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1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of bi-Ni and bi-Ni-3DG sample cross-
sections are shown in Fig. S1. The bi-Ni sample shown in Fig. S1a underwent thermal treatment
for pyrolysis of the polymer template at 500 °C and then reduction of NiO at 450 °C. The bi-Ni-
3DG in Fig. S1b was fabricated via chemical vapor deposition (CVD) using methane as the
carbon precursor at 900 °C as described in Fig. 2c of the main text. The sample was cut from the

low right side perpendicular to the bi-Ni long axis.
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Figure S 1. bi-Ni (a) and-bi-Ni-3DG (b) cross section. The scale bar is 400 um for both images.

2. X-ray photoelectron spectroscopy

Fig. S2 shows X-ray photoelectron spectroscopy (XPS) spectra acquired from a bijel
templated sample. In Fig. S2 (a), an XPS survey spectrum of bi-3DG from 0 eV to 1200 eV is
depicted. From this data, the C/O ratio is determined to be approximately 17:1; Higher energy

resolution XPS data of the C 1s peaks for bi-Ni, bi-Ni-3DG, and bi-3DG are presented in Fig. S2



(b-d). Deconvolution of the C1s spectrum of bi-Ni in Fig. S2 (b) show a primary C-C peak
centered at 285 eV with a large secondary C-O peak at 286.2 eV and a similarly sized C=0 peak
at 289.4 eV. All peaks here are modeled with a Voigt line shape. The presence of C-O and C=0
bonds in bi-Ni are attributed to originate from trace amounts of polymer residue. After CVD,
XPS is performed on bi-Ni-3DG with C 1s spectral data shown in Fig. S2 (c); the primary C 1s
peak shifts to 284.3 eV and displays an asymmetric line shape with a tail extending into higher
binding energy, a clear indication of sp2 C=C bonding. This observation coupled with the
metal/semi-metal behavior of sp2 carbon suggests that a Doniach-Sunjic! (DS) line shape is
appropriate to model the C=C contribution. The presence of a Gaussian shoulder at 284.7 eV is
attributed to instrumental broadening.? An asymmetry parameter of 0.055 is used for DS, which
agrees with previous work.2 A Voigt line shape is used to model the smaller C-O contribution at
286.1 eV, which are attributed to the phenol groups.? The complex plasmon spectra of graphitic
materials results in satellites,* which are fitted here with a Gaussian line shape at 290.4 eV.

C 1s peak fitting is a complex challenge with the peaks of some components overlapping
in origin.> Previous literature has referred to a contribution near 284.9 eV as “carbon defects”®’
and slightly higher BE (285 — 285.6 eV) contributions as sp3 carbon,® of which, the latter is not
observed in the XPS spectra. In regards to carbon defects, Raman spectroscopy would highlight
defects in the material with a “D” peak near 1350 cm™. As discussed and shown in Fig. 4a and
6a, no such peaks are found. Additionally, Raman spectra would indicate sp3 carbon with a
broad “G” peak® centered near 1580 cm, however all G peaks in this dataset are well fit with a
single Lorentzian. Thus attributing the 284.7 eV peak to instrumental broadening is consistent

with both Raman data discussed below and prior analysis.’° Fig. S2 (d) shows that bi-3DG is



similar to bi-Ni-3DG. The sp2 contribution, C=C, contributes 92% of peak intensity and C-O

contributes the remainder.
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Figure S 2.(a) Survey XPS data for bi-3DG. High resolution data of C 1s from (b) bi-Ni, (c) bi-Ni-
3DG, and (d) bi-3DG.

3. Raman Spectroscopy

Raman spectra were acquired over at least 30 distinct points on each sample with 50 micron
spacing between measurements. Histograms for the measured |,p full-width at half maximum

(FWHM) and the I,p/Ig ratio are shown in Fig. S3. Changes in both the |, FWHM and the |,p/Ig



ratio are used to further understand the interlayer stacking structure. The most commonly
observed layer stacking in multilayer graphene (MLG) is either AB (Bernal) or twisted (also known
as rotationally-faulted or turbostratic)!! and the two can be differentiated by examining Raman
spectral features.'? Turbostratic graphene arises due to rotational disorder which decreases
interlayer coupling.’® Due to the decreased interactions, carrier mobility in turbostratic graphene
may be comparable to that in single layer graphene (SLG).1*1> Specifically, turbostratic stacking
in multilayer graphene may be identified by any of the following cases: 1) abnormally enhanced
Ig intensity,1>8 1) 1,5 / I ratios approaching those observed on SLG ,* Ill) combination Raman
modes,** IV) blueshifted |,p peak position with FWHM typically less than 55 cm™1.1218

Analysis of bi-Ni-3DG Raman data displays a broad range of values for the I, FWHM and
I,p / I as observed in the histograms of Fig. S3 (a-b). Spatial variations in the stacking behavior
of CVD graphene films produced on Ni substrates are expected,'® with previous work reporting
the presence of Bernal stacking and turbostratic layers.2%2! In the histogram of Fig. S3 (a), the
l,p0 FWHM values range from 24 cm to 85 cm™ with an average probability density value of 54
cm™ £ 13 cm™. The average value of I,p FWHM after Ni etching is approximately the same, 55
cm1 + 11 cml, for bi-3DG. Values of I,p FWHM less than 55 cm™® has been attributed to rotation
angles greater than 5 degrees. This is further corroborated by an average |,p peak position of
2698 + 8 cmL. The distribution of FWHM values suggests a mixture of turbostratic stacking
(case IV) along with Bernal stacking, where FWHM values are typically greater than 60 cm™in
Bernal stacked multilayer graphene. The histogram of I, / I, shown in Fig. S3 (b) exhibits a
distribution maximum centered near 0.8 with an average value of 1.4 + 1.2. An outlier spectrum

is found to exhibit |, / Ig of 7.4 and |, FWHM of 24 cm™}, features associated with turbostratic



graphene (case I1).1” The inclusion of spectra in the histogram with I,p / I ratios greater than 1
further indicates the presence of turbostratic graphene.

Fig. S3 (c-d) shows histograms of |, FWHM and |,p / | of a sample after etching the Ni
scaffold (bi-3DG). The |, FWHM histogram in Fig. S3 (c) transitions to a more clearly separated
bimodal distribution with the primary maxima at 60 cm™, secondary maxima at 35cm~1, and a
range of 30 cm™ to 68 cm™. This indicates a higher degree of spatial uniformity in graphene
stacking compared to the broader distribution in bi-Ni-3DG. Fig. S3 (d) shows the bi-3DG
histogram of I,p / I with distribution primarily centered around 0.5 with an average of 0.9 +
0.6. The process of etching the Ni scaffold seems to promote graphene layers to relax and
collapse onto one another.

Fig. S3 (e-f) shows histograms of Raman data analysis, l,p FWHM and |,p/lg, of bi-2-3DG
which were made from a bi-Ni-2 scaffold (annealed at 900 °C in forming gas before CVD growth).
Here, the l,p FWHM distribution in Fig. S3 (e) is still bimodal but the maxima is near 40 cm™ with
arange of 31 cm™ to 74 cml, signaling a shift towards FWHM values associated with turbostratic
graphene as compared to Fig. S3 (c). Fig. S3 (f) shows that these narrow FWHMs are corroborated
by an increase in the number of 2D/G ratios above 1.0 with an average ratio of 1.0 + 0.5. 20% of
the spectra exhibit combination Raman modes (case lll) in this dataset with peak positions
corresponding to turbostratic stacking.’* The noticeable increase in narrow FWHM and I,p/lg
ratios greater than 1.0 from Fig. S3 (c-d) to Fig. S3 (e-f) demonstrates the ability to tune the
material towards fewer layers and turbostratic stacking using CVD and thermal processing of bijel

templates.
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Figure S 3. Probability density histograms showing results of Raman spectrum analysis. The
measured values for the 2D peak FWHM and the intensity ratio I,p/lg (bin sizes of 5 and 0.2,
respectively) are shown for (a and b) bi-Ni-3DG, (c and d) bi-3DG, and (e and f) bi-2-3DG.

Standard deviations of data sets a, b, ¢, d, e, and fare 13 cm™, 1.2, 10.9 cm™%, 0.6, 13 cm and
0.5, respectively.

Fig. S4 shows analysis of Raman data from the 2DG analogue. The FWHM value observed with
the highest probability is approximately 70 cm™. The 2D/G ratio observed with highest probability

is 0.5 with an average of 1.2 + 1.3. There are regions where the FWHM has the signature of



turbostratic graphene and other regions where the FWHM approaches higher values expected
for Bernal layer stacking in MLG. The similarity between bi-Ni-3DG in Fig. S3 (a-b) and the 2DG
analogue in Fig. S4 (a-b) indicates the 2D system contains representative regions on the sample

for the scanning tunneling microscopy analysis presented in Fig. 5.
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Figure S 4. The measured values for the 2D peak FWHM (a) and the intensity ratio |,p/lg (b) for
2DG. Standard deviations of data sets a and b are 13.2 cm™ and 1.3 respectively.

Higher magnification SEM images of cross sections of (a) bi-Ni and (b) bi-Ni-3DG samples
are shown in Fig. S5. Examination of the pore in the center of Fig. S5 (a) shows small voids in
between concentric rings of Ni. Fig. S5 (b) shows that after CVD growth, the voids are no longer

visible, indicating that the Ni films have sintered.



Figure S 5. (a) SEM image of bi-Ni cross section after pyrolysis of PEGDA where voids are
observed in between concentric rings of Ni films. (b) SEM image of bi-Ni-3DG cross section
indicates that Ni sinters during the CVD growth process since voids are no longer observed.
Scale bars are 30 um.
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