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1. Material Characterization 

 

We characterize the graphitic quality of the as-fabricated foams by means of Raman 

spectroscopy, TGA and XPS. Raman maps of the foam unit cells and respective individual 

Raman spectra are shown in Fig. SI-1. The ID/IG ratio map for the FG shows a low defect 

density (ID/IG <0.05) across the entire 300x300 µm area (Fig. SI-1a-c). The ID/IG ratio is largely 

<0.01, indicating that the graphitic layers are well graphitized (See Supporting Information 

Fig. SI-1a). The majority of the foam shows an I2D/IG ratio of 0.3–0.4, which is consistent with 

h>80 nm, i.e. the multi-layered nature of the walls here. The Raman map shows some areas 

with I2D/IG ratios >1, which originate from locally decoupled (due to intercalation or 

rotation) layers of graphene [S1–S3]. Al2O3/G samples show a slightly higher ID/IG ratio 

compared to FG, which suggests that a small number of defects in the graphitic layers were 

introduced during the ALD process. TGA in synthetic air (Fig. SI-1d) of FG shows a thermal 

stability threshold of 770°C, again highlighting that the walls are well graphitized [S4]. 

PMMA is decomposed in air at a much lower temperature of ~350°C. The absence of a peak 

in the weight derivation at ~350°C confirms the absence of residual PMMA on the FG.  
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Figure SI-1. Raman spectroscopy map of a GF unit cell represented as (a) ID/IG and (b) I2D/IG intensity ratio. (c) 
Representative Raman spectra of GF foams taken at areas denoted as A and B in (a) and (b). (d) Thermogravimetric analysis 
of PMMA/G and FG in air to indicate the complete removal of PMMA scaffold. The PMMA scaffold decomposes in air at 
~350°C, while graphitic layers are air stable up to ~770°C.   

 

XPS analysis confirms the removal of the sacrificial Ni template (Fig. SI-2). The presence of a 

Ni template on graphene foams can be observed from the survey spectra of G/Ni foams 

prior to Ni removal, where the peak associated with Ni2p is visible at a BE of ~852eV (Fig. SI-

2c). On GF, PMMA/G, and Al2O3/G foams, this peak is absent. The absence of this peak 

suggests that the Ni template has been removed to at least a level below the XPS detection 

limit. The C1s spectrum of GF exhibits a single peak at a BE of ~284.5eV that is commonly 

associated with freestanding sp2 carbon (Fig. SI-2a). This indicates that the graphene layers 

in GF are free from both the Ni foam template and sacrificial PMMA layers. On the other 

hand, the C1s spectrum of PMMA/G foams exhibits additional peaks at BEs of ~284.8eV and 

~288.5eV (Fig. SI-2a). These peaks indicate the presence of sp3 and oxygenated carbon 

species that originate from the PMMA scaffold. Similar to that of GF, the C1s spectrum of 

Al2O3/G exhibits a single peak at a BE of ~284.5eV (Fig. SI-2a). This suggests that the 

graphene layers are not altered by the atomic layer deposition (ALD) of Al2O3. The presence 

of the Al2O3 scaffold on Al2O3/G foams is confirmed by the symmetric peak that is commonly 

associated with aluminum oxide at a BE of ~74.6 eV in the Al2p core level spectra (Fig. SI-

2b).  
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Figure SI-2. C1s (a) and Al2p (b) core-level spectra of G, PMMA/G, and Al2O3/G foams confirming the presence of PMMA 
and Al2O3 scaffolds on PMMA/G and Al2O3/G respectively. (c) XPS survey spectra of nickel-free G, PMMA/G, and Al2O3/G 
foams along with that of graphene on Ni foam prior to template removal (G/Ni) as comparison. (d) Distribution of ID/IG and 
I2D/IG obtained from multiple PMMA/G, FG, and Al2O3/G foams. All Raman spectra are obtained using 532nm excitation. 

 

The I2D/IG ratios of GF and Al2O3/G are similarly concentrated around 0.3–0.4, whereas those 

of PMMA/G are found to be more widely spread between 0.2 and 1 (Fig. SI-2d). Such a 

difference may be attributed to residual strain introduced by the PMMA scaffold during the 

fabrication step and thermal strain due to laser irradiation of PMMA during the Raman 

spectroscopy measurement [S5]. These strains are then released once the PMMA scaffold is 

removed from the foam. 

 

 
Figure SI-3. (a) Scanning electron microscopy (SEM) images of commercial Ni foam used herein (MTIXTL, purity >99.99%, 
~95% porosity, 80-110 pores per inch, 1.6 mm thick, bulk density ~450kg/m

3
). The polycrystalline grain structure can be 

seen in (b), with a grain size ranging from 4-20 µm. A sample post 60% uniaxial compression can be seen in (c). 
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2. Mechanical analysis 

For all graphitic foams, the compressive modulus E was obtained by fitting the linear part of 
the stress-strain curve to a linear fit. The linear region was defined as the region between 
1% strain and 11% strain for FG samples and between 1% strain and 6% strain for Al2O3/G 
samples.  The onset of plasticity, which is represented by the yield strain εY, is defined by the 
0.2% offset method. This was determined by offsetting the linear fit in the linear elastic 
regime by 0.2% strain and finding the point of intercept. The yield stress σY is identified by 
the stress at the onset of plasticity. The onset of densification, which is represented by the 
densification strain εD, was determined by first calculating the compression efficiency η, 
from which εD was then determined from the point of maximum efficiency ηmax [S6].  
 

3. Mechanical Properties to Relative Density Scaling - Constants of Proportionality  

Based on our observed experimental data, we have found that the cellular solids fabricated 

herein behave as bending-dominated foams, with elastic moduli and yield strength scaling 

as 
𝐸

𝐸𝑠
= 𝛼�̅�2 (1𝑎) 

𝜎𝑦

𝜎𝑦𝑠
= 𝛽�̅�3/2

(1𝑏) 

 

The experimentally observed values for the constants 𝛼 and 𝛽 are usually taken as [18,24] 

 

𝛼 ≈ 1, 𝛽 ≈ 0.3 

 

for open cell foams. In contrast, for our foams we find that, 

 

𝛼 = 7.8 × 10−4, 𝛽 = 9.4 × 10−5 

 

An explanation for the large knockdown in values is now given. In particular, we investigate 

the influence of hollow struts, and wavy anisotropic cell walls on the values for the pre-

factors (𝛼, 𝛽).   

3.1. Shape Factor  

 

The bending stiffness and strength of a beam is sensitive to the distribution of material 

within the cross-section, as characterized by a shape factor. These shape factors must be 

taken into consideration to account for this discrepancy in the measured proportionality 

constants 𝛼 and 𝛽 to the experimentally reported literature values derived from open-cell 

foams. We consider the shape factor for elastic bending 𝜙𝐵𝑒, and the shape factor for yield 

in bending 𝜙𝐵𝑒.  

 

The shape factor is a multiplicative scaling factor which expresses the amplification of a 

mechanical property (such as mechanical modulus), due to a choice of geometry. This factor 
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is normalized by that of a solid circular beam of equal cross-sectional area to that of the 

geometry under consideration. To determine the relevant shape factors for the foams of our 

study, we treat the beams of the foam structure as hollow triangular struts of wall thickness 

h, side length d and internal side length di, as shown in Figure 7. Assume that the cell walls 

are made from a solid of Young’s modulus 𝐸𝑠  and yield strength 𝜎𝑦𝑠. We assume the strut 

be in bending under an applied moment caused by the macroscopic compression of the 

foam. A reference cell wall of solid circular cross section of diameter D is used, of cross-

sectional area equal to that of the hollow tube, implying 𝐷2 = 12𝑑ℎ/𝜋. 

 

Consider a beam of length 𝑙, under a uniform moment (𝑀) such that the ends have a 

relative rotation (𝜃) . Then, the bending stiffness (𝑆𝐵) is 

 

𝑆𝐵 ≡
𝑀

𝜃
=

𝐸𝑠𝐼

𝑙
(2) 

 

where 𝐼 is the second moment of area. 

 

 We write 𝐼ℎ and 𝐼𝑠 as the second moment of area of a hollow triangular beam and solid 

circular bar, respectively. For bending about the axis X--X of Fig. 6, 𝐼ℎ reads as 

 

𝐼ℎ =
1

32√3
[(𝑑𝑖 +

4

√3
ℎ)

4

− 𝑑𝑖
4] ≈

ℎ𝑑3

6
 (3𝑎) 

 

for ℎ/𝑑 ≪ 1, and the shape factor 𝜙𝐵𝑒 follows  

 

 𝜙𝐵𝑒 =
𝑆𝐵ℎ

𝑆𝐵𝑠
=

𝐼ℎ

𝐼𝑠
≈

2𝜋

27

𝑑

ℎ
(3𝑏) 

  

for ℎ/𝑑 ≪ 1. For the dimensions of the foams of the current study we find that 𝜙𝐵𝑒 ≈ 83. 

 

Now consider the plastic collapse of the hollow triangular bar and of the solid circular bar of 

equal cross-sectional area. Upon noting that the plastic collapse moment of the hollow 

triangular bar and solid circular bar are given by 𝑀𝑃ℎ ≈ √3ℎ𝑑2𝜎𝑦𝑠 and 𝑀𝑃𝑠 ≈ 𝐷3𝜎𝑦𝑠/6 

respectively, the shape factor reads 

 

𝜙𝐵𝑦 =
𝑀𝑝ℎ

𝑀𝑝𝑠
≈

𝜋3/2

4
(

𝑑

ℎ
)

1/2

(4) 

 

For the dimensions of the foams of the current study we find that 𝜙𝐵𝑦 ≈ 26. 

The above considerations suggest that the macroscopic elastic moduli and yield strength of 

a foam comprised of hollow triangular struts is of the form, 
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𝐸

𝐸𝑠
= 𝜙𝐵𝑒�̅�2 (5𝑎) 

𝜎𝑦

𝜎𝑦𝑠
= 0.3𝜙𝐵𝑦�̅�3/2

(5𝑏) 

 

and a direct comparison with Eq. 1a and 1b implies that 𝛼 = 𝜙𝐵𝑒 and 𝛽 = 0.3𝜙𝐵𝑦. 

Note that the predicted values for 𝛼 and 𝛽 are several orders of magnitude larger than the 

measured values. Hence the shape factor alone cannot account for the significant reduction 

in the stiffness and strength of the foam.  

 

4. Deformation Mechanisms  

We emphasize that the above calculation of shape factors for a hollow triangular beam is 

based on the assumption that the walls of the hollow cross-section are perfectly straight. In 

reality the walls are wavy, as demonstrated by the high-resolution SEM images profiles as 

reported in Fig. 3 of the main text. The walls of the hollow tubes are subjected to an axial 

tension or compression when the tube is subjected to a bending moment M. Recall that 

these walls comprise a multi-layered stack of graphitic sheets, see Fig. 1. When this wavy 

stack of sheets is subjected to an axial tension or compression, this misalignment induces 

bending loads and transverse shear forces on the cross-section of the cell wall. The wavy 

sheet responds by bending and by shear deflections, which lead to a change in the length of 

the wavy stack of sheets. The details are now made precise: 

 

i) Waviness induced wall bending 

The axial compliance of each face of the triangular strut is increased due to 

waviness. Consequently, bending due to this waviness will introduce a knock-down 

factor 𝑘𝐵𝑒 in the effective modulus of the cell walls and also in the macroscopic 

modulus of the foam as written by, 

 

𝐸 = 𝜙𝐵𝑒𝑘𝐵𝑒�̅�2𝐸𝑠 (6𝑎) 

 

Likewise, the axial strength of the cell walls are reduced by a factor  𝑘𝐵𝑦 due to 

waviness, and consequently the macroscopic yield strength of the foam now reads, 

 

𝜎𝑦 = 0.3𝜙𝐵𝑦𝑘𝐵𝑦�̅�3/2𝜎𝑦𝑠 (6𝑏) 

 

Formulae for  𝑘𝐵𝑒 and  𝑘𝐵𝑦 are derived in sections 4.1 and 4.2 respectively.  

 

ii) Waviness induced wall shear 

The wavy multilayer walls of the hollow triangular struts undergo shear loading 
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when the faces of the struts are loaded by axial stresses. (Recall that these axial 

stresses arise from bending of the cell walls of the open-cell foam.) Consequently, 

the waviness gives a knock-down factor 𝑘𝑆𝑒 in the macroscopic modulus and a 

knockdown factor 𝑘𝑆𝑦 in the macroscopic yield strength of the foam such that, 

 

𝐸 = 𝜙𝐵𝑒𝑘𝑆𝑒�̅�2𝐸𝑠 (7𝑎) 

𝜎𝑦 = 0.3𝜙𝐵𝑦𝑘𝑆𝑦�̅�3/2𝜎𝑦𝑠 (7𝑏) 

 

Formulae for  𝑘𝑆𝑒 and  𝑘𝑆𝑦 are derived in sections 4.4 and 4.4 respectively. 

 

4.1. Wall Bending Case – Axial compliance of a wavy beam  

 

Consider a wavy beam of bending modulus 𝐸 subjected to an axial tension T. The wavy 

beam has an initial transverse deflection at a given point 𝑤(𝑥) of the form, 

 

𝑤(𝑥) = 𝑤0 sin (
2𝜋𝑥

𝜆
) (8) 

 

where w0 is the amplitude of the waviness and λ is the wavelength (see Figure SI-4a). 

 

 
Figure SI-4. Schematics for elastic microscale wall bending. (a) In the wavy strut wall, an axial tension acts along the 
waviness (amplitude w0, wavelength λ). Shear and bending moments are induced by the axial force T. (b) The transverse 
deflection at a given point described by w(x). When the wall is at an angle to the acting T, a localized bending moment will 
arise. At section x, M = Tw(x). (c) This bending moment tends to straighten the walls by giving them a transverse deflection 
u(x) in the opposite direction to w(x).  

 

The axial tension 𝑇 induces a bending moment 𝑀 at a given cross-section 𝑥 such that,  

 

𝑀 = −𝑇𝑤(𝑥) (9) 

 

This bending moment distribution results in an additional transverse deflection u(x) in the 

opposing direction to 𝑤(𝑥) such that, 
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𝑀 = 𝐸𝐼
𝑑2𝑢

𝑑𝑥2
(10) 

 

where 𝐼 is the second moment of area for the beam.  

 

Solution of the above Eq. 9 and 10, allows us to determine the amount of transverse 

deflection experienced by the beam at section x,  

 

𝑢(𝑥) = 𝑢0 sin
2𝜋𝑥

𝜆
(11𝑎) 

𝑢0 = −
𝑇

𝐸𝐼
(

𝜆

2𝜋
)

2

𝑤0
(11𝑏) 

 

where 𝑤0 is the amplitude of the waviness.  

 

The additional deflection u(x) reduces the waviness of the beam, and the associated axial 

strain due to this bending action is given by, 

 

휀𝑏 =
𝑤0

2𝑇

2𝐸𝐼
(12) 

 

Now, recall that the axial strain 휀𝑠 in a straight wall under a tension T is given by, 

휀𝑠 =
𝑇

𝐸𝐴
(13) 

 

where A is the cross-sectional area of the wall.  

 

Consequently, the knock-down factor 𝑘𝐵𝑒 due to waviness-induced bending is 

 

𝑘𝐵𝑒 =
휀𝑏

휀𝑠
=

2𝐼

𝐴𝑤0
2

(14) 

 

For a wall of thickness h, this expression reduces to 

 

 

𝑘𝐵𝑒 =
1

6
(

ℎ

𝑤0
)

2

(15) 
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4.2. Wall Bending Case – Axial strength of a wavy beam bending under an applied tension 

    

A similar analysis can be applied to determine the knockdown in yield strength of the foam 

due to cell wall waviness. Again, treat each face of the hollow triangular strut as a wavy strip 

of rectangular cross-section 𝑏 × ℎ, such that the initial transverse deflection at a given point 

is described by 𝑤(𝑥), as defined by Eq. 8. The challenge is to determine the axial collapse 

load of the wavy beam and to normalize it by the axial strength 𝑃𝑎 = 𝜎𝑦𝑠𝑏ℎ for a straight 

beam under axial tension. This gives us the knockdown factor 𝑘𝐵𝑦. 

 

Equate the maximum bending moment in the wavy beam due to an applied axial force 𝑃 to 

the plastic collapse moment of the section 𝑀𝑃, to give 

 

𝑀𝑃 = 𝑃 ∙ 𝑤0 (16) 

 

where, 

𝑀𝑃 =
𝜎𝑦𝑠𝑏ℎ2

4
(17) 

 

Hence the axial collapse load of the wavy beam reads, 

 

𝑃 =
𝜎𝑦𝑠𝑏ℎ2

4𝑤0

(18) 

 

and the knockdown factor follows immediately as  

 

𝑘𝐵𝑦 =
ℎ

4𝑤0
(19) 

 

4.3. Wall Shear Case - axial compliance of a wavy beam due to interlayer wall shear   
 

The wavy walls of the hollow triangular struts will deform by longitudinal shear under an 

axial load due to the finite misalignment angle 𝑑𝑤/𝑑𝑥 of the wavy walls with respect to the 

loading direction, see Figure SI-5. Shear deformation may provide a significant contribution 

to the axial compliance of the wavy cell wall, as it is generally recognized that a stack of 

graphite sheets has a much lower shear modulus than in-plane tensile modulus. 
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Figure SI-5. Schematics for microscale interlayer wall shearing. a) The waviness of the strut wall is described by the 

transverse deflection 𝑤(𝑥) = 𝑤0 𝑠𝑖𝑛 (
2𝜋𝑥

𝜆
) where w0 is the amplitude of the waviness and λ is the wavelength. b) In a small 

section of a wavy wall, since the wall is largely at an angle to the acting T, an interlayer shear stress (𝜏) is created between 
the layers of the multilayer graphitic wall.  

 

To extract the knock-down in axial stiffness due to the shear of the anisotropic wavy walls 

𝑘𝑆, we compare the extensibility of the wavy beam to that of the straight wall case, by 

making use of a straightforward virtual work argument.  

 

The shear stress 𝜏 on a rectangular cross-section 𝑏 × ℎ of the wavy beam is related to the 

axial force 𝑃 according to  

 

𝜏 =
𝑃

𝑏ℎ

𝑑𝑤

𝑑𝑥
(20) 

 

where 𝑤(𝑥) is defined in Eq. 8. The resulting shear strain 𝛾 reads, 

 

𝛾 =
𝜏

𝐺𝑠
(21) 

 

in terms of the longitudinal shear modulus 𝐺𝑠 of the layered solid. This shear strain 

distribution over one wavelength 𝜆 of the beam leads to an axial extension ∆ such that, 

 

𝛿𝑃 ∙ Δ = ∫ 𝛿𝜏 ∙ 𝛾𝑏ℎ𝑑𝑥
𝜆

0

(22) 

 

for any virtual 𝛿𝜏 and associated end load 𝛿𝑃. Suitable substitution of equations 1, 2 and 8 

into 3 gives, 

 
Δ

𝜆
= 2𝜋2 (

𝑤0

𝜆
)

2 𝑃

𝐺𝑠𝑏ℎ
(23) 
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Now recall that the axial strain Δ/𝜆 due to the imposition of an axial load 𝑃 on a perfectly 

straight face is given by,  

 
Δ

𝜆
=

𝑃

𝑏ℎ𝐸𝑠
(24) 

 

Upon dividing Eq. 24 by 23 we obtain the required knockdown factor for the foam modulus 

due to waviness-induced shear as  

  

𝑘𝑆𝑒 =
1

2𝜋2

𝐺𝑠

𝐸𝑠
(

𝜆

𝑤0
)

2

(25) 

 

4.4. Wall Shear Case - axial strength of a wavy beam due to shear yield under an applied 

tension  
 

The final step is to determine the axial strength of a wavy beam due to longitudinal shear 

yield. Assume that each face of the hollow triangular strut has the waviness profile w(x) as 

stated in Eq. 8, and yields when the shear stress 𝜏 on a section, as given by 

 

𝜏 =
𝑃

𝑏ℎ

𝑑𝑤

𝑑𝑥
(26) 

 

attains a yield value 𝜏𝑦. 

 

Then, upon making use of Eq. 8, we obtain  

 

𝑃 =
𝑏ℎ

2𝜋

𝜆

𝑤0
𝜏𝑦 (27) 

 

Now normalize this by the axial yield strength of a non-wavy face sheet to obtain the 

required knock-down factor 

 

𝑘𝑆𝑦 =
1

2𝜋

𝜆

𝑤0

𝜏𝑦𝑠

𝜎𝑦𝑠
(28) 

 

 

  



Page 12 of 17 
 

5. Correlation of macroscopic foam properties with microstructure 

 
For our foams, we have observed the following coefficients in equations 1a and 1b, 

 

𝛼 = 7.8 × 10−4, 𝛽 = 6.5 × 10−5 

 

We can relate these coefficients to the micro-geometry, such that, 

   

𝛼 = 𝜙𝐵𝑒𝑘𝑒 (29𝑎) 

𝛽 = 0.3𝜙𝐵𝑦𝑘𝑦 (29𝑏) 

by making use of equations 15, 19, 25 and 28. 

We make use of the measured values of foam modulus 𝐸, foam yield strength 𝜎𝑦, and 

microstructure details listed in Table T-2 in order to infer the magnitude of cell wall waviness w0, 

assuming that deformation is dictated by either the micro-bending or micro-shear of the face sheets 

of the hollow triangular struts. The inferred values of w0 are listed in Table T-1, and may be 

compared to the measured values of w0 = 0.76 – 2.8 μm from independent SEM measurements. We 

conclude that these values demonstrate that wall shear is the dominant mechanism of elastic and 

plastic deformation of the cell walls of the graphitic foam. 

 

Scenario Predicted w0 value (μm) 

Wall Bending 
𝑤0 = 11 −  26 (elastic) 

𝑤0 = 2700 − 5800 (plastic) 

Wall Shear 
𝑤0 = 2.1 − 22 (elastic) 

𝑤0 = 0.45 − 4.8 (plastic) 

 

Table T-1. Summary of key length-scales. Theoretically required w0 were calculated using measured 

variables for wall thickness (h) and strut side wall length (d). 
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Figure SI-6. Qualitative examination of strut waviness from an SEM image. Raw SEM images (a) are processed to find 

edges (b), which are extracted (c-iii) and compared to a scale based on the image magnification. Images c-i to iii are edge 

profiles extracted from separate high-resolution SEM images. Large scale waviness up to an amplitude of 2.8 µm may be 

present along the length of a number of struts (c-ii). 
  

Length-scale h (μm) d (μm) w0 (μm)  𝝀 (μm)  

Minimum 0.08 35 0.76 3.7 

Maximum 0.20 65 2.8 18 

 
Table T-2. Summary of key measured length-scales as measured by cross-sectional SEM.  
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Property (in-plane) Unit Graphitic Foam CVD Graphite 

Density kg/m
3
 4-11 2.27x10

3
 

Foam Relative Density - 1.77x10
-3 

– 4.85x10
-3

  

Elastic Modulus (𝐸𝑠) GPa  

1060 [S7–S9][32] 

500 [S10] 

250 [S11] 

Tensile Strength (𝜎𝑦𝑠) GPa  
130 [32] 

90 [S12] 

Shear Modulus (𝐺𝑠) GPa  
4.6 (Hex-g) [S8][67] 

0.27 (Turbo-g) [S7,S8][68] 

Shear Strength (𝜏𝑦𝑠) GPa  
0.14 (Hex-g) [S13] 

0.0017 (Turbo-g) [S7] 

 
Table T-3. Summary of key material properties used herein. Ranges are indicative of the different growth conditions used to 
prepare the graphitic foams.  Properties of the solid material were taken from literature that most closely matched the 
material preparation methods and quality of the graphitic material used herein. Values used are bolded.  

 

5.1. Discussion of assumed values of cell wall material properties  

The values assumed in our hierarchical model are those for CVD grown graphitic multi-layers, rather 

than exfoliated graphene platelets. This is a consequence of our manufacturing route, and is 

supported by the following literature. A number of studies have examined the mechanical properties 

of graphene through to ultrathin graphite and have found that the mechanical properties are highly 

dependent upon the nature and quality of the material examined. Free-standing, monolayer 

graphene membranes possess an ultra-high elastic modulus of 1.0 TPa, determined by atomistic 

simulation, ultrasonic, sonic resonance, and static test methods [S7,S14]. Multi-layered stacks give 

only a modest reduction in this elastic modulus [S9]. Additionally, the elastic stiffness of CVD-

graphene has been shown to be identical to that of pristine graphene if post-processing steps avoid 

damage or rippling [S12]. However, this value can be decreased to values such as 500 GPa, for 

mechanically exfoliated kish graphite, down to 250 GPa, in the case of chemically derived graphene 

oxide flakes [S10,S11]. 

Similarly, the intrinsic strength of graphene (130 GPa) has been reported to be dependent on the 

quality of the graphene examined. CVD-grown graphene has micrometer-scale grain sizes, whose 

boundaries can degrade the strength of graphene depending on whether the grains consist of well-

stitched boundaries, or are comprised of overlapping adjacent graphene boundaries (50 nm in 

width) without bonding covalently. Covalently stitched graphene leaves the strength of graphene 

intact, remaining at 90 GPa [S12]. 

 

The shear modulus and shear strength of multilayer graphene is dependent on the stacking 

configuration. For both natural and grown graphitic materials, an increase in layer number leads to 

rotational misalignment from perfect ABA symmetry (hex-g) to turbostratic stacking (turbo-g). These 

differences in stacking lead to differences in the stacking fault energy and consequently significantly 

decreased interlayer friction for turbostratic graphite [S8]. Turbostratic values for the shear modulus 

and strength were chosen to reflect the Raman mapping data, which indicates that a significant 

proportion of the multilayer walls contain rotational disorder within the hundreds of stacked layers.  
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6. Comparison to Other State-of-the-Art Foams 

 
Figure SI-7. Normalized compressive Young’s modulus (a) and yield strength (b) of graphene oxide foams as a function of 

relative density. The power law fit is plotted according to classical scaling laws, finding slopes of 1.95 and 2.40 and scaling 
constants of 0.017 and 0.025 for (a) and (b) respectively. ρs=2270 mg/cm

3
, Es=1.06 TPa, and σys = 130 GPa are used for the 

density, Young’s modulus, and yield strength of graphene for its in-plane mechanics, which are used to normalize the 
properties of graphene aerogels.  

   

Figure SI-7 summarizes the sensitivity of the normalized compressive Young’s modulus and yield 

strength of graphene-based aerogels to their relative densities. The constituent bulk material is 

again graphite. Note that our hierarchical model predicts that the yield strength scales as �̅�3/2. In 

contrast, the observed yield strength for these alternative foams scale as �̅�2.4. This discrepancy can 

be traced to the fact that these aerogel foams comprise interlocked platelets of exfoliated graphene 

rather than the continuous sheets of the foams in our study.   
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Figure SI-8. An Ashby chart showing the correlation between electrical conductivity (1/R) and apparent density (ρ) for GF, 

Al2O3/G, and PMMA/G foams. Other state-of-the-art low density materials reported in previous literatures are also 
presented as reference. 

 

To highlight the advantages of CVD-grown lattice structure, we demonstrate the enhanced 

conductivity of the CVD-grown graphitic foams, compared to other state of the art graphene-based 

foams. Figure SI-8 shows the correlation between electrical conductivity (1/R) of GF, PMMA/G, and 

Al2O3/G foams to their apparent density (ρ). Electrical conductivity was measured by the four point 

probe method, with thickness taken as apparent foam thickness as is standard in the literature. All 

graphitic foams used here exhibit exceptional electrical conductivity of >7S/cm. For GF, the electrical 

conductivity increases from ~7S/cm to ~20S/m when ρ is doubled to ~11.1kg/m3. While the presence 

of PMMA and Al2O3 scaffolds decreases the electrical conductivity, the effect is not significant as it 

only decreases to ~14S/cm and ~16S/cm, respectively. More importantly, all CVD-grown graphitic 

foams measured here are more conductive, by more than one order of magnitude, than other state-

of-the-art graphitic aerogels and carbon nanotube foams at the same density range [S15,S16][2-5]. 

Our measured conductivity values are comparable to previously reported values for CVD graphene 

composite foams [33]. The conductivity measured herein refers to the given environmental 

conditions. Graphene/graphite wall conductivity can be increased by charge transfer doping and 

intercalation.  

  



Page 17 of 17 
 

References 

[S1] D.R. Lenski, M.S. Fuhrer, Raman and optical characterization of multilayer turbostratic 
graphene grown via chemical vapor deposition, J. Appl. Phys. 110 (2011) 13720. 

[S2] M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, L.G. Cançado, A. Jorio, R. Saito, Studying 
disorder in graphite-based systems by Raman spectroscopy, Phys. Chem. Chem. Phys. 9 
(2007) 1276–1290. 

[S3] P. Poncharal, A. Ayari, T. Michel, J.-L. Sauvajol, Raman spectra of misoriented bilayer 
graphene, Phys. Rev. B. 78 (2008) 113407. 

[S4] L.M. Viculis, J.J. Mack, O.M. Mayer, H.T. Hahn, R.B. Kaner, Intercalation and exfoliation routes 
to graphite nanoplatelets, J. Mater. Chem. 15 (2005) 974. 

[S5] M. Xia, Z. Su, S. Zhang, Raman spectra of bilayer graphene covered with Poly(methyl 
methacrylate) thin film, AIP Adv. 2 (2012) 32122. 

[S6] Q.M. Li, I. Magkiriadis, J.J. Harrigan, Compressive Strain at the Onset of Densification of 
Cellular Solids, J. Cell. Plast. 42 (2006) 371–392. 

[S7] O.L. Blakslee, D.G. Proctor, E.J. Seldin, G.B. Spence, T. Weng, Elastic constants of 
compression-annealed pyrolytic graphite, J. Appl. Phys. 41 (1970) 3373–3382. 

[S8] G. Savini, Y.J. Dappe, S. Öberg, J.C. Charlier, M.I. Katsnelson, A. Fasolino, Bending modes, 
elastic constants and mechanical stability of graphitic systems, Carbon N. Y. 49 (2011) 62–69. 

[S9] A. Falin, Q. Cai, E.J.G. Santos, D. Scullion, D. Qian, R. Zhang, Z. Yang, S. Huang, K. Watanabe, T. 
Taniguchi, M.R. Barnett, Y. Chen, R.S. Ruoff, L.H. Li, Mechanical properties of atomically thin 
boron nitride and the role of interlayer interactions, Nat. Commun. 8 (2017) 1–9. 

[S10] I.W. Frank, D.M. Tanenbaum, A.M. van der Zande, P.L. McEuen, Mechanical properties of 
suspended graphene sheets, J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 25 (2007) 
2558. 

[S11] C. Gómez-Navarro, M. Burghard, K. Kern, Elastic Properties of Chemically Derived Single 
Graphene Sheets, Nano Lett. 8 (2008) 2045–2049. 

[S12] G.-H. Lee, R.C. Cooper, S.J. An, S. Lee, A. van der Zande, N. Petrone, A.G. Hammerberg, C. Lee, 
B. Crawford, W. Oliver, J.W. Kysar, J. Hone, High-strength chemical-vapor-deposited graphene 
and grain boundaries., Science. 340 (2013) 1073–6. 

[S13] Z. Liu, S.-M. Zhang, J.-R. Yang, J.Z. Liu, Y.-L. Yang, Q.-S. Zheng, Interlayer shear strength of 
single crystalline graphite, Acta Mech. Sin. 28 (2012) 978–982. 

[S14] H. Zhao, K. Min, N.R. Aluru, Size and Chirality Dependent Elastic Properties of Graphene 
Nanoribbons under Uniaxial Tension, Nano Lett. 9 (2009) 3012–3015. 

[S15] M.A. Worsley, S.O. Kucheyev, J.H. Satcher, A. V. Hamza, T.F. Baumann, Mechanically robust 
and electrically conductive carbon nanotube foams, Appl. Phys. Lett. 94 (2009) 5–7. 

[S16] J. Zou, J. Liu, A.S. Karakoti, A. Kumar, D. Joung, Q. Li, S.I. Khondaker, S. Seal, L. Zhai, Ultralight 
Multiwalled Carbon Nanotube Aerogel, ACS Nano. 4 (2010) 7293–7302. 

 
 


