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An effective and facile method have been developed to reduce graphene oxide (GO) in alkyl 

amine solution using alkali metal as reducing agent. The alkali metal donates electrons to the 

GO and the oxygen-containing functional groups were eliminated to produce high-quality 

reduced graphene oxide (RGO). 

 

 

 

 

Introduction 

Finding an economical method to produce high-quality graphene 

sheets in large-scale has drawn great attention of many scientists in 

various disciplines since the discovery of graphene by Geim and 

Novoselov in 20041. Various methods have been developed to 

produce high-quality graphene2, 3. such as chemical vapor 

deposition4, epitaxial growth5, micromechanical exfoliation6, and 

exfoliation of graphite in solvents7-9. Reduction of graphene oxide 

(GO) to reduced graphene oxide (RGO) is a useful approach10-12 and 

we report herein a simple, effective and scalable reduction method. 

     Chemical or thermal reduction of graphene oxide could eliminate 

inserted-functional groups and partially recover the intrinsic 

conjugated structure of graphene. Many reducing agents have been 

adopted to produce RGO from GO, including hydrazine13, alcohol14, 

sodium borohydride15, ascorbic acid16, and metal powder17. These 

reagents in various solutions have been reported to give a high 

degree recovery of conjugated structure of RGO. While the 

reduction process can substantially restore the structure of graphene 

by eliminating oxygen-containing groups in GO, the oxidation of 

graphite disrupts the sp2 delocalized electron structure, leading to sp3 

carbons in GO and leaving a significant number of defects18. A high 

degree of restoration of the graphene π-conjugated structure in RGO 

and the elimination of impurities are essential for production of high 

quality graphene-based materials with superior properties, 

particularly conductivity, in large-scale. 

Birch reaction entails the use of liquid ammonia and sodium (or 

lithium or potassium) and an alcohol.  In the historical evolution 

of the Birch reaction, low molecular weight amines and 

ethylenediamine have been used to replace the original liquid 

ammonia as reaction solvent and to assist the addition of 

solvated electrons to the aromatic rings19. There is a reported 

application of a similar modified Birch reaction in synthetic 

organic chemistry to convert oxiranes to olefins with 

deoxygenation20. With this in mind, we have investigated the 

reduction of GO in tris(2-aminoethyl) amine and with sodium 

and found the reaction to be very effective.This paper reports the 

solution-based reduction of GO through a modified Birch Reaction 

using alkali metal in alkylamine as the reducing solution. The 

effectiveness of this facile method for production of RGO was 

investigated with various analytical tools, such as X-ray 

photoemission spectroscopy (XPS), X-ray diffraction (XRD), 

Thermo-gravimetric analyses (TGA) and Fourier transform infrared 

spectroscopy (FT-IR). The reduction process dramatically reduces 

the sheet resistance (SR), from 3×104 Ω⁄□ for GO to 30 Ω⁄□ for 

as-prepared RGO. The SR of RGO declines  further, to as low as 3.0 

Ω⁄□, after annealing at 1000°C for 5 min. This reduction method 

dramatically improves the electrical conductivity of RGO, promoting 

progress toward application of RGO in various fields. 

 

Results and Discussion 

Graphene oxide used in this paper was fabricated according to a 

previously reported procedure21. The GO was reduced via a modified 

Birch reduction reaction with a strong electron donor (sodium) in 

Tris(2-aminoethyl) amine.  

The three XRD patterns in Fig. 1A (pristine graphite, GO and RGO) 

clearly indicate changes in interlayer distance produced by the 

successive processing steps. GO displays a relatively large distance 

of 0.875 nm (2θ=10.103º) owing to the addition of hydroxyl, epoxy, 

and carbonyl functional groups to the planar backbone during the 

chemical oxidation. The interlayer distance of RGO is reduced 

considerably to about 0.379 nm, near to that of pristine graphite 

(0.334 nm), which is consistent with a highly reduced product22. The 

broadened XRD peak of RGO suggests the presence of residual 

amine within the interlamellar spaces of the reduced graphene 

oxide23. 

Fourier transform infrared spectroscopy (FTIR presented in Figure 

1B) indicates changes in functional groups in graphite, GO and 

RGO. The peaks at 3443 and 1635 cm-1, present in all the FTIR 
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spectra, correspond to hydroxyl stretching and vibration modes from 

the moisture absorbed on the samples24 The strong broad peaks at 

3443 cm-1 are also due to the superposition of the vibration of 

hydroxyl groups that arise in graphite oxidation. The small, narrow 

peaks at 2919 and 2849 cm-1 are due to C-H bonds on graphene 

sheet edges. The long-wavelength portion of the GO spectrum is 

complex and contains several features which are much stronger in 

GO than (if present at all) in the graphite and RGO spectra. These 

include peaks at 1728 cm-1 due to the stretching vibration of C=O in 

carbonyl and carboxylic acid groups, the C-O stretching vibration of 

carboxyl group at 1407 cm-1 and C-O bond vibrations of epoxy and 

alkoxy at 1202 and 1076 cm-1 respectively. These changes confirm 

successful insertion of oxygen-containing groups in the processing 

of graphite to GO and their subsequent removal in the reduction 

procedure. New peaks in the RGO spectrum at 1566 and 1202 cm-1 

(marked with *) are attributable to the N-C stretching vibration25, 

indicating residual amine molecules on the planar structure. The 

peak at 579 cm-1 is due to a residue of sodium ethylate.  

 

 

Fig. 1 (A)XRD patterns, (B) FTIR spectra, (C)Raman spectra of 

pristine graphite, graphene oxide (GO) and reduced graphene oxide 

(RGO) respectively (there are only GO and RGO in C), (D)Time-

resolved Raman spectroscopy during reduction. 

Figure 1C shows the micro-Raman spectra of GO and RGO. The GO 

spectrum exhibits a D band at ̴1344 cm-1 arising from structural 

defects created by the attachment of oxygen-containing functional 

groups on graphite. It is due to K-point phonons with a breathing 

model of A1g symmetry, suggesting the decrease of sp2 domains of 

the graphene sheets, possibly due to a high degree of oxidation26, 27. 

GO also has a G band at about 1597cm-1 due to sp2 carbon atoms 

resonance at higher frequencies, attributed to the first-order 

scattering of the E2g mode28. There is a small overtone 2D band at 

2696 cm-1. The intensity of 2D band in RGO increased prominently 

and shifted to 2649 cm-1 after the reduction processing, confirming 

successful restoration of graphene conjugated structure29.  

From Fig. 1C, the value of D/G (ID/IG) was 1.19 in GO, increasing to 

1.96 after reduction for 3h with sodium in alkali solution. Time-

dependent Raman spectroscopy (Fig. 1D) was also used to monitor 

the process of reduction. The areal density of unrepaired defects 

created in the course of removal of oxygen-containing functional 

groups increases with extension of the reaction time. As a result, the 

value of ID/IG increased during the procedure and subsequently 

decreased slightly, which is attributed to formation of the sp2 carbon 

atoms during reduction processing30. The Raman spectral data 

corroborates that sodium in alkali solution successful reduce GO to 

RGO. 

 

 

Fig.2 TGA curves of GO and as-prepared RGO. 

Thermogravimetric analysis (TGA, Fig. 2) was used to investigate 

the thermal behaviour of GO and RGO. The weight profiles of 

powder samples were measured under N2 flow. The weight loss of 

GO up to 100°C, ~15wt%, is attributable primarily to the 

evaporation of water trapped in the samples. The changes of RGO to 

this temperature (～5wt%) was lower than that of GO, indicating 

less water absorbed on RGO than on GO. While GO showed weight 

loss of about 27wt% from 100℃ to 201 ℃, due to a combination of 

moisture evaporation and removal of unstable functional groups 

produced during oxidation, RGO lost less weight (～18wt %) in the 

same temperature range due to further water evaporation and 

removal of residual alkali molecules. There is dramatic GO weight 

loss above 400°C to 470°C, a consequence of carbon oxidation by 

trace oxygen in the N2 flow. RGO has a gradual weight loss from 

300°C to 800°C. The lower and more gradual weight loss of RGO 

than of GO is evidence that GO has been reduced to RGO, because 

the graphene sheet is more stable than GO under thermal treatment.  

The elemental composition and the quality of the GO, RGO, and 

annealed RGO were studied with XPS. Fig. 3 shows the wide-scan 

and C1s high-resolution XPS spectra of the three materials. The 

oxygen content of RGO was much less than that of GO, confirming 

successful reduction. The C1s peak of GO can be decomposed into 5 

peaks as shown in Fig. 3B. The binding energies of the various 

carbon atoms in the samples were distinguishable 27. 
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Fig.3 XPS analyses of C1s peaks of GO, RGO and annealed 
RGO. (A) Survey scans. (B)-(D) High resolution scans with 
decompositions of the C1s peak of GO (B), RGO (C) and 
annealed RGO (D). 

The GO peak C1s peak decomposition is O-C=O (289.0 eV), C=O 

(288.1 eV), C-O-C (286.9 eV), C-OH (285.6 eV) and C=C (284.6 

eV). After reduction, the intensity of all the C1s peaks of hydroxyl, 

carbonyl and carboxyl carbon atoms, excepting C-OH, decreased 

dramatically compared to GO. RGO also has a new type of carbon, 

C-NH2, which is the residual of tris(2-aminethyl) amine in the 

sample. Annealing of the RGO in inert atmosphere resulted in 

further removal of functional groups. The high-quality of RGO from 

reduction may be judged by the elemental composition changes 

during the processing. It is apparent from inspection of Fig. 3A than 

the C/O ratio significantly increases from GO to RGO to annealed 

RGO; this visual impression is confirmed by the integrated peak 

areas of C1s and O1s in the respective samples. The C/O ratio 

increased from 0.84 in GO to 3.36 after the reduction with sodium in 

alkali solution and even further to 6.0 after sample annealing in 

argon atmosphere. We conclude that the most of the inserted 

functional groups in GO were eliminated in annealed RGO.30 

The samples’ O1s were also investigated in the high resolution XPS 

spectra (Fig. S2). There were significant changes in the O1s peak 

before and after the reduction, especially after the thermal treatment. 

There are three types of oxygen (C-O, C=O, O=C-OH) in O1s peak 

of GO; these correspond to three distinct oxygen-containing 

functional groups. The treatment with sodium in solution eliminated 

the C=O component completely and greatly decreased the other two 

types of oxygen (Fig. S2A). After annealing, only the C-OH peak 

remained. These results are identical to those measured with the C1s 

peaks.  Nitrogen was also almostly completely removed by 

annealing of the RGO samples. These results support the conclusion 

that reduction and annealing substantially recover the graphene 

structure. 

 

Scheme 1 The proposed reduction mechanism. 

We infer a reduction mechanism of GO as shown in Scheme 1. The 

alkylamine could attach on the epoxide to form an imine on the basal 

structure of the graphene. With the assistance of alkylamine, the 

electron from sodium is transferred to the aromatic arene oxides or 

imines. This process is followed by departure of the corresponding 

metal oxide or amide and restoration of the C=C double bond. There 

are also some hydroxyl groups on the structure, consistent with the 

XPS spectra.  

GO film fabricated by vacuum filtration has a huge sheet 

resistance, even would be insulator. After reduction and 

annealing, the RGO film’s electrical conductivity was improved 

from 30k Ω/□ to an average sheet resistance of 3.0Ω/□ 

(supplementary information). The obtained RGO paper has 

high conductivity, because there is lower structural defect 

density31 in the individual sheets and closer restacking of the 

RGO layers with reduction. 

Figs. 4A-D show the morphology of annealed RGO film. After 

annealing, the film has a rougher surface and layered structure 

at the edges. The annealing also greatly improves the RGO 

film’s electrical properties, consistent with what one would 

expect from the XPS spectra (Fig. 3 and Fig. S2). Residual 

traces of oxygen-containing functional groups and impurity 

would impair the electrical conductivity of RGO. 

 

Fig.4 SEM images of RGO film after annealing. 
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Conclusions 

We have developed a novel method to reduce GO in alkylamine 

solution with sodium as reducing agent. FTIR, Raman, XRD, TGA 

and XPS analyses confirm the successful reduction. The as-produced 

RGO exhibits high-quality, such as low sheet resistance and 

desirable nanoscale morphology. The excellent performance, 

simplicity and scalability of this method are progress toward 

application of RGO in various fields. 
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Reduced graphene oxide was prepared in alkyl amine solution using alkali metal as reducing 

agent. 
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