printed architecture and 

integrity through the pyrolysis process, Figure 1. 

Figures 3A and 3B show the porous microstructure of an XGO MAG consistent with 

traditional graphene aerogels.  XGO exhibits markedly more pore structure than samples using 

neat flake GO (FGO, Supplementary Figure S3), providing evidence that the GO crosslinks 

survive pyrolysis and help form the 3DG structure within the MAG struts. XGO also has much 

higher surface area (130 m2/g) than FGO (47 m2/g), as determined by gas adsorption, due to the 

pre-crosslinked GO, and fine pores. Though smaller than their monolith counterparts, the 

surface area is an order-of-magnitude higher than previously reported graphene lattices.17 The 

hierarchically porous nature of MAGs, with a 60 nm average pore diameter (Supplementary 

Figure S4) and their large surface areas are consistent with other reported monolith and 3D 

printed 3DGs, though with an order-of-magnitude finer resolution and far more intricate 

architecture.7,11–16 

Transmission electron microscopy (TEM) shown in Figures 3C and 3D shows extensive 

wrinkling in the graphene sheets, as well as largely incomplete stacking of the sheets in-line 

with previous results.29 Figure 3D does show some sheet stacking is occurring, on the order of 

4-5 layers, indicating graphene crosslink breakdown during resin synthesis is the likely cause 

for the degradation of MAG surface area, compared to bulk monoliths.28 

To further investigate the microstructure of the as-fabricated MAGs from our light sensitive 

resins, we performed Raman Spectroscopy on an XGO MAG, and an XGO monolith 

aerogel2,19,20 without photopolymer (Figure 3E). There are four peaks of concern for carbons, 

the G band (1582 cm-1) and D band (1350 cm-1), and their overtone G’ (3248 cm-1) and D’ (2700 

cm-1) bands.2,20,23–29 The XGO aerogel monolith is typical of many 3DGs, exhibiting strong, 

broad G and D band peaks due to the many flake edges, and no noteworthy D’ or G’ peaks from 

the lack of well-ordered graphite-like layers.2,20,23–29 The XGO MAG spectra is nearly identical, 

indicative of porous, aerogel structure within the struts. The lower G band intensity of XGO 

MAG indicates a decrease in graphene sheet restacking compared to the monolith.24 

The elimination of acrylate and reduction of XGO were confirmed via SEM energy 

dispersive X-ray spectroscopy (EDS), Figure 3F. XGO dispersions with no polymer were dried 

via vacuum and compared to dried and annealed XGO MAGs. Dried XGO showed an atom 



percentage (at%) of 20 at% for oxygen, typical for the highly oxidized nature of the GO 

precursor.2,19,20 After pyrolysis, XGO MAGs reveal a significant loss in oxygen to 5 at%, which 

is very similar to previous reports of XGO monoliths.2,19,20 This is indicative of the reduction of 

GO and burnout of the majority of the acrylate during furnace treatment to leave a largely pure 

graphene network within the MAG struts.

Figure 3. A) SEM of XGO MAG B) Zoomed SEM of XGO MAG showing porous nature of 

strut C) TEM of XGO MAG showing sheet wrinkling and imperfect stacking D) Zoomed TEM 

showing stacking on the order of 4-5 graphene layers E) Micro-Raman analysis of XGO MAG 

and XGO aerogel showing identical MAG aerogel microstructure. F) SEM-EDS of XGO with 

no polymer before annealing, showing highly oxidized nature, compared to the furnace treated 

XGO MAGs revealing total loss of acrylate, and GO reduction leaving largely pure graphene 

network within the MAG struts 

 

The ability to assemble graphene sheets into complex, three-dimensional architectures opens 

up new opportunities to incorporate designed topologies into 3D graphene assemblies. We 

utilize this ability to test architectural effects in 3DGs mechanical degradation by printing a class 

of octet-truss graphene lattice from 9-42% relative density and conducting uni-axial 

compression tests. The octet-truss is a stretch-dominated micro-architecture, satisfying 

Maxwell’s Criterion,30 and has previously been demonstrated in polymer, ceramic, and metallic 

systems to provide exceptionally high elastic moduli at decreasing densities.8,31 Our octet-truss 

MAGs represent a hierarchical structure, Figure 4A, consisting of the porous graphene foam 



within the overall octet-truss struts. The graphene foam can be approximated as a gyroid,10 with 

an average pore diameter of 60 nm (Barrett-Joyner-Halenda method).  

The octet-truss MAGs are compared to previously reported graphene,32–39 carbon nanotube 

(CNT),40 and carbon aerogels41 on a log-log plot of density versus elastic modulus.8,10,28 Our 

hierarchical MAGs exhibit a scaling factor of 𝑛 = 1.56, Figure 4B, significantly improved over 

that of 3D porous carbon materials including graphene with n~2.67. It is also superior to 

previous 3D printed graphene aerogels, which due to material and printing limitations, could 

only achieve bend-dominated structures with scaling similar to that of bulk graphene aerogels 

(𝑛 = 2.5).10 

Unstructured porous graphene aerogels have an architecture which can be represented by a 

gyroid (𝑛 = 2.73)10  deforming by mechanically inefficient flexure or bending of the sheets.9,42 

The superior scaling of MAGs is a direct result of the beneficial hierarchical 3D 

architecture,6,31,43 confining the graphene gyroid, to the lowest level of hierarchy, with the 

second order stretch-dominated octet-truss providing sheet alignment, to cause predominate 

deformation by mechanically efficient in-plane tension and compression. The mechanical 

property and density scaling of the second order 3D architected graphene lattice can be 

approximated as (full derivation in Supplementary Information):   

 𝐸 𝐸𝑠⁄ ~(�̅�)𝛼𝑁1+(1−𝛼)𝑁2  

where 𝑁1 is the scaling power of the first order gyroid graphene, 𝑁2 is the scaling constant 

of the second order octet-truss architecture, and α represents the variation of the single order 

architecture relative density to the overall density.6,31 Tuning the density (�̅�) of the hierarchical 

3D MAGs by primarily reducing the relative density of the octet micro-architecture enables a 

superior scaling constant closer to the octet lattice architecture as compared to unstructured 

graphene aerogel. If one tunes the density by varying gyroid density, then the scaling of typical 

graphene aerogels results, ~2.67. 

To further establish that the improved scaling is result of incorporation of octet 

microstructure, bending-dominated hierarchical pyramidal-gyroid microstructures were also 

tested. Pyramidal trusses are similar to octets trusses, but with lesser connectivity, deforming 

primarily by bending.8 The stiffness of the pyramidal structures is significantly less than octet, 

performing similarly to graphene monoliths Figure 4B, due to the structures inefficient 

deformation by strut flexure.9 The incorporation of stretch-dominated octet truss 

microarchitecture gives rise to new property scaling law not seen in graphene aerogels. Previous 

studies have noted that at low density polymer foams will outperform graphene foams 

mechanically, despite graphene having base material properties orders-of-magnitude higher 

than any polymer.10 Through micro-architecture, the improved scaling relationship of MAGs, 

eliminates this tradeoff further expanding the applicability of low-density graphene assemblies. 



MAG’s electrical conductivity was probed through resistive testing revealing a high 

conductivity of 64 S/m for a MAG density of 92 mg/cm3 (refer to Supplementary Information 

Table 2 for more samples). Previous literature reports have established the need for covalently 

crosslinked graphene foams to achieve high electric conductivity.2 MAGs excellent conductivity 

approaches the value of bulk crosslinked graphene aerogels (100 S/m), and is indicative of their 

highly connected nature.2,19 

MAGs open the desirable properties of 3DGs to many new possible applications with 

designed mesoscale architectures. In particular, MAG’s high surface area, electrical 

conductivity, significantly improved mechanical properties at low density, and the ability to be 

manufactured into arbitrary form factors, makes them compelling electrode materials for energy 

storage. Graphene has significant potential as an electrode material,44 and electrode architecture 

has shown important performance effects as demonstrated by Zhu et al. with 3DG 

supercapacitors.5 While previous works were limited to relatively simple structures, MAGs open 

arbitrarily complex electrode architectures for exploration. 

MAG’s enhanced mechanical properties at low density is highly desirable for electrode 

materials which can experience severe mechanical stress during energy storage cycling. 

Swelling, on the order of 300-400%, can pulverize some battery electrodes.45 MAG’s 

significantly improve low-density mechanical performance, can help drive graphene electrode 

performance, reducing density, while maintain mechanical integrity. The exploration of MAGs 

for energy storage will be explored in future works.



  

 

 

 
Figure 4. A) Schematic of the hierarchical structure of MAGs showing the octet-truss structure 

with the graphene having an approximated gyroid structure within the struts B) Scaling of MAG 

Octet-truss density with Young’s modulus is shown in orange. Most 3DGs, and other carbon 

and CNT aerogels, shown in grey, exhibit a stiffness degradation of density to the power ~2.67, 

while octet-truss MAGs exhibit a lower degradation scaling factor of 1.54 due to their stretch-

dominated architecture. Bend-dominated pyramidal MAGs, shown in blue, were also tested and 

performed similarly to graphene monoliths and further support that the improved properties are 

a result of the octet-truss hierarchical stretch-dominated architecture. 

 



  

 

 

 

Conclusions 

This work demonstrates an efficient pathway to optically print 3D graphene aerogels with 

complex, hierarchical 3D architectures of interconnected graphene sheets. The photo-activated 

graphene oxide resin can be precisely patterned by light into any desirable shape with 3D spatial 

features sizes of ~10 micron, and the strut microstructure having pore sizes on the order of 60 

nm. The method can be utilized by any lithographic based technique to open new opportunities 

for complex free-form 3D graphene assemblies. 3DG fabrication has been limited to relatively 

simple structure due to intrinsic limits in the manufacturing techniques. The high-resolution, 

intricate structures demonstrated here not only allow the fabrication of arbitrary form factors for 

a plethora of applications but can improve graphene foam properties at increasingly low 

densities. MAG’s essentially unlimited design space, high surface area and electrical 

conductivity paves the way for exploring mesoscale architectures for advanced 3DG 

applications including catalysis and separation platforms, tunable thermal conductivity, and 

fluid flow among others. 
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