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Figure S1. Raman spectra of (a) graphite foil and REGO samples prepared by electrochemical exfoliation of graphite 
foil in 0.1 M (NH4)2SO4 for (b) 1h, (c) 6h and (d) 12h, followed by thermal reduction in Ar atmosphere at 900 ℃ for 
1h. The insets show the deconvolution of the 2D peak. 
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As expected, the Raman spectrum of the graphite foil shows a low intensity D peak, a high intensity G 
peak and a sharp 2D peak. Compared to the graphite foil, the Raman spectra of the EGO materials show 
a more intense D peak and a broader 2D peak. This is related to the breathing mode of the k-points 
phonon of A1g symmetry associated to the intervalley phonon and scattering defects [1]. The 2D peak 
was deconvoluted using four Lorentzian components, indicating that a bilayer graphene material was 
obtained by electrochemical exfoliation [2-5].  
 
The ratio of G and 2D integrated intensities varies between 0.34 and 0.41, Table S1, which indicates that 
the  REGO synthesized in (NH4)2SO4 is mostly mono/bilayer [6,7]. 
 
Table S1. Analysis of the Raman spectra of REGO prepared in (NH4)2SO4: integrated intensities IG/I2D 
ratio.  

(NH4)2SO4 IG/I2D 

1h 0.34 

6h  0.38 

12h  0.41 
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Figure S2. FTIR spectra of (a) EGO and (b) REGOs synthesized by electrochemical exfoliation of graphite foil in 0.1 
M (NH4)2SO4 for 1 h, 6 h and 12 h. The reduced samples were obtained after thermal annealing in Ar atmosphere 
at 900 °C for 1 h. Legend: pyr : pyridinic,  prl: pyrollic,  grap: graphitic. 
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The FTIR spectra of EGO in Figure S2.a show a broad peak at 3250 cm-1 attributed to the stretching 
mode of O-H bond, consistent with the presence of hydroxyl groups. The bands observed at 1720, 2000 
and 2168 cm−1 are assigned to the carboxyl group (C=O) [8,9]. The peak at 1236 cm-1 denotes O-C-O 
stretching, the peak at 1056 cm-1 is assigned to the stretching mode of the C-O bond [10], and the peak 
at 935 cm-1 corresponds to the vibrational mode of the C-OH group. The bands observed at 780  and 
3520 cm-1 reveal the presence of amines on the graphene oxide’s surface [11,12]. The bands observed at 
1330 cm-1 and 1416 cm-1 are related to nitro compounds [13,14]. Therefore, the XPS and FTIR analysis 
reveal the formation of primary and secondary amines, and nitro groups during the exfoliation of 
graphite foil in (NH4)2SO4.  
 
The FTIR spectra of the reduced samples are presented in Figure S2.b. The characteristic stretching 
vibrations of sp3 and sp2 carbon appear at 1312 and 1600-1650 cm-1, respectively. The presence of 
pyridinic nitrogen is confirmed by the two bands at around 1580 and 2157 cm-1 [15], pyrrolic nitrogen 
by the bands at ca. 1005 and 1107 cm-1 [15,16], and graphitic nitrogen by two weak bands at around 
1360-1400cm-1 [15]. 
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Figure S3. (a) TGA, (b) DTG and (c) to (e) MS profiles recorded for EGO obtained by exfoliation of graphite foils in 
0.1 M H2SO4, 0.1 M (NH4)2SO4 and in mixed electrolytes containing HNO3. The m/z values in figures (c) to (e) are 
17, 22, and 44 AMU, respectively. The TGA profile of the graphite foil is included in Figure a for comparison. 
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The thermal analysis of the EGOs shows major losses at 122-227 °C, 273-370 °C, 504-708 °C and 708-850 
°C, Figure S3.a, whereas the thermal analysis of graphite shows only one process after 700 ℃. The 
thermal processes of the EGOs are respectively attributed to the loss of adsorbed and intercalated water 
and primary amines [17]; the decomposition of carboxyl, epoxy or nitro groups [17,18]; decomposition 
of sp3 carbon bonded to oxygenated functional groups; and to graphitic carbon [19,20]. The high 
temperatures of the last two thermal losses confirm that the EGOs prepared in this work are large flakes, 
low defects and few layers graphene materials [21]. Mass spectrometry corroborated the nature of the 
chemical moieties released during the TGA experiments. Mass spectra of representative fragments are 
presented in Figure S3: m/z = 17 for NH3+, m/z = 22 for CO22+, and m/z = 44 for CO2+.  
 
The weight losses in the 273 to 370℃ interval for samples prepared in (NH4)2SO4 and in the mixed 
electrolytes are larger and shifted to higher temperature compared to EGO obtained by electrochemical 
exfoliation in H2SO4. The presence of primary and secondary amine groups likely leads to the formation 
of hydrogen bonds with the oxygenated functional groups of EGO and stabilizes the materials. For EGO 
obtained in (NH4)2SO4 the thermal event associated to the decomposition of graphitic carbon is also 
shifted to a higher temperature in agreement with the higher quality (lower density of defects) of this 
material. Instead, this thermal process is significantly attenuated for the samples obtained in the mixed 
electrolytes, and the decomposition of sp3 carbon bonded to oxygenated functional groups is clearly 
shifted to lower temperature. Accordingly, the mass losses for the samples prepared in the electrolyte 
mixtures with HNO3 50 vol % are higher than those prepared in H2SO4 or (NH4)2SO4 alone. Among 
these three samples, the highest weight losses are found for samples prepared in (NH4)2SO4 + HNO3. 
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Figure S4. (a) C 1s and (b) N 1s core level spectra of EGO obtained in 0.1 M (NH4)2SO4 + 5 mM HNO3 (50 vol%) 
mixed electrolyte; (c) C 1s and (d) N 1s core level spectra of EGO obtained using 0.1 M (NH4)2SO4 + 1 M HNO3 (50 
vol%) mixed electrolyte; (e) C 1s and (f) N 1s core level spectra of EGO obtained using 0.1 M H2SO4 + 1 M HNO3 
(50 vol%) mixed electrolyte.   
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Figure S5. FTIR spectra of (a) EGO and (b) REGOs synthesized by electrochemical exfoliation of graphite foil in 0.1 
M H2SO4 and 0.1 M (NH4)2SO4 for 1h. The reduced samples were obtained after thermal annealing in Ar atmosphere 
at 900 °C for 1h. Legend: pyr : pyridinic, prl: pyrollic, grap: graphitic. 
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The FTIR spectra of EGO in Figure S5.a show bands at 1780, 2000 and 2168 cm−1 assigned to the carboxyl 
group (C=O). The peak at 1236 cm-1 denotes C-O-C stretching, and the peak at 1056 cm-1 corresponds to 
the vibrational mode of the C-O group. The transmission peaks at 2848 and 2922 cm-1 are attributed to 
the aromatic rings. In the spectrum of EGO synthesized by exfoliation in (NH4)2SO4, the bands observed 
at 780 and 3520 cm-1 reveal the presence of amines, whereas those at 1330 and 1416 cm-1 correspond to 
the presence of nitro compounds. 
 
The FTIR spectra of the samples after reduction, Figure S5.b, show the characteristic stretching 
vibrations of sp3 carbon at 1310 cm-1 and sp2 carbon at 1470 and 1610 cm-1. The bands related to pyridinic 
nitrogen (at ca. 1510 and 2139 cm-1), pyrrolic nitrogen (at ca. 1000 and 1200-1266 cm-1), and graphitic 
nitrogen (weak peaks around 1375-1398 cm-1) are also present in the spectra.  
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Figure S6. FTIR spectra of (a) EGO and (b) REGOs synthesized by electrochemical exfoliation of graphite foil in 0.1 
M H2SO4 + 1 M HNO3 (50 vol%), 0.1 M (NH4)2SO4 + 1 M HNO3 (50 vol%) and 0.1 M (NH4)2SO4 + 5 mM HNO3 (50 
vol%) for 1h. The reduced samples were obtained after thermal annealing in Ar atmosphere at 900°C for 1h. Legend: 
pyr : pyridinic, prl: pyrollic. 
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Figure S6 depicts the FTIR spectra of EGO obtained in various electrolyte mixtures. The spectra in 
Figure S6.a show the peaks previously observed with the EGOs prepared by exfoliation in (NH4)2SO4 
and H2SO4 (see Figures 3.a and 5.a). However, the intensity of the peaks associated with nitrogen-
containing groups such as NH stretching vibrations at 767-788 cm-1 and 1589 cm-1, CN band stretch at 
1190 cm-1, nitro groups at 1308 cm-1. is higher than in the spectra of the EGOs exfoliated in the presence 
of HNO3 50 vol %. 
 
After thermal reduction, the FTIR spectra (Figure S6.b) present features similar to those of REGO 
synthesized with H2SO4 or (NH4)2SO4 ((Figure S5.b). However, the spectra of REGO synthesized in 
electrolyte mixtures with HNO3 at 50 vol% (Figure S6.b) shows stronger peaks for pyridinic nitrogen 
(stretching mode of C=N at 1589 and 2159 cm-1) and pyrrolic nitrogen (stretching mode of C-N at 1017 
and 1270 cm-1).  
  



13 
 

Table S2: Reduced graphene oxide properties reported in this work and the literature. 

Synthesis method and conditions ID/IG O at% N at% Electrical 
conductivity 

(Scm-1) 

Ref. 

Electrochemical exfoliation of graphite 
foil in 0.1 M H2SO4; thermal reduction at 

900°C under Ar, 1h. 

0.22 7.93% 0 2705 this 
work 

Electrochemical exfoliation of graphite 
foil in 0.1 M H2SO4 +1 M HNO3 (50 

vol%); thermal reduction at 900°C under 
Ar,1h. 

0.30 9.17% 0.82 1750 this 
work 

Electrochemical exfoliation of graphite 
foil in 0.1 M (NH4)2SO4 / 1 M HNO3 (50 

vol%); thermal reduction at 900°C under 
Ar,1h. 

0.44 5.02% 0.49 733 this 
work 

Multilayer graphene deposited by RF 
magnetron deposition sputtering at 

200℃ 

0.14 n/a n/a 2700 [22] 

Modified Hummer’s method + stirring at 
100℃ with 0.001 wt.% NH4OH; thermal 

reduction at 800°C under N2, 30 min. 

1.87 9 3 56.2 [23] 

Modified Hummer’s method NH4OH; 
thermal reduction at 800°C under NH3 

(g), 1h. 

0.89 n/a 0.48 316 [24] 

Modified Hummer’s method + reduction 
in 2 ml of hydrazine at 85℃, 24h; 

thermal reduction at 800°C under NH3 

(g), 1h. 

0.97 n/a n/a 52 [24] 

Hydrothermal reaction of (NH4)2CO3 
/GO (1:100) at 130℃; drying under 

vacuum at 60℃ 

1.28 12.8 10.01 800 [25] 

Alternating current electrochemical 
exfoliation in TBA·HSO4 

0.16 21.2 n/a 640 [26] 

Microwave plasma-enhanced chemical 
vapour deposition 

0.5 32 15 15.32 [27] 

Reduction GO colloids by hydrazine 
hydrate heating 100℃ under a water-

cooled condenser 24h 

0.87 2.8 0.06 24 [28] 

Modified Hummer’s method reduction 
of GO film at 773K in Ar + Joule Heating 

process at 2750 K 

0.02 0.01 n/a 3112 [29] 

TBA: tetrabutylammonium 
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Figure S7. Electrical conductivity as a function of ID/IG for reduced graphene materials reported in the 
literature [22-34] and in this work.  
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Figure S8. SEM images of graphite foil. 
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Figure S9. Raman spectra of REGO obtained using 0.1 M (NH4)2SO4 + 5 mM HNO3 electrolytes mixtures along with 
the deconvolution of 2D peak. 

 

The 2D band is deconvoluted into four components when the graphite is exfoliated in (NH4)2SO4 or in 
the mixed (NH4)2SO4 + HNO3 electrolytes The shape and the deconvolution into four components are 
characteristic of graphene-based materials mainly composed of two layers. The deconvolution into 2 
components in the case of REGO obtained by exfoliation of graphite foil in 100 % HNO3 indicates a 
higher number of layers [6]. 
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Figure S10. Raman spectra of REGO using 0.1 M (NH4)2SO4 + 1 M HNO3 electrolytes mixtures along with the 
deconvolution of the 2D peak. 
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Figure S11. Raman spectra of REGO using 0.1 M H2SO4  + 1 M HNO3 electrolytes mixtures electrolyte along with 
the deconvolution of the 2D peak.  
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Table S3. Analysis of the REGO Raman spectra: integrated intensities IG/I2D ratio 

HNO3 (vol%) 
0.1 M (NH4)2SO4 
+ 5 mM HNO3 

0.1 M (NH4)2SO4 
+ 1 M HNO3 

0.1 M H2SO4 
+ 1 M HNO3 

0 0.34 0.34 0.32 

10 0.38 0.37 0.36 

20 0.39 0.41 0.37 

50 0.31 0.32 0.36 

75 0.41 0.39 0.41 

100 0.63 0.69 0.69 

 
 
The ratio of G and 2D integrated intensities varies between 0.3 and 0.45 indicates that the REGO 
synthesized in (NH4)2SO4, H2SO4 or their mixtures with HNO3 is mostly mono/bilayer [6,7]. However, 
the IG/I2D values above 0.6 confirms the presence of more than two layers when the material is obtained 
by exfoliation of graphite foil in 100% HNO3 [6,7]. 
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               After thermal reduction           After 3 months in air

 
Figure S12. TEM images and respective SAED patterns of REGO after thermal reduction at 900°C and 3 months of 
storage in air. The samples were prepared using the following electrolytes: (a, a’, b, b’) 0.1 M H2SO4 , (c, c’, d, d’) 0.1 
M (NH4)2SO4, (e, e’, f, f’) 0.1 M H2SO4 + 1 M HNO3 50 vol%, (g, g’, h, h’) 0.1 M (NH4)2SO4 + 1 M HNO3 50 vol%. 
 
The SAED patterns were taken on the edges of the graphene sheets. Diffraction patterns with hexagonal 
symmetry were found in all samples, as expected. However, the diffuse rings reveal the presence of 
amorphous structures caused by defects, oxygenated functional groups, and nitrogen atoms within the 
structure [35,36]. The SAEDs of the fresh REGO samples show single diffraction spots from the (100) 
and (110) planes [37,38]. This is characteristic of samples composed by mono-to-bilayer graphene 
sheets. Instead, the diffraction patterns of the 3 months old samples have large or multiple adjacent 
diffraction spots pointing for layer stacking [39-41].  
The d-spacing values related to (100) and (110) planes are ca. 2.2 and 1.5 Å, respectively [37,38]. As 
reported in Table S4 the values didn’t vary significantly after 3 months storage in air.  
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Table S4. D-spacing calculated from the (100) plane (SAED) 
 

 d-spacing (100) / Å 
After exfoliation and reduction After 3 months storage 

0.1 M H2SO4 2.22 2.23 

0.1 M (NH4)2SO4 2.33 2.34 

0.1 M H2SO4 + 1 M HNO3 
(50 vol%) 

2.26 2.28 

0.1 M (NH4)2SO4 + 1 M 
HNO3 (50 vol%) 

2.24 2.26 
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Figure S13. (a) HR-TEM and (b) SAED of REGO synthesized in 1 M HNO3. 
 
Figure S13 shows an HR-TEM image of REGO synthesized in HNO3 and its respective SAED pattern. 
The formation of few layers REGOs is confirmed by HR-TEM where 7 reduced graphene oxide layers 
REGOs are observed. Additionally, the SAED pattern shows multiple diffraction spots, confirming the 
presence of multiple layers. 
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Figure S14. XRD pattern of REGO synthesized in different electrolyte mixtures: (a) after thermal reduction and (b) 
after 3 months of exposition to air.  
 
The diffraction wave centred at 12 ⁰ is due to the sample holder. 
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Table S5. D-spacing calculated from the (002) plane (XRD)         
 

 d-spacing (002) / Å 

 After exfoliation and 
reduction 

After 3 months of storage in air 

0.1 M H2SO4 3.36 3.37 

0.1 M (NH4)2SO4 3.35 3.37 

0.1 M H2SO4 + 1 M 
HNO3 (50 vol%) 

3.36 3.36 

0.1 M (NH4)2SO4 + 
1 M HNO3 (50 

vol%) 

3.35 3.36 
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Figure S15. XPS survey spectra of REGO after 3 months storage in air. The samples were prepared using the 
following electrolytes: (a) 0.1 M (NH4)2SO4, (b) 0.1 M (NH4)2SO4 + 5 mM HNO3 (50 vol%), (c) 0.1 M (NH4)2SO4 + 1 
M HNO3 (50 vol%), (d) 0.1 M H2SO4 + 1 M HNO3 (50 vol%). 
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Figure S16. N 1s core level spectra of REGO after 3 months storage in air. The samples were prepared using the 
following electrolytes: (a) 0.1 M (NH4)2SO4, (b) 0.1 M (NH4)2SO4 + 5 mM HNO3 (50 vol%), (c) 0.1 M (NH4)2SO4 + 1 
M HNO3 (50 vol%), (d) 0.1 M H2SO4 + 1 M HNO3 (50 vol%). 
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Table S6. Surface atomic composition after 3 months storage in air 

 C at% O at% N at% 

(NH4)2SO4 0.1 M 97.05 2.65 0.30 

(NH4)2SO4 0.1 M + HNO3 5 mM (50 vol%) 96.45 3.15 0.40 

(NH4)2SO4 0.1 M + HNO3 1 M (50 vol%) 96.56 2.92 0.52 

H2SO4 0.1 M + HNO3 1 M (50 vol%) 88.06 11.04 0.90 
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