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Peak fitting of Raman spectra of rGO thin films
Figure S1 shows the results of peak fitting for the Raman spectra of rGO reduced at 1400 °C (Stage (III)) and 1250 °C (Stage (II)) in an ethanol atmosphere (ethanol partial pressure: 1.33 Pa). The Raman spectra of rGO reduced at Stage (III) were fitted with three peaks: D', G, and D, as shown in Fig. S1(a). In contrast, the Raman spectra of rGO reduced at Stage (II) were fitted with five peaks: D', G, D, and two additional broad peaks of D'' (1500–1550 cm⁻¹) and D* (1150–1200 cm⁻¹), as shown in Fig. S1(b). All peaks were fitted with Lorentzian functions. To simplify the fitting, the D' peak was fixed at 1620 cm⁻¹. The D'' peak is associated with amorphous carbon, and its peak intensity correlates with crystallinity1,2. The D* peak originates from lattice vibrations of graphene with sp³-defects induced by oxygen-containing functional groups3. 
The Raman spectra of rGO at Stage (II) (Fig. S1(b)) exhibit the D'' and D* peaks. In contrast, these two peaks are absent in the Raman spectra of rGO at Stage (III) (Fig. S1(a)). This indicates that high-temperature thermal reduction in an ethanol atmosphere increases the proportion of the sp² carbon network within the rGO thin film.
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Figure S1| Peak fitting of the Raman spectra of rGO thin films reduced at (a) 1400 °C (Stage (III)) and (b) 1250 °C (Stage (II)).

Analysis of chemical bonding states
To analyze the chemical bonds in rGO, quantitative analysis was conducted using X-ray photoelectron spectroscopy (XPS). The C 1s spectrum is characterized by the following components: sp² C=C (~284.3 eV) originating from graphitic six-membered carbon rings; sp³ C-C (~284.8 eV) originating from hydrocarbons and amorphous carbon; C–O (~286.1 eV); C–O–C (~287.1 eV); C=O (~288.4 eV); and O=C–O (~289.5 eV), which are attributed to oxygen-containing functional groups. In addition, a π–π* (291.1–291.4 eV) satellite peak appears, originating from the π electrons of graphene4.
Figure S2(a) shows the C 1s spectrum of GO before thermal reduction. Peaks originating from various oxygen-containing functional groups are observed, while the sp² C=C peak is absent. Figures S2(b–f) present the C 1s spectra of rGO reduced at each temperature in an ethanol atmosphere (ethanol partial pressure: 1.33 Pa). With increasing reduction temperature from 1000 °C (Stage (I)) to 1400 °C (Stage (III)), the peaks associated with oxygen-containing functional groups are significantly attenuated, whereas the sp² C=C peak becomes clearly pronounced. To evaluate the reduction degree (R.D.) from the C 1s spectra, equation (S1) was defined based on the relative percentage of each chemical-bond component.

Figure S2(g) shows the reduction degree at each reduction temperature. The R.D. values at 1000 °C (Stage (I)), 1250 °C (Stage (II)), and 1400 °C (Stage (III)) are 84.4 %, 86.7 %, and 87.3 %, respectively. In contrast, the R.D. of GO is 48.5 %, indicating the effective desorption of oxygen-containing functional groups during thermal reduction in an ethanol atmosphere. Figure S2(h) presents the ratio of sp² C=C to sp³ C–C () at each reduction temperature. The upward trend with increasing reduction temperature indicates an increase in the proportion of sp² C=C bonds of rGO thin films. These results suggest that the graphene islands epitaxially grown on the rGO template possess higher crystallinity than the template itself, consistent with the Raman spectroscopy results.
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Figure S2| (a) XPS spectrum of GO and (b–f) XPS spectra of rGO reduced at each reduction temperature. (g) Reduction degree of rGO at each reduction temperature. (h) Ratio of sp² C to sp³ C (sp² C/sp³ C) for rGO reduced at each reduction temperature.





Thermal reduction in an inert argon atmosphere
To demonstrate the effect of the ethanol atmosphere on crystallization, thermal reduction was performed in an inert argon atmosphere at a total pressure of 1.33 kPa. Figure S3 shows the intensity ratio I(D)/I(G) at each reduction temperature. The blue dots represent the intensity ratio I(D)/I(G) of rGO reduced in an argon atmosphere. For comparison, the orange dots indicate the intensity ratio I(D)/I(G) of rGO reduced in an ethanol atmosphere (the same data as in Fig. 1(b)). In an inert atmosphere, the intensity ratio I(D)/I(G) remains almost constant in the temperature range of 1100–1400 °C. This indicates that the dramatic crystallization of rGO observed at Stage (III) in an ethanol atmosphere is not attributable to heat-induced reconstruction of the crystal structure (graphitization5,6).
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Figure S3| The intensity ratio I(D)/I(G) of rGO reduced in an ethanol (orange) and an argon (blue) atmosphere.
Assessment of stacking structures
To assess the stacking structure of the graphene islands formed on rGO, X-ray diffraction (XRD) measurements were performed. Figure S4(a) shows the XRD pattern of an rGO thin film reduced in an argon atmosphere (ethanol partial pressure: 0 Pa). Because ethanol was not introduced during thermal reduction in the argon atmosphere, no graphene islands were formed on the rGO surface. As shown in Fig. S4(a), a broad 002 diffraction peak7 originating from the rGO template is observed. Figure S4(b) presents the XRD pattern of an rGO thin film reduced in an ethanol atmosphere. As in Fig. 4(c), thermal reduction at 1400 °C (Stage (III)) in the ethanol atmosphere leads to the formation of graphene islands on the rGO surface. In addition to the broad 002 peak, a sharp 002 diffraction peak8 is clearly observed in Fig. S4(b). This sharp peak appears only when thermal reduction is carried out in the ethanol atmosphere and is therefore attributed to the formation of graphene islands. The significantly sharper 002 diffraction peak of the graphene islands compared to that of the rGO template indicates that the graphene islands possess higher crystallinity. These results are consistent with the Raman spectroscopy and XPS results.
Equation (S2) shows Bragg's equation.

According to equation (S2), the interlayer spacing  of the epitaxially grown graphene islands is 0.340 nm (Table S1), which is slightly larger than the 0.335 nm of AB-stacked graphene. This slight increase is likely due to partial turbostratic stacking within the multilayered graphene islands, as shown in Fig. S5.
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Figure S4| XRD pattern of rGO reduced at 1400 °C (Stage (III)) in (a) argon atmosphere (ethanol partial pressure: 0 Pa) and (b) ethanol atmosphere (ethanol partial pressure: 1.33 Pa). The asterisks indicate peaks originating from the sample holder.

Table S1| Interlayer spacing d and FWHM of the 002 diffraction peaks of rGO thin films.
	Ethanol partial 
pressure (Pa)
	d002 (nm)
	FWHM002 (deg.)

	0
	0.416
	7.456

	1.33
	0.418, 0.340
	7.269, 0.833



In the Raman spectra of multilayer graphene, the 2D band is highly sensitive to interlayer interactions, allowing the stacking structure to be inferred from its spectral features. According to Cançado et al., the 2D band of multilayer graphene can be deconvoluted into three components9. The  peak located at ~2700 cm−1 is associated with a stacking structure characterized by weak interlayer coupling along the c-axis, namely turbostratic stacking. In contrast, the two peaks  (~2680 cm−1) and  (~2720 cm−1) correspond to a graphite-like structure, i.e., AB-stacking. Equation (S3) provides the expression used to calculate the turbostratic stacking ratio 9.

[bookmark: _Hlk219483149][bookmark: _Hlk219055424]Here, ,  and  denote the intensities of the ,  and  peaks, respectively. Furthermore, the intensity ratio of the   and  peaks is constant, being . As shown in Fig. 1(a), a pronounced increase in the intensity of the 2D peak is observed at Stage (III). The 2D peak appears clearly as the crystallization of rGO progresses10-13. Figure S5(a) shows the fitted 2D peak for rGO reduced at 1400 °C (Stage (III)) in an ethanol atmosphere (ethanol partial pressure: 1.33 Pa). The 2D peak profile exhibits a symmetrical shape, and the experimental spectrum is well reproduced by peak fitting with three Lorentzian functions. Figure S5(b) shows the  plotted as a function of ethanol partial pressure.  increases with ethanol partial pressure up to 0.67 Pa and then saturates at approximately 63.4 %. These results indicate that the emergence of the 2D peak is closely linked to the formation of graphene islands. Moreover, the  value of approximately 63.4 % indicates weak interlayer coupling imposed by the rGO template during the epitaxial growth of graphene islands. Because of this weak interlayer coupling, graphene islands formed on the rGO surface can attain higher crystallinity than the underlying template.
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Figure S5| (a) Peak fitting of the 2D peak in the Raman spectra of rGO. (b) turbostratic stacking ratio  as a function of ethanol partial pressure.
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