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Figure S1 Thermogravimetric analysis (TGA) of acryl-based photoresin under a N2 flow 
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Figure S2 a Line analysis of EDS on the cross-section. b high resolution SEM image of the 

3D architected carbon showing smooth surface. The scale bar in b is 100 nm. 
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Figure S3 Stress-strain curve of five samples of the 3D architected carbon. 
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Table S1 Average values and standard deviations of the 1st, 2nd and 3rd yield strength. 
 1st yield 2nd yield 3rd yield 

Average 

(MPa) 
9.2 14.2 27.1 

SD (MPa) 2.9 6.4 5.3 
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Figure S4 a Schematic images of coin cell components. b schematic side view of coin cell 

components (without top case and spring). c top view of the 3D architected carbon surrounded 

by a PP washer on a bottom case 
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Figure S5 a Galvanostatic cycling of architected carbon electrodes using a three-electrode 

configuration cell. Columbic efficiency (top) and discharge capacities (bottom) at step 

currents indicated by the number above each segment. b Discharge capacities at 2nd cycle in 

each step current of the architected carbon electrodes cycled in a three-electrode configuration 

cell shown in a and cycled in a two-electrode configuration cell shown in Figure 4b 
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Figure S6 Representative SEM images of the 3D carbon electrodes after >300 cycles at 100 

mA g-1 in a coin cell a whole view, b defected beam pointed by the red circle c surface 

morphology of the beam. d SEM image of an 3D carbon electrode after +500 cycles. The 

scale bars are 5 mm in a, 1 mm in b, 500 nm in c, and 400 mm in d. 
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Figure S7 Discharge-charge curves for Figure 3b: a at step currents and b at 16 mA g-1 after 

step currents. Discharge-charge curves for Figure 3c: c at 17 mA g-1 as three pre-cycles and d 

at 100 mA g-1, and after recycling e at 17 mA g-1 as three pre-cycles and f at 100 mA g-1 
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Figure S8 Areal capacities of three different types of electrodes at a 16.7 mA g-1, b 100 mA g-

1, and c 300 mA g-1 
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Figure S9 SEM image of pyrolytic carbon particles pulverized from 3D architected carbon. 

The scale bar is 10 mm. 
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Figure S10 Overpotential vs. mass loading for three different types of electrodes at a 16.7 mA 

g-1, b 100 mA g-1, and c 300 mA g-1. 
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Figure S11  Voltage changes of a lithium counter electrode against a lithium reference 

electrode in the three-electrode configuration cell with 3D architected carbon working 

electrode, cycled at step currents shown in Figure S5. 
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Figure S12 Specific capacities of three types of electrodes with overpotential. 
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Figure S13 Discharge-charge curves of a 3D architected carbon, b pulverized carbon slurry 

and c graphite slurry that have around 14 mg cm-2 slurry at the 2nd cycle in different current 

densities.  The mass loadings were 13.6 mg cm-2 for 3D architected carbon, 15.6 mg cm-2 for 

pulverized carbon slurry, and 14.1 mg cm-2 for graphite slurry. 
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Figure S14 SEM images of a, b, c the 3D polymer after O2 plasma etching at different 

magnifications; d, e, f 3D carbon fabricated by pyrolysis of the etched 3D polymer at different 

magnifications. The scale bars are 1 mm in a, 100 mm in b, 1 mm in c, 100 mm in d and e, and 

1 mm in f. 
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Figure S15 Discharge-charge curves of 3D architected carbon a with and b, c without O2 

plasma etching process. The mass loadings of a and b are similar: 8.25 mg cm-2 for a and 8.42 

mg cm-2 for b; meanwhile a and c have similar thickness: 0.996 mm for a and 0.973 mm for 

c. Green dot lines show the voltage at the first data acquisition in charge curves at 200 mA g-1 

(0.1213 V) and 300 mA g-1 (0.184 V) for the 3D architected carbon with the etching process. 
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Figure S16 3D architected carbon with 125 mm-wide unit cells.  

200 mm 
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Figure S17 a Specific capacity vs specific current, b areal capacity vs areal current of 

architected carbon electrodes, and c geometry of the tested carbon electrodes.     
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Estimation of diffusion length and time 

 

The porosity, ε for 3D architected carbon was set to be the porosity of the designed 3D model 

in CAD: 10%. The porosities, ε for slurry were calculated by 

𝜀 =
𝑚𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠∗𝜌𝑏
          (S1) 

, where ρb is a density of bulk materials. The mass loadings and electrode thickness were 

measured. 2.09 g cm-3 is used for the bulk density of graphite and 1.8 g cm-3 for pulverized 

pyrolytic carbon. The bulk density of the pyrolytic carbon was obtained by making a circular 

plate made of pyrolytic carbon and measuring dimensions and weight. The intrinsic diffusion 

coefficient used for calculations in Equation (3) are 1.4×10-10  cm2 s-1 for the electrode[1] and 

3.2×10-6 cm2 s-1 for the electrolyte[2]. 
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Figure S18 Estimated characteristic diffusion time of Li ion in the electrolyte from tested 

samples (dots) and electrodes (red lines). Blue and yellow lines show calculated characteristic 

diffusion time in the electrolyte for 3D architected carbon and pulverized carbon slurry with 

the assumption of 60% in porosity. 
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Figure S19 Energy density vs theoretical SHE cathode and mass loading relationship at a 16.7 

mAg-1, b 100 mAg-1 and c 300 mAg-1 
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Detail descriptions for Table 1 

 

The detail explanations and the reasons of categories in the electrode engineering factors for 

each method of structural engineering are described here. 

 

Conventional slurry: 

The slurry electrode is the most conventional and commercially employed method. Its 

components are usually binders and conductive additives in addition to active materials which 

are randomly stacked. The solid-diffusion length in an electrode corresponds to particle size 

and can be controlled independently by adjusting it. Tortuosity depends on the calendaring 

load and resultant porosity because of its randomly stacked geometry. Since the overall 

structure of stacked particles relies on substantially a calendaring load and resultant structure 

is random and not designed, the structural integrity is not evaluated. 

 

Slurry with anisotropic pores: 

Anisotropic pore structures in slurry electrodes can be created by aligning active materials 

particles with external fields[3,4] or ice-templating methods [5,6] in the slurry making process. 

Laser ablating (cutting grooves) into the calendared slurry electrode is also included in this 

method. These methods can improve tortuosity compared with conventional slurry electrode 

structures at the same porosity. J. Billaud et al. used a magnetic field to align iron oxide 

nanoparticles-loaded graphite flakes along the though-thickness direction [3]. Park et al. 

demonstrated in 2019 that laser structured electrodes enhanced the rate capability of the 

electrode and specific energy while improving or retaining the power density, due to 

increased diffusion homogeneity and electrolyte wettability[7]. 

In this method, tortuosity is not coupled with a fraction of active materials, indicating the 

independent control capability of the fraction of the active material. However, since tortuosity 

can be controlled only into a specific range, it is evaluated as a “restricted factor”. J. Billaud 

et al. reported the aligned structure was reorganized by calendaring load [3]; thus the structural 

integrity is evaluated as “moderate”. 

 

Slurry filled in 3D conductive framework: 

The 3D conductive framework or 3D current collector is used to support slurry electrodes. It 

can increase a total electrode thickness and areal mass loading with having a short distance of 

electron transport between the current collector and active material in contrast to conventional 

slurry electrodes cast on metallic sheets. This method still requires slurry electrodes composed 

of randomly packed active particles, binder and conductive additives; the controllable factors 

are considered in the same way as the conventional slurry electrode. The porous structure of 

slurry in the 3D current collector is random and not designed like conventional slurry. 

Therefore, structural integrity is not evaluated. 
 

 

 

Planar thin film: 

In planer thin film, solid-diffusion length in the electrode can be controlled by simply 

adjusting the thickness of the film of the active materials. Since there is almost no pores or 

spaces where electrolyte can be filled in, factors about tortuosity are not evaluated in this 

method. The structure is a solid film grown on a substrate, which is not designed a complex 

3D structure. Therefore, the structural integrity is not evaluated. 

 

Thick monolith: 
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Thick monolith has been developed recently by W. Lai et al. using lithium cobalt oxide[8]. 

Since this method relies on necking formation between the polydispersed active material 

particles via sintering, which changes solid-diffusion length, tortuosity and porosity 

simultaneously, all electrode engineering factors are dependent relationship. The monolith 

structure had a high relative density and well-necked structure. Therefore, based on other 

studies of sintered ceramics [9], we assumed that this structure has good structural integrity 

even though mechanical properties have not been evaluated for the thick porous monolith 

made of battery materials. 

Tortuosity value is taken from the report about calendared slurry electrodes[10] with a similar 

fraction of active materials to that of the thick monolith electrode demonstrated by W. Lai et 

al. [8]. 

 

Film on 3D conductive framework: 

Another way to use the 3D current collector is by coating active materials on it. The 

morphology of the 3D current collector ranges from stochastic to periodic structure. H. Zhang 

et al. coated a thin film of active material on the 3D current collector having inverse opal 

structure, which enabled the very short diffusion path of ions in the electrode and good 

electron transport due to the 3D current collector[11]. In a similar manner to planer thin film, 

the solid-diffusion length in electrode can be controlled independently by adjusting the film 

thickness, and a fraction of active materials can be controlled by changing the 3D current 

collector structure such as unit structure size for a periodic structure. H. Zhang et al. showed 

no structural change of NiOOH on nickel even after 100 cycles at 6C rate; thus, structural 

integrity is evaluated as “good”[11]. 

Reference of reported values: solid-diffusion length in electrode and fraction of active 

materials are from [12,13]. Tortuosity is evaluated as nearly one from the report about tortuosity 

of periodic inverse opal structure[14] 

 

 

3D monolith by sacrificial template: 

3D porous monolith structures using sacrificial templates have been developed in various 

template methods, including but not limited to, the usage of monodisperse particles (i.e. 

inverse opal)[15], bio-template [16], bicontinuous nanoporous alloy[17] and salt-template [18]. 

Inverse opal structure has the determined tortuosity and active materials fraction (< 26 %), but 

can control solid-diffusion length by adjusting the wall thickness. Bio-template methods can 

hardly control all factors because the structure relies on the individuals which could be 

different. Solid-diffusion length and fraction of active materials are controllable using the 

method combining bicontinuous nanoporous alloy and selective etching[17]. The usage of the 

salt particles as a space holder can only control pore size distribution and porosity, but not 

tortuosity or solid-diffusion length. Applying an external field to align the space holders can 

allow for low tortuosity (~1) for macro-pores[19]. However, the fabricated monolith had 

nano/micro-porous which may have high and uncontrollable tortuosity for ion-transport in the 

filled-in electrolyte. Since there are different methods to fabricate 3D monolith by sacrificial 

templates with different control capabilities in electrode engineering factors, we adopt the best 

categories: “independent factor” in solid-diffusion length in electrode from inverse opal 

structure, “restricted factor” in tortuosity from inverse opal structure and “independent factor” 

in the fraction of active materials from the usage of space holders. Structural integrity is 

evaluated as “excellent” from the results of excellent mechanical properties of inverse opal 

structure[20,21]. 

 

 

Extrusion-based 3D printing: 
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Three electrode engineering factors in extrusion-based 3D printing were categorized into the 

correlated factor regardless its macro/micro-control of depositing electrodes because precise 

control of its nano/micro porous structure of active materials in a wide range has not been 

demonstrated. The active materials particles’ size and fraction are limited to obtain suitable 

rheological properties to be extruded in a precise manner. The 3D architected silver electrode 

with a thickness of 400um showed cracks after cycling for 40 times due to volume expansion 

by 20%, although a 200um thick electrode retained the overall structure. Therefore, we 

evaluated the structural integrity as “moderate”. 

Reference of reported values are from [4,22–27] There has not been reported tortuosity values for 

battery electrodes fabricated by extrusion-based 3D printing. 

 

Lithography-based: 

The lithography-based method has been actively investigated toward 3D interdigitated 

structure. Although reported battery electrodes fabricated by lithography-based techniques 

showed only 2.5D structure (the structure is only above its substrate geometry), all electrode 

engineering factors are controllable. This technique is often combined with other methods 

such as thin-film coating[28] and slurry inclusion[29]. Since each beam arrays are not connected, 

and mechanical load must be supported by individual beams, especially for share stress, we 

evaluated its structural integrity as moderate. Full cells using silicon and lithium cobalt oxide 

showed cracks after cycling due to a significant expansion of silicon upon lithiation[29]. 

 

Table 1 with reference numbers 

 

 

Solid-diffusion length in 

electrode (mm) 

Tortuosity of diffusion path 
in electrolyte 

Fraction of active materials 
(v/v) 

Structural 
integrity 

Method min max min max min max 
 

Conventional slurry 0.03[30] 25[31] 1[32] 12[32] 0.3[33] 0.75[33] - 
Slurry with anisotropic 
pores 

 
0.05[5] 10 [4] 1.3 [5] 6.5[34] 0.24[4] 0.59[35] Moderate[3] 

Slurry filled in 3D 
conductive framework 0.05[36] 10[37] 1 [38]  0.20[36] 0.35[39] - 

Planar thin film 0.1[40] 15[41] - - - ~1 - 

Thick monolith 0.05[42] 2[43] 2[10] 3[10] 0.4[42] 0.87[44] Good[9] 
Film on 3D conductive 
framework 0.02[12] 0.2[13] 1[14]  0.14[12] 0.69[15] Good[11] 
3D monolith by sacrificial 
template 0.005[15] 10[18] 1[16] 3.3[18] 0.26[15] 0.68 Excellent[20] 

Extrusion-based 3D print 0.1[22] 25[24]   0.06[45] 0.43[4] Moderate[25] 

Lithography-based 0.07[28] 50[46] 1[47] 3[28] 0.08[28] 0.2[29] Moderate 
DLP 3D printing-based 
(this work) 8 30 1  0.12 0.35 Excellent 

 

Materials: 

Conventional slurry: versatile 

Particle alignment: LMO[4], LFP[5], Graphite[3], LCO[48], NMC[54] 

Slurry filled in 3D current collector: versatile 

Planar thin film: versatile 

Thick monolith: LTO[49], LCO[44], LFP[42] 

Film on 3D current collector: versatile 

3D monolith by sacrificial template: versatile 

Extrusion-based 3D print: C[50], LMFP[51], LTO[22], LFP[22], LMO[4], Ag[25], S[27] 

Lithography-based: C[46], Si[29], Sn[28], LMO[28], LTO[52], LFP[52], LCO[29] 
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Analytical calculations of required diffusion length in the electrode to shift the rate-

limiting process 

 

We analytically calculated the required diffusion length in the electrode to shift the rate-

limiting process between diffusion in the electrode vs electrolyte. Electrode thickness, 𝑥𝑡ℎ can 

be related to the volume fraction of active material, 𝑅𝐷, material density, 𝜌 and mass loading, 

𝑀𝐿: 

 

𝑥𝑡ℎ =
𝑀𝐿

𝑅𝐷 × 𝜌
       (S2) 

Rate-limiting process may be shifted when characteristic diffusion time in electrode and 

electrolyte are equivalent: 

 
𝑥𝑟𝑎𝑑

2

𝐷0 
𝑠 =

𝑥𝑡ℎ
2

𝐷𝑒𝑓𝑓
𝑙  

        (S3) 

 

where 𝑥𝑟𝑎𝑑is the beam radius of architected carbon, 𝐷0
𝑠 is the intrinsic diffusivity in carbon 

electrode, 𝐷𝑒𝑓𝑓
𝑙  is the effective diffusivity in the electrolyte filled in the porous electrode. 

Using Eqs S2, S3 and Equation (2) in the main manuscript, we can obtain the required beam 

radius, 𝑥𝑟𝑎𝑑 to shift rate-limiting process between transport within electrolyte vs. electrode, 

expressed by mass loading, 𝑀𝐿 and active material fraction, 𝑅𝐷 

 

𝑥𝑟𝑎𝑑 = √
𝐷0

𝑠

𝐷0
𝑙 ×

1

1−𝑅𝐷
× (

𝑀𝐿

𝑅𝐷×𝜌
)

2

     (S4) 

 

 

where 𝐷0
𝑠 is the intrinsic diffusivity in the electrolyte. Here we assume that tortuosity of 

architected carbon is unity due to its straight pore structure. 

 
Figure S20 Required diffusion length in the electrode to shift the rate-limiting process 

between transport in the electrode vs electrolyte as a function of a volume fraction of active 

materials and mass loading 
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Figure S21 Ragone plots of a the 3D architected carbon electrode with different mass 

loadings, and b anode half cells (closed circle) and full cells (open circle) assembled with 

structurally engineered electrodes 

 

References: Graphite in Cu foam[37], Co3O4 anode on Ni foam[55], Graphite aligned 

magnetically[3], LMO/LTO on CNT sheet[56], LFP/LTO by 3D-extrusion[22], LFP/LTO by 3D-

extrusion with GO[23], LCO/Si lithography-interdigitated[29], Si lithography array[29], Graphite 

pillars[46], LFP/LTO by 3D-extrusion with coin cells[26], LFP/LTO 3D monolith by SPS[57], 

LTO 3D monolith by SPS[57], Ag by 3D-extrusion (250um thick)[25], LCO/LTO sintered thick 

monolith[58] 
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Analytical calculations of volumetric capacity of a planar cell and 3D interdigitated cell 

 

We analytically calculated attainable volumetric capacity of a conventional planar full cell 

and 3D interdigitated full cell composed of pyrolytic carbon (250 mAh g-1, 1.8 g cm-3) and 

lithium iron phosphate (170 mAh g-1, 3.5 g cm-3). In a planar cell, we determined the cathode 

electrode thickness, 𝐿𝑐 by matching capacities between the anode and cathode: 

 

𝐿𝑐 =
𝑞𝑎𝜌𝑎𝐿𝑎𝜃𝑎

𝑞𝑐𝜌𝑐𝜃𝑐
       R(5) 

 

where 𝐿 is the electrode thickness, 𝜌 is the material density, 𝜃 is the volume fraction of active 

materials, and subscripts 𝑎 and 𝑐 denote the anode electrode and cathode electrode, 

respectively. We assume that 70 vol.% of active materials in the cathode electrode. 

Volumetric capacity, 𝑄𝑣 is calculated by dividing areal capacity by cell thickness composed 

of anode and cathode electrodes and simplified: 

 

𝑄𝑣
𝑝𝑙𝑎𝑛𝑎𝑟 =

𝑞𝑎𝜌𝑎𝜃𝑎×𝑞𝑐𝜌𝑐𝜃𝑐

𝑞𝑎𝜌𝑎𝜃𝑎+𝑞𝑐𝜌𝑐𝜃𝑐
      R(7) 

 

We do not consider a separator and current collector to calculate volumetric capacity. 

For an interdigitated electrode cell, since the anode thickness and cathode thickness are 

equivalent, the volumetric capacity of an interdigitated cell, 𝑄𝑣
𝑖𝑑can be expressed by 

 

𝑄𝑣
𝑖𝑑 = 𝑞𝑎𝜌𝑎𝜃𝑎 =  𝑞𝑐𝜌𝑐𝜃𝑐       R(8) 

 

with feasible volume fractions of active materials (i.e. 𝜃𝑎 + 𝜃𝑐 < 1)in the capacity-matched 

anode and cathode. 
 

 
Figure S22 Volumetric capacity change upon anode materials fraction for planar cell and 

interdigitated cell composed of pyrolytic carbon anode and lithium iron phosphate cathode 

materials 
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